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ABSTRACT

The possibility of direct selective surface activation by photodeposition of autocatalytic Cu particles on photosen-
sitive TiO, substrates in an alkaline electroless copper solution has been investigated. The nucleation and growth of parti-
cles were characterized by transmission electron microscopy (TEM). Ex situ high resolution TEM and in situ extended
x-ray absorption fine structure (EXAFS) spectroscopy were used to determine the oxidation state of photodeposited parti-
cles on thin polycrystalline TiO, films and suspended TiO, powders, respectively. It is shown that in the initial stages of
photodeposition small (<3 nm) noncatalytic Cu,0 particles are formed. Electroactive Cu particles are only observed at rel-
atively long illumination times and/or high light intensities. These results are explained with a model of the illuminated
TiO, crystallite/electrolyte interface, which considers simple redox reactions involving transfer of TiO, photoelectrons to
energy levels of the couples between complexed Cu?* ions, CuyO and Cu. From this it is concluded that under illumination
Cu particles are only formed if deposition of Cu,0 is limited by either mass transport of complexed Cu?* ions or kinetic

factors.

In the last few years patterned electroless metal deposi-
tion has gained increasing attention for potential applica-
tion in the fabrication of microelectronic devices (1-5). Ba-
sically, electroless metal deposition involves a
heterogeneous catalytic electron-transfer reaction, in
which electrons are transferred from a reducing agent to
metal ions. It can be carried out selectively on patterned
electroactive areas on the substrate, since deposition is
autocatalytic and requires an electrocatalytic surface to
start. In most cases, the active areas are obtained by the ap-
plication of electrocatalytic metal nuclei on the substrate,
for example by photoselective activation procedures (6, 7).
A disadvantage of this procedure is that metallization in-
volves at least two steps: activation and electroless metal
deposition. Furthermore, reducible species, e.g., adsorbed
Pd ions, may be left behind at undesirable places on the
substrate after the activation step. When these are reduced
to electrocatalytic species in the electroless solution, the
latter may cause uncontrolled, nonselective electroless
metal deposition. Therefore, it seemed worthwhile to
study the possibility of direct selective surface activation
in an electroless solution.

In the work described in this paper, which is a continu-
ation of earlier reports on different aspects of the initiation
of electroless metal deposition (8-10), direct laser-induced
copper deposition from an electroless copper solution on
TiO, substrates is investigated. It was expected that
photochemically deposited metallic Cu nuclei from an
electroless solution on photosensitive TiO; films would
show autocatalytic behavior. This means that prenu-
cleated areas on the TiO, film should be intensified by sub-
sequent electroless copper deposition in the dark. Prelimi-
nary experiments, however, showed that this only
occurred after relatively long illumination times. This
raised the guestion whether metallic Cu nuclei were
photodeposited in the initial stages of illumination. There-
fore our primary goal was to determine the oxidation state
of the photodeposited copper species.

Although photoassisted deposition of copper species on
TiO, single crystal electrodes (11, 12) and TiO, powders
(12-15) has been previously observed, no efforts were made
to determine the oxidation state of the deposited copper
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species. Hermann et al. suggested that Cu?* ions in a TiO,
suspension were photoreduced to Cu” ions and that metal-
lic copper could not be obtained even by using acetic acid
in the solution as a hole scavenger or by performing the
photoreaction under reducing atmosphere (hydrogen) (14).
In this study, the nucleation densities and the sizes of
photodeposited particles on TiO, films and powders were
determined by transmission electron microscopy (TEM). A
recently developed specimen preparation technique for
thin polyecrystalline TiO, films (16) was used to obtain high
resolution electron microscopy (HREM) structure images
of photodeposited particles. Complementary to these
ex situ measurements, in situ extended x-ray absorption
fine structure (EXAFS) measurements of photodeposited
particles on suspended TiO, powders were performed by
using a thin-layer fluid cell. It will be shown that photo-
deposition of Cu particles on TiO, is preceded by photo-
deposition of Cu,O particles, which show only slight elec-
trocatalytic activity in an electroless copper solution.

Experimental

Materials.—The aqueous electroless copper solution
consisted of: (i) 0.04M CuSO,-5H,0; (@) 0.18M
KNaC,H,0; - 4H,0 (potassium sodium tartrate); (iii) 0.25M
NaOH, and (iv) 0.33M HCHO (17). Tartrate (Tart) is a com-
plexing agent for Cu?' ions and HCHO is the reducing
agent active in electroless deposition. Two other solutions,
from which HCHO or CuS0O, and HCHO were omitted, are
denoted by (Cu?*, Tart, OH") and (Tart, OH"), respectively.
Experiments in which EDTA instead of tartrate was used
as a complexing agent for Cu®* ions gave similar results
and are not reported here. All solutions were prepared
from triply distilled water and all experiments were car-
ried out at room temperature.!

Details of the preparation of TiO; films for HREM have
been described elsewhere (16). Briefly, the HREM speci-
mens consist of a thin (thickness <10 nm) polycrystalline
TiO, (anatase) film on an amorphous SizN4 membrane (size
15 x 15 pm?; thickness 13 nm) supported by a small sec-
tion of a Si(100) wafer. The TiOQ, film consists of a single

! Unless otherwise stated, nitrogen gas was not bubbled through
the solution.
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layer of 10-25 nm anatase crystallites. The TiO, powder
which was used for EXAFS measurements was Euroti-
tania-1 (Tioxide batch no. 1143) consisting of 99% anatase
with a surface area of about 46 m¥g. EXAFS scans of Cu
foil (Goodfellow Metals), Cu,O powder (Merck), and CuO
powder (Merck) were taken for comparison purposes and
to obtain phase shift and backscattering amplitude func-
tions for different absorber-scatterer pairs. The reference
compound samples of Cu,O and CuO had to be diluted
with boron nitride to obtain an amount that could be
pressed in a sample holder to form a self-supporting wafer
with an x-ray absorbance of 2.5. The Cu,O powder was
checked with x-ray powder diffraction to be 99% pure
Cu,0. The Cu foil had an optical thickness of § pm and was
99.97% pure.

