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Reductive Deposition of Cu on Porous Silicon from
Aqueous Solutions: An X-ray Absorption Study at the
Cu L3,2 Edge
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The reductive deposition of metallic Cu on porous silicon (PS) surface from aqueous solution
of Cu?*(aq) ions is reported. X-ray absorption near-edge structure (XANES) at the Cu Ls>
edge has been used to characterize these samples. It is found that the reduction of Cu?*(aq)
to Cu occurs readily at room temperature and appears to be controlled by the availability of
active sites as well as the concentration of Cu?*(aq) and that only a very thin film of Cu is
formed even with concentrated solutions. The surface of CwPS is oxidized when exposed to
the ambient atmosphere. The spectroscopic features and the implication of the results are

discussed.

Introduction

The recent discovery of photoluminescence from po-
rous silicon (PS) at room temperature has generated a
great deal of interest in semiconductor materials re-
search.12 This is partly because intense luminescence
in the visible from silicon at room temperature is a new
phenomenon and partly because of the implications of
the availability of a silicon light emitter for new
electronic and optoelectronic technology.

Porous silicon is crystalline silicon with pillar and
nodule structures of nanometer size.35 It can be
produced easily by electrochemical etching of Si wafers
in HF solutions. Porous siliocn was first prepared in
the 1950s® but it received little attention until 1990
when room-temperature luminescence was reported.!
Since then there have been extensive studies of porous
silicon in both basic and applied materials research.” It
now appears that the most viable explanation for the
origin of luminescence by porous silicon is the quantum
confinement model:1-3489 electrons and holes confined
in the nanostructure are responsible for the lumines-
cence, although under some circumstances surface spe-
cies may also contribute.1%!! The objective of this paper,
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however, is to report a recent investigation on another
relatively unexplored aspect of porous silicon research,
the chemistry of its vast internal surface, and its
implication for catalysis.!12.13

Porous silicon prepared electrochemically in a HF—
ethanol solution from a Si wafer such as a Si(100) single
crystal has typically a thickness of a few microns to tens
of microns and an internal surface area of 200—1000
m?/¢cm? depending on the porosity.8~1° These values are
comparable to the surface area of silica and alumina
supports used in industrial catalysts.!3 Thus it appears
that porous silicon itself, with its high hydrogen content,
may exhibit catalytic activity toward hydrogenation
reactions and that the large internal surface may act
as a support for metal catalysts. The latter is the main
concern here. Two recent reports'®14 already showed
that porous silicon is an excellent reducing agent toward
the reduction of Cu and noble-metal ions from aqueous
solution.

In this paper, we report details of the preparation and
characterization of Cu deposited on porous silicon from
aqueous solutions. Using high-resolution X-ray absorp-
tion near-edge structure (XANES) spectroscopy we have
examined the Cu Lz edge XANES of the Cu deposited
reductively on porous silicon surface from Cu?*(aq) in
aqueous solution using both the total electron yield
(TEY) and fluorescence (FLY) detection schemes. The
TEY technique is more surface sensitive than FLY
which is essentially a bulk sensitive technique when a
bulk sample is measured. Thus, we can reveal some
details about the nature of Cu on the PS surface by
making simultaneous measurements with both these
techniques, where the sampling depth is determined by
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the electron escape depth (1 nm in this case)!® in TEY
and the Cu L-edge fluorescent X-ray attenuation length
(>100 nm)® in FLY. This paper is organized as
follows: In the section below, the chemical properties
of porous silicon relevant to the reductive deposition of
Cu from aqueous solutions are described briefly, and
then a description of X-ray absorption spectroscopy and
its application in the context of this work is given.
Experimental procedures are presented next, followed
by results, discussion, and conclusions.

Chemical Properties of Porous Silicon

Porous silicon is a network of interconnecting crystal-
line silicon structures with dimensions of nanometres.
It can also be viewed as a silicon sponge with porosity
as high as 65—85%% and consequently a large internal
volume of unoccupied space of comparable dimension
and a vast internal surface area. Thus the chemistry
of the internal surface plays a crucial role in the
chemical properties of porous silicon. The internal
surfae of an as-prepared porous silicon layer (typically
micrometers thick on a Si wafer substrate) from a HF
solution is usually passivated by hydrogen.!” After
exposure to ambient atmosphere and rinsing with
distilled water, the surface becomes oxidized forming
native silicon oxide which undergoes hydrolysis leading
to possible acidic and basic —Si—OH sites on the
surface.’® We have used four chemical tests to charac-
terize the chemical properties of PS.1* These are (a)
reaction with water, (b) reaction with strong base, (¢)
reaction with strong acid, and (d) reaction with metal
ions, either aquo or complex, in aqueous solution.