Illumination.—Ti0; films.—The illumination of HREM
specimens was carried out with a UV (Ar*) laser beam
(Spectra Physics 2025-05; wavelength 351.1-363.8 nm;
beam diameter was 1.0 mm) which was focused onto the
TiO, film by a long working-distance objective lens in a
Leitz Orthoplan microscope. The laser spot with a diame-
ter of 13 pm was centered at the edge of the Si;N, window
to facilitate comparison between illuminated and non-illu-
minated areas on the TiO, films (see Fig. 1). A quartz cell
with an optical window thickness of 1.0 mm and a solution
layer thickness of 2.0 mm was placed horizontally on the
specimen table of the microscope. INumination was
started as soon as the specimen was placed in the quartz
cell and imaged on a TV monitor. Light intensities (I) and
illumination times (At) were varied between 1 and
10° W/cm? and between 1 ms and 10s, respectively.

Procedure f(A): After illumination in the electroless so-
lution or the (Cu?*, Tart, OH") solution, the specimen was
immediately dipped in water for 15s and quickly dried in
air.

Procedm;e f(B): After illumination in the (Cu®*, Tart,
OH") solutjon, the specimen was immediately transferred
to the (Tart, OH") solution in which the previously irradi-
ated spot was illuminated for a second time in order to re-
duce possibly deposited Cu* species to metallic copper.
After that it was rinsed and dried as in procedure f(A).

TiO; powder—200 mg TiO; powder was dispersed in
25 em?® of the (Cu?*, Tart, OH") solution in a glass beaker.
The electroless solution could not be used, since in that
case spontaneous deposition of copper species was initi-
ated in the dark. During illumination the suspension was
agitated by a magnetic stirrer. The UV laser beam was ex-
panded to a diameter of 15 mm and then directed into the
beaker from above (I =~ 100 mW/cm?). After each illumina-
tion the beaker was placed in a N, atmosphere and stirring

Fig. 1. Low-magnification TEM image of a spot photodeposited from
the electroless solution and centered approximately on the left edge of
the SisNy/TiO; window. At = 1s; / = 100 W/em?.
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was stopped. Most of the TiO; grains settled to the bottom
of the beaker within 10 min.

Procedure p(A). After 20 min illumination and subse-
quent settling in the (Cu®*, Tart, OH") solution, the sedi-
ment, i.e., the TiO, grains with the surrounding (Cu?*, Tart,
OH") solution, was transferred into the EXAFS cell as de-
scribed below [sample p(A)].

Procedure p(B): After 20 min illumination and subse-
quent settling in the (Cu®*, Tart, OH") solution, 24 cm?® of
the supernatant solution was replaced by 24 cm® of the
(Tart, OH") solution. After that, stirring was restarted and
the TiO, suspension was illuminated again for 20 min.
After settling, the sediment was transferred into the
EXAFS cell [sample p(B)].

In order to correlate HREM data with EXAFS data, sus-
pended TiO, grains were studied with TEM. A fraction of
the sediment from procedure p(A) was washed thoroughly
with water. Subsequently a copper grid, previously coated
with a thin Formvar film, was dipped briefly in the TiOy/
water suspension and dried in air.

The time that elapsed between sample preparation and
subsequent HREM or EXAFS measurements was less
than 12h.

EXAFS fluid cell.—An assembly of a specially designed
thin-layer fluid cell, used for EXAFS measurements of
TiO, sediments, is shown in Fig. 2. The TiO; sediment was
held between the two epoxy resin plates (b), which were
reinforced with a carbon fiber fabric?. These windows have
a low x-ray absorbance. A spacer (a) of the same material,
with a recess in the shape of a funnel to accommodate the
sample, was used to define the thickness of the sample.
The thickness of the spacer (0.25 mm) was chosen to give
approximately the optimum sample x-ray absorbance of
2.5 above the copper K-edge. The three plates were placed
in two small polyethene envelopes (c) which were inserted
into each other. The envelopes were placed between the
rigid aluminum plates (d), which had the same shape as
the spacer. Finally these were pressed tightly together by
two other rigid U-shaped aluminum plates (e). The cell ob-
tained in this way could be placed directly in the EXAFS
spectrometer which is described below.

The EXAFS cell was filled in a N; filled glove bag in the
following way. First, 10 mm? of the TiO,; sediment was
sucked up with a pipette and injected into the funnel of the
spacer. The cell was then placed in a excicator which was
evacuated three times, each time after admission of N; gas.
In this way the sediment settled to the bottom of the fun-
nel. This procedure was repeated five times. After filling,
the tops of the polyethene envelopes were sealed to mini-
mize penetration of air into the sediment. X-ray photogra-
phy was used to verify that the cell was properly filled.

Electron microscopy investigations.—TEM and HREM
investigations were carried out with a Philips EM400T

2 Obtained from the Materials Development Group, Plastics Met-
alware Factories, Philips Eindhoven.

Fig. 2. Assembly of the EXAFS fluid cell. a: Spacer (thickness 0.25
mm) with funnel-shaped recess (size of the pipe of the funnel 5 x 27 x
0.25 mm?), b: window plates (size 35 X 45 X 0.25 mm®); c: polyethene
envelopes (37 x 50 mm?, foil thickness 25 um); d: aluminum plates
(35 X 45 X 4 mm®); e: U-shaped aluminum plates.
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(operated at 120 kV) and a Philips EM430ST (operated at
300 kV) transmission electron microscope, respectively.
The technique of optical diffraction was used to analyze
two-dimensional lattice images of a large number of
photodeposited particles on HREM specimens. The meas-
ured (101) lattice spacing of 0.352 nm in anatase monocrys-
tallites (18) provided a direct calibration of image magnifi-
cation. Further details have been described elsewhere (9).

EXAFS investigations.—The EXAFS measurements
were taken on a laboratory EXAF'S spectrometer based on
the Rowland circle principle (19-21). The radius employed
was 500 mm. A Si (111) crystal with a diameter of 70 mm
and modified Johansson geometry was used. The crystal is
spherically bent over a radius of 1000 mm and spherically
ground to the radius of the Rowland circle. A lead-clad slit
system in front of the crystal was used to define the irradi-
ated area of the crystal. This was chosen to be 10 mm high
and 20 mm wide. The resolution at the copper K-edge was
17 eV.

An Elliot GX-21 rotating molybdenum anode x-ray gen-
erator was used, which was operated at a current of
200 mA and a tube voltage of 17 kV. The tube voltage was
deliberately chosen below the molybdenum Ka excitation
lines to prevent distortion of the spectra at half the energy
of these lines. The structure factor for the (222) reflection in
a perfect Si crystal equals zero. Bending the crystal will
cause a deformation of the cubic lattice and a non-zero in-
tensity for the radiation with twice the energy of the funda-
mental reflection.

A feedback loop acting on the tube current was used to
stabilize the intensity of the monochromatic radiation
when scanning through the Lf; impurity line of tungsten
at 9672.35 eV. However, this did not prevent distortions ap-
pearing in the spectra at that energy. For this reason the
spectra were not used beyond 9650 eV.

At the focal point of the spectrometer a fixed
0.1 x 12 mm? tantalum slit prevented scattered radiation
from entering the detector stage. A partially transparent
ionization chamber monitored the incoming flux. The
chamber was flushed with a 30% argon and 70% nitrogen
mixture to give about 25% x-ray absorption at the copper
K-edge. The transmitted intensity was measured with a to-
tally absorbing Ar gasflow 2*¢ ionization chamber. Typi-
cally a full EXAF'S scan took 20h.

Results

TiO; films.—General remarks.—At illumination times of
the order of 1s optically visible spots with a diameter of
=13 pm were photodeposited on TiO, films in the eleetro-
less solution. The rate of photodeposition in the (Cu?*,
Tart, OH™) solution was found to be ca. 100x smaller than
in the electroless solution. In the (Cu?*, Tart, OH") solution
all photodeposited spots dissolved slowly when the TiO,
film was left in the solution after the illumination. This dis-
solution can be explained by an electroless corrosion
mechanism, the cathodic process being the reduction of
dissolved oxygen and the anodic process being oxidation
(and complexation) of the deposited copper species (10). In
the electroless solution, however, spots were intensified by
autocatalytic copper deposition immediately after
photodeposition when the illumination time (At) was
larger than a critical value (At*). The value of At* was be-
tween 0.1 and 4s and increased when the light intensity
was decreased. The growth of an autocatalytic spot ceased,
however, after a short time and the spot remained stable in
the solution.

TEM.—Short (<10 ms) light pulses resulted in the deposi-
tion of particles in the 0.5-3.0 nm size range in the electro-
less solution or in the (Cu?*, Tart, OH") solution. The den-
sity of deposited particles in the (Cu?*, Tart, OH") solution
(10%-10"/em? was much lower than in the electroless solu-
tion (10%°-10'%/cm?). The density decreased when the light
intensity was decreased. No particles were observed in the
absence of illumination or in the absence of a TiO, film on
the SizN; membrane. As in the case of Pd photodeposition
on TiO, films (8), it was observed that, after a certain nucle-
ation time, no new particles appeared and photodeposition
occurred only on existing growth centers. The nucleation
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time in the (Cu?*, Tart, OH") solution (0.1-5s) was much
longer than in the electroless solution (1-10 ms) and in-
creased when the light intensity decreased.

Figure 3 shows successive stages of photodeposition
from the electroless solution at At = 3, 20, 100, and 1000 ms,
respectively [procedure f(A); four different specimens]. At
the light intensity used in this experiment (800 W/cm?), At*
was ~100 ms. Figure 3a shows particles in the 1.0-3.0 nm
size range with a density of =5 - 10'/cm?. From Fig. 3b and
3c it is seen that, during subsequent illumination, the size
range is extended to 3-6 nm and 3-40 nm, respectively. At
1000 ms the particles merged into a polycrystalline Cu
layer (Fig. 3d), as was indicated by an electron diffraction
image of this film (not shown).

HREM.—The crystal structures of particles (>1.5 nm),
photodeposited from the electroless solution during illu-
mination times less than At* [procedure f(A)], were deter-
mined by HREM. All initially formed particles (<3 nm)
had a structure of bulk Cuy0. Nearly all particles larger
than 3 nm had the structure of either bulk Cu,0 or bulk Cu
(18), depending mainly on the light intensity. Only a few
particles exhibited lattice images that indicated a devia-
tion from the structure of Cu, Cu;O or other copper
(sub)oxides, such as Cu,0 (22, 23). It should be noted that,
although both Cu and Cu,;O have a cubic structure, a dis-
tinction between the two phases can easily be made since
the size of the Cu,0 unit cell [ag(Cu,0) = 0.4269 nm] is 18%
larger than that of the Cu unit cell [ag(Cu) = 0.3615 nm] (18).

Although we did not try to quantify the ratio between
the amount of photodeposited Cu,O and Cu, it was estab-
lished that at low light intensities (<10 W/em?) nearly all
particles were Cu,0, whereas at higher light intensities
progressively more Cu particles were formed. At a fixed
light intensity the fraction of Cu particles increased with
increasing illumination times. Cu particles were already
observed at illumination times less than At*. In contrast
with this, nearly all particles photodeposited from the
(Cu?*, Tart, OH") solution were identified as Cu;O; only a
few Cu particles (>3 nm) were observed at the highest
light intensities (=~10° W/cm?). Figure 4 shows three two-
dimensional lattice images of Cu,O particles along the
[011], [111], and [112] zone axes, respectively. The sizes of
the particles are 2, 4, and 10 nm, respectively. With each
particle the corresponding optical diffraction pattern
(ODP) and a schematic representation of the ODP are
shown. The measured lattice spacings [d(hkl)] and angles
are also indicated. In cases were spacings of equivalent
sets of {kkl} planes could be measured, the average d(hkl)
value is indicated. The relevant interplanar spacings, ob-
tained from the x-ray powder diffraction file of Cu,O are:
d(110) =0.3020 nm; d(111) = 0.2465nm; and d(200)
= 0.2135 nm (18). As seen from Fig. 4, the measured lattice
spacings do not differ by more than 3% from the x-ray dif-
fraction data. The measured angles between lattice planes

Fig. 3. TEM images of TiO,-SisN, films showing successive stages of
photodeposition from the electroless solution [procedure f(A)], | = 800
W/em?. a: At = 3 ms; b: At = 20 ms; c: At = 100 ms; d: At =.1000 ms.
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also agree, within experimental error, with the values
theoretically expected for a cubic structure. Single-crys-
talline and twinned Cu,O particles as large as 25 nm were
observed.