With water, we found that PS dissolves slowly with
very slow evolution of Hy; the entire PS layer disappears
overnight leaving behind a smooth Si substrate. With
strong aqueous metal hydroxides, we found that PS
reacts vigorously to produce hydrogen gas and the PS
layer is destroyed. This observation differs somewhat
from, but is not inconsistent with, another report of the
removal of the surface oxide with aqueous NaOH under
milder conditions.!® With concentrated HNOj;, the
reaction is explosive and produces a light flash as well
as NOg, in agreement with another report.’® These
observations indicate that PS is a good reducing agent.
With metal ions, we found that Cu(II) aquo ions as well
as a number of noble metal ions in aqueous solutions
are reduced readily by porous silicon. More impor-
tantly, PS seems to be able to reduce ions for which the
reduction potential is positive.121¢ In addition to these
tests, aging in the ambient environment passivates the
PS surface and produces more intense luminescence
with shorter wavelengths. This behavior is similar to
those reported in the literature for the electrooxidized
porous silicon.?
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attenuation length of the soft X-rays by Cu is 700 nm.

(17) This is a well-known fact, and we have reflectance IR and
synchrotron results to show that this is indéed the case in our samples.
o (‘118) Faraday Soc. Discuss. 1971, No. 52, Surface Chemistry of
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X-ray Absorption Near-Edge Structure (XANES)

XANES refers to the spectral features in approxi-
mately the first 50 eV of the X-ray absorption coef-
ficients above an absorption edge (threshold for the
photoexcitation of a core electron).2%2! It arises from
dipole transitions (Al = 1, Aj = 0, £1) from the atomic
core to previously unoccupied molecular orbitals (bound
states) and quasi-bound (multiple scattering resonance)
states in the vicinity of the vacuum level. XANES often
exhibits a spike at the threshold called whiteline (sharp
and intense whitelines are seen in materials with high
and localized unoccupied densities of states in the
vicinity of the Fermi level in metals and low-lying
unoccupied molecular orbitals in molecules) followed by
some less intense resonance features at higher photon
energies characteristic of the local structure (first three
shells of neighboring atoms surrounding the absorbing
atom).2021 In the case of metals which exhibit long-
range order, the XANES feature is characteristic of the
band structure of the metal. Metal clusters usually
exhibit qualitatively similar XANES features with less
pronounced resonances. The XANES of metal clusters
and multilayers approaches that of the metal XANES
as the cluster size and layer thickness increases.?0
Typically, three to four layers are required to produce
the gross feature of a bulk metal spectrum.

Cu L3 edge XANES refers to the near-edge photo-
excitation spectrum of the Cu 2psp and 2pyss levels,
respectively. The dipole selection rule dictates that the
Cu 2ps,; level probes the unoccupied state of Cu 3dss
and 3ds character while Cu 2py/; probes the Cu 3dsp
character. (The p to s transition, which is also dipole
allowed, is significantly less intense than that of the Al
= + 1, p—d transition due to matrix element and
densities of states effects.) A strong whiteline at the
Cu Lo edge indicates that there exist localized un-
occupied 3d states just above the Fermi level and the
area under the curve of the whiteline is correlated with
the unoccupied densities of states (d hole counts) at the
Cu site.?272¢ These L-edge features have often been
used to study the role of d electron distribution in
chemical trends in materials containing 3d,25-27 44,28-30
and 5d31-3¢ metals. Thus by comparing the XANES of
Cu/PS with model compounds, we can infer the elec-
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tronic structure of Cu on porous silicon. Since the Cu
surface is oxidized in the ambient atmosphere to form
a native oxide, we used Cu metal, CuO, and Cuz0 as
model compounds in the comparative study reported
herein.