Figure 5 shows examples of [011] lattice images of three
characteristic Cu particles with sizes of 7, 6, and 9 nm, re-
spectively. The ODP of the single-crystalline Cu particle
from Fig. 5a is similar to the ODP shown in Fig. 4a, except
that the reciprocal distances are increased by =18%. A
large number of Cu particles exhibited single or multiple
twinning along the closely packed (111) planes. Examples
of this are shown in Fig. 5b and 5c. The measured lattice
spacings of the particles shown in Fig. 5 do not differ by
more than 2% from the spacings reported for bulk Cu (18)
[d(111) = 0.2088 nm and d(200) = 0.1808 nm].

The above observations show that Cu (Cuy,O) growth
centers consist of well-defined crystallites. These probably
grow by direct incorporation of reduced copper ions into
the lattice. In contrast with this, it was found for Pd
photodeposition that Pd growth centers consisted of a
large number of randomly oriented 2-4 nm Pd clusters (8).
In this case growth took place by repeated three-dimen-
sional nucleation of 2-4 nm Pd clusters.

Finally, it was shown that all Cu,O particles (>1.5 nm)
that were photodeposited from the (Cu?*, Tart, OH") solu-
tion were reduced to Cu particles when they were further
illuminated in the (Tart, OH") solution for 2 min at
100 W/cm? [procedure f(B)]. Figure 6 shows [011] structure
images of a 3 nm single-crystalline Cu particle (Fig. 6a) and
a 3 nm single-twinned Cu particle (Fig. 6b), which were
produced in this way. These results indicate that the
atomic structure of photodeposited Cu;O or Cu particles in
procedure f(A) did not change during the sequence of rins-
ing with water, drying in air, exposure to air, transfer into
the electron microscope and subsequent exposure to the
electron beam.

Ti0, powder—General remarks—Under illumination
the color of the TiO, grains in the (Cu?*, Tart, OH") solution
gradually changed from white to pink within approxi-

Fig. 4. HREM images (1) of Cu,0 particles [procedure f(A)] with the
ODP (2), and a schematic representation of the ODP (3). a: 2 nm parti-
cle along [011] zone [d(200) = 0.211 nm and d(111) = 0.241 nm]; b:
4 nm particle along [111] zone [d(110) = 0.297 nm]; c: 10 nm particle
along [112] zone [d(110) = 0.298 nm ond d(111) = 0.250 nm].

mately 15 min {procedure p(A)]. However, the sediment ob-
tained slowly regained its original white color when the so-
lution remained in contact with air. This decolorization
started at the top of the sediment, indicating dissolution of
deposited copper species by the reduction of dissolved ox-
ygen, which slowly diffuses into the sediment. During the
second illumination in the (Tart, OH ") solution the color of
the TiO, grains gradually changed from pink to dark gray
within approximately 10 min [procedure p(B)]. The color
of the sediment slowly changed from dark gray via pink to
white when the (Tart, OH") solution remained in contact
with air. The dark gray color could not be obtained when
the pink TiO, grains from procedure p(A) were thoroughly
washed with a 0.25M NaOH solution and then illuminated
in this solution. The color of naked TiO, powder in 0.25M
NaOH also turned to blue-gray under illumination when
dissolved oxygen was removed by N, bubbling or when
hole scavengers, such as tartrate or HCHO, were added to
this solution. This indicates the formation of reduced TiO,
surface states (24).

When the TiO; sediment was stored in a N; atmosphere
or in a sealed EXAFS cell immediately after the (final) illu-
mination in procedure p(A) or p(B), the color of the TiO,
grains did not change over several weeks. The TiO, sedi-
ment can then be considered as a “frozen” system without
dissolved oxygen.

TEM.—Figure 7 shows a characteristic TEM image of TiO,
powder obtained by illumination in the (Cu?*, Tart, OH")
solution for 20 min. It is seen that many particles in the
2-8 nm size range are randomly photodeposited on the
TiO, crystallites which have a size in the 10-100 nm range.
Multiple nucleation of small (1-3 nm) particles on one TiO,
crystallite was also observed after a 5 min illumination. No
deposits from the (Cu?*, Tart, OH") solution were observed
in the absence of either illumination or TiO, grains.

EXAFS data of samples and reference compounds.—Rou-
tine cubic spline background substraction and normaliza-
tion methods were used to extract the EXAFS functions
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from the experimental data (25). The EXAFS spectra of the
reference compounds and their k*-weighted Fourier trans-
forms are shown in Fig. 8. In Fig. 9 the spectra and k®
Fourier transforms of the samples p(A) and p(B) are given.
Because of the distortion of the spectra by the W impurity
line the data could not be used beyond k = 13 A1

Fourier transforms of the EXAFS spectra are a first ap-
proximation of the radial distribution functions. Compari-
son of the Fourier transforms of the experimental data of
sample p(A) with the CuO and Cu,0 reference data shows
striking similarity between the sample and Cu,;0 data (Fig.
10b). From the absolute mismatch in the imaginary part of
the Fourier transforms of the sample and CuO data (Fig.
10a) it can be concluded that CuO is not the predominant
copper phase. Furthermore the absence of a peak at the
nearest neighbor distance (2.56 A) in the fce structure of
Cu excludes the presence of a large amount of Cu in
sample p(A).

If Fourier transforms of the data of sample p(B) are com-
pared with the data of sample p(A) (Fig. 11a) and of Cu,O
(Fig. 11b) it can be concluded that the basis again is Cu,0.
However, an additional peak at the nearest neighbor dis-
tance of Cu is observed, which indicates the presence of
metallic Cu.

EXAFS data analysis.—Quantification of the different con-
tributions to the EXAF'S signal requires a detailed analysis
of the EXAFS data. The phase and backscattering ampli-
tude functions for the different absorber-backscatterer
pairs were obtained from the reference compound data
(Table I) (25). These phase and backscattering amplitude
functions, together with an estimate of the coordination

Fig. 5. HREM images of [011] oriented Cu particles [procedure f(A)].
a: Single-crystalline 7 nm Cu particle [d(200) = 0.184 nm and d(111)
= 0.209 nm]. b: Single-twinned 6 nm Cu particle [d(200) = 0.181 nm
and d(111) = 0.208 nm]. c: Fivefold twinned 9 nm Cu particle [d(200)
= 0.182 nm and d(111) = 0.210 nm].

number (N), the distance (R), the difference in the Debye-
Waller factor between sample and reference compound
(Ac?) and an inner potential correction (Vy), are used to cal-
culate the EXAFS function of a particular coordination
shell, expected to be present in the sample under study.
The spectra of separate shells were added together to give
the EXAFS of a model of the average local structure
around a copper atom. Comparison in R space of both k!
and k® Fourier transforms of the calculated and experi-
mental data made it possible to find unigue values for the
seemingly correlated pairs N and Ao? and R and V,. The k
range for the Fourier transformations was determined by
the position of the nodes in the experimental data and was
chosen as large as possible within the validity range of all
references used.

The relatively poor energy resolution with which the
spectra were measured does not affect the EXAFS func-
tion of all coordination shells in the same way (27). Be-
cause of the use of reference compounds, measured with
the same resolution, absolute values of the coordination
numbers and radii of equivalent coordination shells can
still be obtained, but the values for low Z (oxygen) back-
scattering contributions in the spectra, especially at larger
distances from the absorbing atom, have lower accuracy
than for high Z (copper).

Figures 12 and 13 show the best results of the analysis in
R space for sample p(A) and p(B), respectively. The coordi-
nation parameters used to calculate the models are listed
in Tables IT and III.

Discussion of EXAFS coordination parameters.—The re-
sults of the analysis of samples p(A) (Table II) indeed show
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a b
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Fig. 6. HREM images of [011] oriented Cu particles [procedure f(B)].
a: Single-crystatline 3 nm Cu particle [d(200) = 0.179 nm and d{111)
= 0.206 nm]. b: Single-twinned 3 nm particle [d(200) = 0.182 nm and
d(111) = 0.210 nm}.

great similarly with the parameters of Cu;O powder. The
coordination number and Cu*-O?" distance are, within the
accuracy of the technique, equal to the values for bulk
Cu,0. The presence of a significant amount of copper sub-
oxides (22, 23) can be excluded since the coordination
number of the Cu*-O? shell in these compounds is =<I.
The second largest peak is identified as the Cu*-Cu” shell
of the Cu;0 structure. In the sample the coordination num-
ber is smaller than the bulk value. The negative values of
Ac? indicate a smaller static disorder in the sample than in
the reference compound.

In between these two shells there is a contribution
which cannot be fitted with any of the absorber-scatterer
combinations in Table I. It can be speculated that this con-
tribution originates from a Cu-Ti substrate bond or from
complexed copper ions in the solutions (28) but the quality
of the data is insufficient to establish these hypotheses. Be-

Fig. 7. TEM image of TiO, powder, which was illuminated in the
(Cu?", Tart, OH™) solution for 20 min [procedure p(A)]. Multiple nucle-
ation of particles on TiO; crystallites is observed.
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Fig. 8. EXAFS spectra of reference compounds and their k* weighted
Fourier transforms (... absolute and imaginary part). a: Spectrum

of Cu foil, b: FT of a (k range 3.01-11.54 A ). c: Cu,0, d: FT of ¢ (k
range 2.98-11.44 A™"). e: CuO, f: FT of e (k range 2.72-11.49 A7").

0 5

cause of the overlap of the three shells in the Fourier trans-
forms of the sample data it was necessary to approximate
this contribution as effectively as possible by using the
Cu’-Cu* phase and backscattering amplitude functions, in
order to be able to find reliable values for the parameters of
the neighboring shells.

The first coordination shell in the data of sample p(B)
again is identified as the Cu*-0?" shell in Cu,O (Table III).
The coordination number is equal to the bulk value for
Cu,0O and is, within the accuracy of the technique, the
same as for the first sample. The coordination distance is
slightly larger than in the bulk. From the values of Ac? for
this shell it can be concluded that the static disorder in this
shell is also larger than in the bulk.

The dominant peak in the Fourier transform of the data
of sample p(B) originates from a combination of the Cu’-
Cu® shell in metallic Cu and the Cu*-Cu* shell of Cu,O.
Compared to the value of 10 in the first sample, the coordi-
nation number of 0.8 for the Cu*-Cu” shell is very low.

The fourth shell used to model the data cannot be attrib-
uted to either the Cu,O or the Cu structure. Although nec-
essary for reliable estimation of the coordination parame-
ters of the other shells, no conclusions can be derived from
the parameters of this shell.

Interpretation of EXAFS results—Coordination num-
bers found with EXAFS are averages over all absorber ele-
ment atoms. This affects EXAFS coordination numbers in
two ways. In a sample that is a mixture of phases, the coor-
dination number of a particular shell found from EXAFS
analysis has to be corrected for the fraction of the total
amount of absorber element atoms in the phase which in-
corporates that shell. Second, if the absorber element is
present in particles, atoms near the surface of the particle
will have incompletely filled coordination shells. There-
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Fig. 9. EXAFS spectra of the samples together with their Fourier
transforms (.... absolute part, imaginary part). a: Spectrum of
sample p(A), b: FT of a (k* weighted, k range 2.95-11.39 A,
c: Sample p(B), d: FT of c (K, k range 3.02-11.53 A™").

fore the average coordination number of a shell as found
with EXAFS is a function of particle size (29). This effect
will affect the coordination number of shells with larger
radii more strongly.

The above analysis indicates that in sample p(A) almost
all copper atoms are present in Cu,O particles. From the
coordination number of 10 for the Cu*-Cu* shell it is esti-
mated that the average Cu,O particle size is 3-4 nm, assum-
ing spherical particles. This agrees with TEM observations
(cf. Fig. 7).