Experimental Section

Porous silicon specimens were prepared as a circular thin
film (~10 um thick, 13 mm in diameter) on a 15 mm x 15
mm, 10 mil (0.25 mm) thick, p-type B-doped Si(100) wafer.
The Si wafer was in contact with a circular Pt foil which was
used as the electrical lead for the Si anode while a Pt wire
was used as the counter electrode. Electrochemical etching
of the Si wafer was carried out with a electrochemical cell in
a 50—50 HF —ethanol solution at a constant current of 20 mA
for 20 min. Samples prepared under these conditions exhibit
a red-orange glow under UV and soft X-ray excitation and has
a luminescence maximum?® at ~780 nm.

The reaction of Cu?*(aq) with PS was carried out at room
temperature by dipping the as-prepared PS sample into a
small beaker containing ~4 mL of an aqueous solution of
CuSO0Q, with a specific concentration (0.001, 0.01, or 0.1 M) for
5 min. Gas evolution was observed in all cases. After the
reaction, optical microscopy revealed clearly the deposition of
metallic particles on the PS surface from concentrated solu-
tions. The luminescence intensity decreased considerably as
the Cu concentration of the solution increased. These samples
were stored in plastic vials at ambient atmosphere. All
experiments were carried out in the ambient atmosphere.
X-ray absorption measurements were made on month-old
samples.

X-ray absorption experiments were made on the BL1A
double-crystal monochromator (DXM) beamline at the 750
MeV UVSOR electron storage ring at the Institute for Mo-
lecular Science, Okazaki, Japan. UVSOR operates at a current
of 200 mA at injection. Beryl crystals (2d = 1.5965 nm) were
used as the monochromator providing photons with a resolu-
tion of <1 eV at the Cu Lz-edge (~930 eV). XANES were
recorded in both the total electron yield (TEY) and the
fluorescence yield (FLY) mode. Two methods (specimen cur-
rent and channel-plate electron multiplier, CEM) were used
in the TEY measurements. Both methods produce essentially
the same spectrum with the CEM yielding three orders of
magnitude better count rates, but the specimen current
usually gives better signal-to-noise ratio despite the fact that
the actual current measured is only of the order of 0.1 pA
(Keithly current amplifier). The Cu L fluorescence X-rays were
selected with a wide energy window and recorded with a gas
proportional counter (GPC) filled with a mixture of argon and
methane,36:3

All XANES measurements were made at room temperature
in a stainless steel vacuum chamber with a pressure of 10-8
Torr. Porous silicon specimens were mounted on a sample
manipulator with four degrees of freedom (x, y, z, and 6). The
model compounds, Cu metal, and the oxides (CuO and Cuz0)
were in the form of a foil and powder thin films on a carbon
tape, respectively. The Cu metal foil was cleaned by mechani-
cal scraping in situ with a diamond file. The CEM and the
GPC were mounted at 45° with respect to the incident beam
at the opposite side of the chamber. Scattered light was
minimized by rotating the sample with respect to the incident
beam. We found that normal incidence gave a reasonable
signal-to-noise for both detection modes and was used for most
of the measurements. Energy calibration was done by observ-
ing the energy positions of the characteristic K-edge of the Na
and Al components in the monochromator (beryl) crystal in
the light curve obtained with a gold diede in the absence of
the sample. Since the light curve in the Cu L-edge region is
monotonic, the photon beam intensity (/) was monitored with
the ring current. Both TEY and FLY measurements were
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Figure 1. Cu Ls; edge XANES of an ambient copper recorded
in (a) TEY and (b) FLY mode.
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Figure 2, Cu L3, edge XANES of a clean copper (scraped in
situ with a diamond file) recorded with (a) TEY and (b) FLY.

carried out simultaneously as the photon energy was scanned
across the Cu L-edge. All the spectra displayed here are
plotted as normalized yield (Iyqa/lo) vs photon energy.

Results

Figure 1 shows the Cu L3 edge XANES of an ambient
Cu metal (~25 um thick) recorded in both the TEY and
FLY mode. The sharp peak at ~931 eV (L3 edge) and
~951 eV (Lg edge) of the TEY spectrum is assigned to
surface CuO. The CuO peak in the FLY spectrum,
however, is hardly noticeable, and the edge is dominated
by Cu metal features. After cleaning (scraping in situ
with a diamond file), the Cu metal exhibits identical
spectra in both TEY and FLY measurements (Figure
2). A similar comparison of XANES of Cu(II) and Cu(I)
oxide is seen in Figures 3 and 4, respectively. The
spectra from both yields are nearly the same for CuO
but there is a distinct difference in the case of CuyO
whose TEY spectrum shows a sharp white line at ~931
eV followed by another peak at ~933 eV while the 931
eV peak is barely visible in the FLY spectrum.