Since the coordination number found for the Cu*-O*"
shell of sample p(B) equals the bulk value the fraction of
copper atoms in the Cu,O phase is approximately unity.
Consequently the fraction of copper atoms in the Cu phase
is very small. The coordination number of the Cu’-Cu®
shell has to be corrected for this fraction. This will result in
a coordination number close to the bulk value (12), indicat-
ing relatively large Cu particles. The decrease of the coor-
dination number of the Cu*-Cu* shell from 10 in sample
p(A) to 0.8 in sample p(B) indicates a considerable de-
crease in the Cu,0 particle size and/or a deviation from the
spherical particle geometry. The fact that the coordination
number of the Cu*-0?" shell is unaffected can be explained
by the fact that this shell is relatively insensitive to particle
size because saturation to the bulk value (2) occurs already
in small particles (in one Cu;O unit the coordination num-
ber already equals 1). Furthermore the dipole-dipole at-

0.2 0.2

R (4)

Fig. 10. Comparisons between k' weighted Fourier transforms of
data of sample p{A) and those of CuO and Cu,0O (k ranges as in Fig. 9
and 10). a: Sample p(A) (---- absolute part, imaginary part) and
CuO (.... absclute part, — — imaginary part). b: Sample p(A) (---- ab-
solute and imaginary part) and Cu,0 (.... absolute part and — —
imaginary part).

R (A)
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Fig. 11. Comparisons between k' weighted Fourier transforms of
data of sample p(B) and those of sample p(A) and Cu,0 (k ranges as in
Fig. 9 and 10). a: Sample p(B) (---- absolute part, imaginary part)

and sample p(A) (.... absolute part, — — imaginary part). b: Sample
p(B) (---- absolute and ___ imaginary part) and Cu,O {.... absolute part
and — — imaginary part).

traction between Cu,O pairs can act as an additional force
for completion of the Cu'-O*" shell of Cu,O.

From the above analysis it is suggested that in sample
p(B) all small particles consist of Cu;O while larger parti-
cles consist of a Cu core, which might be covered with a
few monolayers of Cu,O. Apart from direct Cu,O photo-
deposition a significant part of the Cu,O may have been
formed by the (partial) oxidation of previously formed Cu
particles due to the presence of residual oxygen in the
(Tart, OH") solution after the final illumination in proce-
dure p(B). It should be noted that a thin (<0.5 nm) Cu,O
film, which might have been formed on previously formed
Cu particles in procedures f(A) or f(B), cannot be observed
by HREM.

Discussion

From the above results it is concluded that Cu,O parti-
cles are photodeposited on TiO, crystallites in the pres-
ence of a relatively large amount of copper ions [pro-
cedures f(A) and p(A)]. Direct Cu photodeposition does not
occur unless long illumination times and/or high light in-
tensities are used. If the concentration of copper ions in
the solution is decreased, Cu,O particles can be reduced to
Cu under illumination even at low light intensities. These
results will now be discussed in terms of simple redox re-
actions involving transfer of TiO, photoelectrons to energy
levels at the solid-liquid interface.

Energy diagram.—A simplified energy diagram of the
TiO, crystallite—electrolyte interface at pH = 134, is
shown in Fig. 14. All potentials are quoted vs. the normal
hydrogen electrode (NHE). The following assumptions
were used to construct this diagram.

The potentials of the valence bandedge and the con-
duction bandedge of TiO, are —0.85 and +2.15V, respec-
tively (30). It is reasonable to assume that the energy bands
in small TiO, crystallites (<100 nm) are flat, since an inter-

%10-2
8

~ [
'S
0--

R (4)

R (4)

Fig. 12. Fourier transforms of experimental and calculated data for
sample p(A). a: k' weighted, b: k* weighted, k range 3.84-10.69 A
(---- absolute part and imaginary part of experimental data, ....
absolute part and — — imaginary part of calculated data.)
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Table 1. Crystallographic data and particulars about the Fourier
transforms on the reference compound data

Abs.-Scat. R FTrange k  FT !range
pair N (A) Comp. (A" power A) Ref.
Cu*-0%” 2 185 Cu0O 2.98-11.44 3 0 -1.88 (26)
Cu’-Cu® 12 256 Cufoil 3.01-13.22 3 1.48-2.94 (18)
Cu*-Cu* 12 3.02 Cu0O 298-11.44 3 1.88-3.37 (26)
Table I1. Results of analysis for sample p(A)

Shell N RA) A (AY) Vo (eV) Ref.

Cu*-0%* 217 1.87° —0.0025% -1.6% Cut-0%"
? 0.3¢ 2.414 —0.0190¢ 19¢ Cu*-Cu*
Cu*-Cu* 102 3.05° —0.00172 -2.2° Cu*-Cu*
2Accuracy =20%.

bAccuracy +2%.

CAccuracy =50%.

dAccuracy +5%.

Table 111, Results of analysis for sample p{(B)

Shell N RA) Ac? (A2 Vi (eV) Ref.
Cut-0% 2.0* 1.89° 0.0031* -5.02 Cut-0*"
Cu’-Cu’® 3.32 2.60° —0.0004* -7.0* Cu®-Cu®
Cu*-Cu* 0.8¢ 3.00¢ 0.0038° 6.0° Cu*-Cu*

? 3.5¢ 3.374 0.0030° 13° Cu*-0*"

2Accuracy *20%.
SAccuracy +2%.
cAccuracy =+ 50%.
dAccuracy +5%.

nal space charge layer, as present in bulk TiO; electrodes,
cannot exist (8, 31, 32).

In the strongly alkaline electroless copper tartrate solu-
tion almost all copper ions are present as complexed ions
[(Cu%").]. The main uncomplexed copper ions are CuQ,*~
and HCuO,, but their concentrations are orders of magni-
tude smaller than that of (Cu?*). ions. Generally it is as-
sumed that the reduction of copper ions occurs via (Cu?*),
ions (33-35).

(Cu*"), + 2e - Cu [1]

El-Raghy and Abo-Salama measured the current-potential
curve for this reaction at bulk Cu electrodes in the (Cu?",
Tart, OH") solution (17). From an extrapolation of this
curve to zero current one obtains the equilibrium potential
—0.08V for reaction [1]. Assuming a reversible electron
transfer, this potential corresponds approximately to the
reversible redox potential for reaction [1] (V((Cu?*")./Cu)).
The above value corresponds with polarographically de-
termined values of V((Cu?")./Cu) for copper ions com-
plexed by tartrate in alkaline medium (36).

R (A)

Fig. 13. Fourier transforms of experimental and calculated data for
sample p(B). a: k' weighted, b: k® weighted, k range 3.91-10.73 A .
(---- absolute part and imaginary part of experimental datq, ....
absolute part and — — imaginary part of calculated data.)

R (4)
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Fig. 14. Simplified energy diagram showing the conduction band (CB)
and valence band (VB) edges of a TiO; crystallite at pH = 13.4 with
respect to redox levels relevant to this work.

Cu,0 is electrochemically reduced to Cu according to
Cuw,0 + H,O + 2¢— 2Cu + 2 0OH 2]

From a thermodynamic point of view, this occurs at poten-
tials more negative than the reversible redox potential
V(CupO/Cu), which equals —0.32V at pH = 13.4 [37]. From
numerous studies (38-40), however, it is known that reac-
tion [2] may require significant overpotentials.

By subtracting reaction [2] from reaction [1] one obtains
the reaction in which (Cu®*), ions are reduced to Cu,O

2(Cu*"), + 20H" + 2e — Cuy0 + H;0 [3]

Using the above values of V((Cu?*")/Cu) and V(Cu,0/Cu), it
follows from a simple thermodynamic calculation that the
reversible redox potential for reaction [3] (V(Cu?®")./Cu,0)
equals +0.16V.

Although Cu,O films on Cu electrodes show the charac-
teristics of a p-type semiconductor, the cathodic photocur-
rent in the presence of several redox systems is generally
small and does not lead to self-reduction of Cu,O to Cu
(41). It was experimentally verified that photodeposition
did not occur on suspended Cu,0O powder in the (Cu?*,
Tart, OH") solution. Therefore the photoelectrochemical
contribution of Cu,O particles to the formation of Cu can
be neglected.

Photonucleation of Cu;O.—In order to explain the initial
photonucleation of small (<3 nm) Cu,0 particles on TiO,
crystallites [procedures f(A) and p(A)], we consider the
shift of the Fermi level® in the TiO, crystallites due to illu-
mination. Since deposition of copper species from the
(Cu?*, Tart, OH") solution does not occur in the dark, it can
be assumed that initially the Fermi level is below the onset
potential for the reduction of (Cu?*). ions (Fig. 14). Under
illumination the photogenerated holes are rapidly trans-
ferred to oxidizable species in the solution (8). Both HCHO
and tartrate are effective scavengers of the reactive va-
lence band holes (42).

The photogenerated electrons may accumulate in the
bulk of the crystallite but, most probably, they are trapped
in surface states, as was indicated by recent memory effect
experiments (8). The negative charging of the TiO; crystal-
lites implies an upward shift of the Fermi level. The TiO,
energy bandedges at the surface will also be shifted up-
ward with respect to energy levels in the electrolyte, be-
cause the potential drop across the Helmholtz double layer
will adjust itself to the extra negative charge on the TiO,
crystallite (8).

3 Strictly speaking the Fermi level concept only applies to situa-
tions in the dark in which equilibrium exists between electrons
and holes. During illumination one can use the concept of quasi-
Fermi levels for electrons and holes, respectively. Therefore the
term “Fermi level” used in the text may refer to the quasi-Fermi
level of electrons.
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Possibly a number of photoelectrons will be used for the
reduction of dissolved oxygen (43), but this will be disre-
garded. When a critical concentration of electrons is built
up in the TiO; crystallite, i.e., when the Fermi level has
been shifted upward sufficiently, (Cu?*). ions will be re-
duced. Since in alkaline medium the potential V((Cu®*)y/
Cu,0) is positive with respect to the potential V((Cu?*)/Cu)
(Fig. 14), it can be understood that the reduction of (Cu?*),
ions initially leads to the formation of small (<3 nm) Cu,O
particles according to reaction [3]. This agrees with the ob-
servation that relatively thick (=5 pm) polycrystalline
Cu,O films were electrodeposited onto metal electrodes
from an alkaline solution at small overpotentials (44, 45).
Apparently, Cu,O is able to conduct electrons rather well.

The observed multiple nucleation of CusO particles on a
TiO; crystallite (Fig. 3 and 7) and their growth can be ex-
plained by considering the modulation of energy bands in-
side the TiO; crystallite caused by the deposition of small
(<3 nm) CuyO particles. The potential of the Cu;O particles
will initially be fixed near the redox potential of reaction
[3]. The intrinsic barrier height at the TiO,;-Cu,O contact
determines whether the TiO, surface energy bandedges at
the contact are shifted upward or downward with respect
to those at naked sites (46, 47). A crucial point is that for
one small (<3 nm) CuyO deposit the band modulation in-
side the TiO, crystallite decreases rapidly toward the inte-
rior of the crystallite (46-48). This implies that the energy
levels in the larger part of the TiO, crystallite are not signif-
icantly affected by just one small Cu,O deposit. Therefore
multiple nucleation of small Cu;O particles proceeds at
other surface sites on the TiO, crystallites by the release of
trapped photoelectrons.

After an initial nucleation period photodeposition only
occurs on existing growth centers, as was observed for
both TiO, films (Fig. 3) and suspended TiO, powder crys-
tallites (Fig. 7). The reason for this is that photoelectrons
are then sufficiently attracted to the Cu,O deposits by a
small electric field which has been build up inside the TiO,
crystallites due to the presence of these deposits (48). The
Cu,0O deposits serve as potential wells for photoelectrons

(8).