The TEY spectra generally exhibit much better signal-
to-noise ratio (S/N) than the FLY spectra. This is
because TEY has virtually eliminated the “thickness
effect” (self-absorption)?? while the S/N ratio in the FLY

(87) Stern, E. A.; Kim, K. Phys. Rev. B 1981, B23, 3781.
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Figure 5. Comparison of Lz; edge XANES of Cu on porous
silicon together with ambient and clean Cu recorded with

TEY: (a) 0.1 M; (b) 0.01 M; (¢) 0.001 M; (d) ambient Cu; (e)
clean Cu.

mode is hampered by the low fluorescence yield and self-

absorption, particularly in concentrated samples.38
Figure 5 shows the TEY Cu Ly s-edge XANES of Cw/

PS samples prepared from aqueous solutions of CuSO,

(38) Jaklevic, J., Kirby, J. A., Klein, M. P.; Robertson, A. S.; Brown,
G. S.; Eisenberger, P. Solid State Commun. 1977, 23, 679.
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Figure 6. Comparison of Cu L3 XANES of Cu/PS prepared
from different Cu?*(aq) concentrations recorded with FLY: (a)
0.1 M, (b) 0.01 M, (c) 0.001 M.

with concentrations of 0.1, 0.01, and 0.001 M together
with those of Cu metal under ambient conditions before
and after cleaning. Except for the spectrum of the 0.001
M sample, all the Cu/PS spectra appear to be remark-
ably similar to those of the ambient Cu metal before
cleaning, indicating the presence of Cu oxide on the
surface. The XANES of the 0.001 M solution exhibits
a negligible edge jump with a larger ratio of the
intensity of the first to the second peak. Figure 6 shows
the corresponding FLY XANES of the Cu/PS samples.
They are similar to their TEY counterparts except that,
relative to the intensity of the first peak at 931 eV, the
absorption at ~933 eV (second peak) and the intensity
of the edge jump are considerably higher and increase
with increasing Cu concentration. The peak at 924 ¢V
(below the edge) is seen in both TEY and FLY modes
and is more intense in the latter, indicating that it is of
bulk origin. We attribute it to the excitation of the Si
substrate at the Si K-edge by second-order radiation (Si
K-edge at ~1840/2 eV, Si oxide whiteline at ~1847/2 =
923.5 eV). The intensity of this 924 eV peak increases
as the Cu?* ion concentration (hence Cu coverage)
decreases. The position of the L3 edge resonances for
the compounds of interest are compared in greater detail
in Figure 7.

The size of the edge jump and the difference in
absorption coefficient just above (~937 eV) and below
(~925 eV) the edge also depend on the relative sample
thickness in thin films. All the edge jumps exhibited
in the Figures 5 and 6 are directly comparable since they
have been normalized to the photon intensity. Param-
eters relevant to the discussion of the thickness of the
Cu island of the CwPS samples are summarized in
Table 1.

Discussion

Cu L-Edge Spectra of the Model Compounds: A
Comparison of TEY and FLY XANES. Figures 1 and
2 show the Lgs edge XANES of an ambient Cu metal
before and after in situ cleaning, respectively. The spike
at ~931 eV (Figure 1) corresponds to the intense 2p to
3d transition of CuO (Figure 3) which is present on the
surface of an ambient Cu foil. This peak is barely visible
in the FLY detection which shows a more pronounced
Cu metal XANES feature similar to that exhibited by a
clean Cu in the total electron mode (Figure 2). Our Cu
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(intensity = 1) except in clean Cu where the edge jump is
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Table 1. Relevant Parameters for the Cu Ly Edge XANES
relative TEY peak