Photodeposition of Cu,0 and Cu.—The formation of Cu,O
and/or Cu particles (>3 nm) during prolonged illumination
[procedures f(A) and p(A)] depends strongly on the experi-
mental conditions. It is assumed that during illumination
the Fermi levels in the TiO, crystallite and the copper de-
posit are equal. When the rate of removal of photoholes
from the TiO, crystallite is smaller than the maximum pos-
sible rate of transfer of photoelectrons through reaction [3],
the Fermi level will be pinned near the redox potential of
reaction [3] during illumination. This will only be true if
the rate of reaction [3] is not limited by either mass trans-
port of (Cu?"), ions or kinetic factors. This explains the
photodeposition of larger (>3 nm) Cu,O particles, without
significant formation of Cu, as observed in procedure p(A)
and in procedure f(A) at relatively low light intensities. It
can simply be calculated that in procedure p(A) the maxi-
mum spherical diffusion flux of (Cu?*), ions to suspended
TiO, crystallites is much larger than the flux of photons. In
procedure f(A) the (Cu®*), ions consumed at the illumi-
nated spot on the TiQO, film can be effectively replenished
by three-dimensional diffusion of (Cu?*). ions when the
photon flux is not too large.

The Fermi level will rise beyond the redox potential of
reaction [3] when the rate of negative charging of the TiO,
crystallites due to illumination is larger than the rate of re-
action [3]. When the Fermi level has risen above the poten-
tial V((Cu?*)./Cu), (Cu?*), are reduced directly to Cu accord-
ing to reaction [1]. A rise of the Fermi level to a value
sufficiently above the potential V(Cu,O/Cu) will result in
the reduction of previously photodeposited Cu,0O particles
to Cu particles according to reaction [2]. Both reactions [1}
and [2] oceurred during prolonged illumination in proce-
dure f(A) at higher light intensities because the photore-
duction of (Cu?*), ions to Cu,O became limited by mass
transport. The occurrence of reaction [2] is most clearly il-
lustrated by the results of procedures f(B) and p(B). Dur-
ing the second illumination of the system Cu,O/TiO; in the
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(Tart, OH") solution, reactions [1] and [3] obviously could
not occur while tartrate still acted as an effective hole scav-
enger.

Electroless copper deposition.—It can now be understood
why photodeposited spots from the electroless solution on
TiO, films only show autocatalytic behavior in the dark
when the illumination time is longer than At*.

As explained recently, electroless copper deposition on
a small isolated spot can only be initiated and maintained
when the current density of oxidation of the reducing
agent HCHO at the spot (G(HCHO)) is greater than the cur-
rent density of the reduction of dissolved oxygen at the
spot (j(Oy) (10). It is known that at bulk Cu electrodes the
anodic oxidation of HCHO is a kinetically determined
reaction (49), while the cathodic O, reduction reaction is
controlled by mass transport at sufficiently negative po-
tentials (50). Because Cu,O shows a much lower electrocat-
alytic activity for the anodic oxidation of HCHO than Cu
(49), j(HCHO) is roughly proportional to the total surface
area of the photodeposited Cu particles. The maximum
value of j(O,) is determined by a steady-state nonlinear dif-
fusion flux of dissolved oxygen, which is inversely propor-
tional to the spot diameter (10).

When At is smaller than At* the larger fraction of the
photodeposited particles in the spot consists of Cu;0. Con-
sequently J(HCHO) is too small to initiate electroless cop-
per deposition (10). The surface area of active Cu particles
is only large enough when At is larger than At*. But even in
this case it was observed that electroless copper deposi-
tion ceased after a short time. This inhibition effect is
caused by the fact that j(O,) is larger than j(HCHO), due to
an effectively enhanced supply of dissolved oxygen to the
small spot by nonlinear diffusion (10). This implies that the
initially active spot, formed by photodeposition, becomes
passivated by oxidation of the copper surface.

This so-called oxygen-diffusion-size effect becomes less
important when j(O;) becomes smaller, i.e., when the
photodeposited spot becomes larger than 13 pm or when
the density of photodeposited copper patterns becomes
higher. It was indeed observed that 36 copper spots
(13 um) deposited close together did show permanent
autocatalytic behavior after photodeposition (10). Thus it
may be expected that high-density electroless copper pat-
terns with micron-sized structures can be deposited on
TiO, films and other photosensitive substrates by direct
photoselective surface activation (e.g., by mask projection)
in an electroless copper solution.

Conclusions

A detailed HREM and EXAFS investigation made it pos-
sible to characterize the process of photodeposition of cop-
per species on TiO; substrates from an alkaline electroless
copper solution. In the initial stages of UV illumination
(Cu?"). ions are photoreduced, leading to multiple nucle-
ation of small (<3 nm) CuyO particles on TiO, crystallites.
During prolonged illumination the existing Cu,O particles
grow and the nucleation rate decays to zero. Since Cu,O
shows only a low electrocatalytic activity for oxidation of
HCHO, subsequent electroless copper deposition in the
dark is not initiated. Electroactive Cu particles on TiO,
films are only observed at relatively long illumination
times and/or high light intensities. Previously photode-
posited C11;,0 particles can be reduced to Cu particles dur-
ing a second illumination in a solution from which (Cu®*).
ions are removed.

These observations are explained by the following
model, which considers the rise of the Fermi level in the il-
luminated TiO, crystallites due to effective scavenging of
photogenerated holes by reducing agents in the solutions.
Photonucleation of CuyO particles starts when the Fermi
level reaches the redox potential V((Cu?®")./Cu,0). Cu parti-
cles are not formed initially since in alkaline medium
V({(Cu*)/Cuy0) is positive with respect to the redox poten-
tial V((Cu?")/Cu). As long as photodeposition of Cuy0 is
not limited by either mass transport of (Cu?*), ions or ki-
netic factors, the Fermi level is pinned near V(Cu®")./
Cu,0). However, when the rate of negative charging of the
TiO, crystallites is larger than the rate of photodeposition
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of Cuy0, the Fermi level can reach the potential V((Cu?*)/
Cu), at which (Cu®*). ions are reduced directly to Cu. Fur-
thermore, a rise of the Fermi level to a value sufficiently
above the potential V(Cu,O/Cu) will result in the reduction
of previously photodeposited Cu,O particles to Cu par-
ticles.

Finally, it is concluded that direct selective surface acti-
vation by photodeposition of autocatalytic copper parti-
cles on photosensitive TiO, substrates in an electroless
copper solution is possible under conditions of mass trans-
port limitation of (Cu?"), ions. These can be achieved by
relatively long illumination times, high light intensities
and/or large surface areas of illuminated high-density pat-
terns.
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