sample edge jump® positions (eV)®  assignment
Cu (ambient) 1.9 931.06 CuO
Cu (clean) 4.2 933.80 Cu metal
937.5,941.5 Cumetal
CwPS (0.1 M) 2.0(120) 931.06 CuO
933.80 Cug0, Cu metal
938.08, 941.0
CuwPS (0.01 M) 1.9 (40) 931.06 CuO
933.60 Cug0, Cu metal
938.08, 941.0 Cu metal
CwPS (0.001 M) ~0.3(15) 931.06 CuO
934.5 Cup0, Cu metal
CuO ~0 931.06 CuO
Cug0 ~0 931.06 CuO
933.0 Cug0

e Difference in absorption (normalized to photon flux) above
(~937 eV) and below (~930 eV) the edge; values in parentheses
are from the FLY; both are in arbitrary units. ¢ Calibrated with
respect to the whiteline of CuO at 931.06 eV,

XANES spectra are in good agreement with theoretical
and experimental results reported in the literature.22-24
It is quite apparent from Figures 1 and 2 that the FLY
is far more sensitive to the bulk signal than the total
electron yield. The difference in sampling depth be-
tween the two techniques is crucial to our analysis of
the XANES spectra for Cu on porous silicon. In general
if a thick Cu film has been exposed to ambient atmo-
sphere, the corresponding spectra should look like those
of the ambient bulk Cu in both TEY and FLY detection.
However if the Cu is thin (of the order of a monolayer),
the surface oxide peak will be more intense than that
of the Cu underneath in both detection schemes. As a
result, the corresponding spectra will consist of a
mixture of the spectra of the three model compounds
with a dominant CuO feature in the XANES recorded
with both detection schemes. This can be illustrated
with the difference curve between the normalized FLY
and the TEY XANES. The difference yields, semiquan-
titatively, the XANES of the surface component. Figure
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spectrum has been shifted upward by 1 unit for clarity. The
difference curve corresponds to contributions from the surface
sensitive components (Cu oxide).

8 shows the TEY and FLY XANES as well as the
difference curve for the ambient Cu. It can be seen that
the surface component is dominated by CuO (Figure 3)
and it also exhibits a CugO feature (Figure 4).

For CuO, both TEY and FLY XANES look similar
except for the overall intensity and the signal-to-noise
as expected. The whiteline corresponds to an excitation
of a 2p electron to the unoccupied 3d states associated
with a nominal 3d° initial state and a 2pd'° (underline
denotes a core-hole) final state of Cu(II). The d bands
in Cu and CugO are full, although there are some states
of d character above the Fermi level, which accounts
for the weaker whiteline seen at higher energies in
Cuz0243 and Cu metal?® XANES. The Cu;0 XANES
recorded with the two yields are different, however. The
sharp feature at 931 eV in the TEY spectrum cor-
responds to the whiteline position of CuQO, and it
diminishes in the FLY spectrum indicating that it is a
surface component. Thus it suggested that Cuz0 stored
in the ambient has a surface Cu(II) oxide component.
Spectra of these model compounds are used here to
assist the assignment of the Cu/PS spectra. A more
detailed comparative study of the model compounds, as
revealed by simultaneous measurements with these
techniques, will be reported elsewhere.

Cu L-Edge XANES of Cu on Porous Silicon and
Their Implications. The Cu L-edge XANES of Cu
deposited on porous silicon from solution can now be
interpreted qualitatively in terms of the spectra of the
model compounds. From Figures 4 and 5, we see that
the TEY spectra for the samples prepared from 0.1 and
0.01 M CuSOy solutions are quite similar to each other
and to the corresponding TEY spectrum of ambient Cu
metal while the FLY spectra are much closer to the TEY
spectra than in the case of an ambient Cu metal where
TEY and FLY XANES exhibit dominant Cu oxide and
Cu metal features, respectively. (For practical purposes,
a 25 um thick Cu film is infinitely thick for both
detection techniques used here.) In either case, we can
assign the first sharp peak to the whiteline position of
CuO and the second to that of CusO and Cu contribu-
tions (see Figures 1—4 and Table 1). This result

(39) Robertson, J. Phys. Rev. B 19883, 28, 3378.
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indicates that a significant fraction of the Cu in Cu/PS
samples is on the surface and is oxidized to Cu oxide as
in the case of an ambient Cu metal. The presence of
unoxidized Cu is deduced from a comparison of the FLY
and TEY spectra (see below), although the signal from
the unoxidized Cu underneath, unlike bulk metal, is not
clearly visible in the FLY spectra, especially at low
CuSOy4 concentration (0.001 M) and becomes only a little
more noticeable for higher concentrations (0.1 and 0.01
M, Figures 5 and 6).

The relative thickness of the oxide and the unoxidized
Cu in the Cw/PS specimens can be estimated semiquan-
titatively from the edge jump and the intensity of the
whiteline relative to the edge jump (Table 1). Let us
consider the TEY XANES for the moment, the size of
the edge jump is related to the thickness of the Cu film
within the thin film limit in which the signal is sensitive
to the near-surface region of the specimen since the
kinetic energy for the electrons (photo, Auger, and
secondary) responsible for the TEY is low, leading to
short escape depths.

At the Cu L-edge photon energy the infinite thickness
limit for TEY can be reached with tens of monlayers.
Such a limit is governed by the electron escape depth.
For example, if the electron escape depth is ~1 nm,
typical for electrons produced by Cu L-edge absorption,
the thickness required to produce a 90% bulklike signal
is only ~10 layers (2.5 nm) of Cu. Furthermore, if Cu
is covered by Cu oxide, the overall Cu edge jump will
be reduced by 50% by an oxide layer with a thickness
of ~3—4 monolayer (0.7—1 nm). This is because the
XANES of pure Cu has a sizable edge jump, while CuO
has a negligible edge jump; therefore, the unoxidized
Cu underneath is primarily responsible for the edge
jump intensity in Cu/PS samples. This property of Cu
and CuO as model compounds can be used to monitor
the relative contribution of Cu and Cu oxide to the
observed edge jump (Table 1).

From Table 1, we see that there is a 50% reduction
in the relative edge jump between clean and ambient
Cu before cleaning in the TEY measurement. This
difference can be attributed to the presence of several
monolayers of a native oxide. The 0.1 and 0.01 M Cw/
PS exhibit edge jumps nearly identical to that of the
ambient Cu, indicating that they have very similar
structure in the near surface region that can be detected
by TEY. The corresponding FLY edge jump samples
much further into the solid than the TEY and it shows,
at least qualitatively, that there is a substantial differ-
ence between the FLY spectra of Cu/PS and that of
ambient Cu although they exhibit the same TEY
features and there is a noticeable increase in the Cu
coverage underneath the surface oxide as the Cu ion
concentration increases (Figure 6 and Table 1). This
indicates that the Cu on PS is very thin (~monolayer);
therefore, even in the most concentrated case, the
thickness has yet to reach the thick coverage limit (100
nm) that can be sampled by FLY. The relative edge
jump exhibited by the FLY spectra shown in Table 1
varies linearly with the Cu®*(aq) concentration. The
intensity of the substrate signal at 924 eV also supports
this trend.

The presence of Cu underneath the CuO film in Cw/
PS can also be seen more clearly when the Cu oxide

contribution to the Cw/PS spectrum is removed by
subtracting the TEY XANES (dominated by the surface
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Figure 9. Comparison of TEY and FLY XANES for Cu/PS
samples; spectra are normalized to the first sharp peak; the
difference curve is also shown: (a, top) 0.1 M; (b, middle) 0.01
M; (c, bottom) 0.001 M.

component) from the FLY spectrum (bulk sensitive).
This is shown for in Figure 9, where the difference curve
clearly exhibits an edge jump corresponding to the
unoxidized Cu underneath for at least the 0.1 and 0.01
M sample.

The above observation may be understood semiquan-
titatively on the basis of the stoichiometry of the
oxidation—reduction reaction at the liquid—solid inter-
face. The reaction must involve the reduction of Cu?*
by Si surface sites most likely containing adjacent Si—H
and Si—OH. The presence of these sites have been
confirmed by infrared spectroscopy. Although the de-
tails of the chemistry have yet to be worked out, it is
probable that the following is the net reaction:



Reductive Deposition of Cu on Porous Silicon

Cu®"(aq) + 2[H-Si—SiOH](s) —
Cu(s) + H, (g) + 2[-Si~SiOHI(s)

It has been known for many years*®*! that reduction
of Cu?* in acidic solutions is a two-step process:

Cu?*(aq) + e” = Cu'(aq)
Cu*(aq) + e~ — Cu(s)

with the slow Cu?*—Cu' exchange the rate-limiting
step. In solutions of copper salts with no added acid,
there is a substantial content*2 of Cug(OH),2+ arising
from hydrolysis of Cu?t. While the electrode kinetics
of reduction and deposition of copper from neutral
solution remains obscure, Fletcher et al.*3 have sug-
gested that oxidation of copper in alkaline solution
proceeds via dissolution of Cu(I) hydroxy complexes to
form eventually a layer of CusO, and Ambrose et al.#
have produced some evidence that reduction to CuzO
occurs from complexes such as Cu(OH),2~. Here, in the
slightly acidic solutions resulting from hydrolysis,
Cu(OH); can precipitate on the substrate and convert
to CuO on drying, while Cuz0 can form through partial
reduction of Cus(OH)o2+.

The Cu film consists of Cu islands, and is formed by
diffusion-limited growth of Cu atoms following reduction
and nucleation; a similar phenomenon has been ob-
served for Pd deposited reductively on porous silicon
except that in the case of Pd the surface is resistant to
oxidation. To a first approximation, the volume (4 mL)
of CuSOy solution used in the experiment provides ~2.4
x 102! Cu atoms for a concentration of 1 M. This
conversion factor, when multiplied by the actual con-
centration and divided by an estimated effective surface
area of ~260 cm? of our porous silicon sample surface,*
amounts to a coverage of the order of hundreds of
monolayer, tens of monolayers, and monolayers of Cu
for 100% conversion from Cu?*(aq) to Cu for solutions
of concentrations 0.1, 0.01, and 0.001 M, respectively.
It is expected that the oxidation—reduction process
reaches completion when all the active surface sites are
consumed. Should this be the case, the number of Cu
atoms deposited would be limited by the number of
active sites as well as Cu2™ ions available and would lead
to a maximum coverage of the order of a monolayer of
Cu on the internal PS surface to as much as 1 ym deep,
although surface diffusion will take place to form two-

(40) Bockris, J. O'M.; Mattson, E. Faraday Soc., Trans. 1959, 55,
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(45) A lower bound estimate using a surface area of ~1 cm? and
assuming that the sample has an internal surface area of 200 m/cm?
and a effective thickness of ~1 um. The effective thickness was
estimated from SEM measurements of which a Cu-riched layer of ~1
um was clearly visible from SEM micrograph of the cross section of a
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or three-dimensional islands on the PS surface; the
surface Cu inevitably becomes oxidized when the sample
is exposed to the ambient atmosphere.

Returning to Figures 6 and 7, we see that the 0.001
M sample exhibits an oxide-like signal indicating that
most of the Cu deposited on PS is oxidized to CuO
(Figure 9) while for the 0.1 and 0.01 M samples some
unoxidized Cu remains underneath the surface oxide.
This is consistent with the stoichiometry of the reaction
as well as the ion concentration. These observations
indicate that for the same batch of PS samples prepared
under identical conditions (same surface area), and in
the absence of countervailing kinetic arguments, the
reaction depends on the initial Cu ion concentration: in
the case of the 0.1 and 0.01 M solutions Cu(II) ions are
in excess and comparable to the number of active
surface sites, while for the 0.001 M solution the number
of surface Cu atoms is clearly smaller than the number
of active sites as indicated in Figures 5 and 6 by the
relative intensity of adsorbates and substrate.

Conclusion

In this paper we have shown, using high-resolution
X-ray absorption spectroscopy, that reductive deposition
of Cu metal on porous silicon takes place at the liquid—
solid interface and depends on the number of active
surface sites and the concentration of Cu ion. It is
interesting to note that there is a remarkable similarity
between this system and the Ru—Cu bimetallic
catalysts.26-4% The ready oxidation of Cu on exposure
to the ambient atmosphere is characteristic of both
systems. Although the details of the chemistry and the
kinetics of Cu island formation still need to be worked
out, there is no doubt that Cu can be dispersed on the
inner surface of porous silicon reductively from aqueous
solution under controlled conditions. This reducing
property of porous silicon makes it a desirable reducing
agent for modest oxidation reduction reactions and has
implications for the design and fabrication of noble
metal and bimetallic catalysts®® on silica supports.
Research along these directions is presently in progress
in our laboratories.
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