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Abstract

Integrated micrometre scale interpenetrating Au—nanostructured TiO,
(Au—-NST) network nanocomposites have been fabricated using a two-step
process. First, NST pad arrays were prepared by reacting patterned Ti
surfaces with aqueous H,O,. NST formed is porous with pores 50-200 nm
in diameter and walls about 75—125 nm thick. Second, Au was infiltrated
into pores of NST using electroless deposition to form the nanocomposite.
SEM studies indicate that Au was deposited into pores of NST with little
void formation. Selective deposition of Au on NST pads was confirmed
using XRD and area-mode XPS. This process is a general route to forming
micrometre-scale nanocomposite features consisting of NST and metals that

are amenable to electroless deposition.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nanocomposites are materials in which at least one of the
phases has constituents less than 100 nm in size [1]. Cur-
rently, thin films of metal-ceramic nanocomposites attract
tremendous attention due to their fascinating properties and di-
verse potential for applications in electronics, optoelectronics,
magnetics and catalysis [2]. Methods for fabricating metal—
ceramic nanocomposites include evaporation [3, 4], sputter-
ing [5, 6] and sol—gel processing [7-12]. Among these, the
sol—gel process has received tremendous attention as it renders
molecular-level control, is relatively low cost and allows the
incorporation of various metal dopants into ceramic matrices.
Conventional sol-gel processing, generally, results in a con-
tinuous gel film on a surface. In applications where patterned
features are required, additional steps are employed such as
reactive ion etching, laser trimming, embossing or through-
mask UV irradiation of chelate modified gels and subsequent
dissolution [13-16]. Alternatively, self-assembled monolay-
ers have been used as ‘masks’ to direct formation of gel lay-
ers from precursor solutions [17-19]. All the aforementioned
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methods, however, produce dispersed, non-percolating metal
nanoclusters embedded in an insulating ceramic phase.

An interpenetrating network composite is one in which
each constituent phase is continuous and interpenetrating
throughout the microstructure [20].  Previous reports of
interpenetrating network nanocomposites are largely limited
to organic—organic [21] and organic-inorganic material
systems [22]. Prior work in metal-ceramic material systems
involves micrometre-scale phases and hence, by definition,
may not be classified as nanocomposites [23]. Au-TiO,
interpenetrating network nanocomposites are expected to have
the functionalities of its constituents such as the wear resistance
of TiO, together with the high electrical conductivity of
Au [20]. Thin films of Au and its alloy have been widely
used as contact material in micro-switch devices because of
their low resistivity and oxidation resistance [24]. However,
they suffer from wear and stiction, which shorten device
lifetimes [25]. In contrast, TiO, films formed using sol—gel
processes have excellent wear resistance [10]. Currently, there
are no prior reports on the fabrication of patterned micrometre
scale metal-TiO, interpenetrating network nanocomposites.

1029


http://dx.doi.org/10.1088/0957-4484/16/8/005
http://stacks.iop.org/Nano/16/1029

A S Zuruzi et al

Here, we demonstrate a novel technique to form patterned
features of an interpenetrating network nanocomposite of
Au and nanostructured TiO, (NST) suitable for microsystem
applications.

2. Experimental details

The technique developed for fabricating interpenetrating Au—
NST network nanocomposites involves two main steps—firstly
forming porous NST patterns, and secondly infiltrating NST
patterns with Au using electroless deposition. A schematic
diagram of the process is shown in figure 1. NST pad arrays
with porous sponge-like morphology were formed by reacting
patterned arrays of exposed Ti surfaces with aqueous hydrogen
peroxide (aq. H,O,) solution followed by low temperature
annealing. To prepare Ti thin film samples, 2.5 cm square
pieces of either N-type Si(100) or glass pieces were used as
substrates. Si pieces were first thermally oxidized at 1100 °C
to grow a 1 um thick silicon dioxide (SiO,) layer. For glass
substrates, a 1 um thick SiO; layer was deposited by plasma-
enhanced chemical vapour deposition (PECVD). Prior to the
deposition of Ti films, substrates were cleaned with ultrasonic
agitation for 5 min each in acetone, 2-propanol and de-ionized
(DI) water (18.9 M2) and blown dry with nitrogen. Ti film
was deposited on substrates by electron beam evaporation at a
process pressure of ~5.0 x 10~/ Torr. Ti sources used were
of 99.995% purity or better. After Ti deposition, a 1 wm thick
SiO, layer was deposited using PECVD. The SiO, layer was
then patterned using conventional photolithography followed
by etching with CHF; gas to expose Ti patterns. The exposed
patterns of Ti surfaces were oxidized by ageing in 10% (by
volume) aq. H,O, at 80 °C. This was followed by annealing
at 300 °C for a few hours. Ageing and annealing steps were
done in ambient air.

Au was infiltrated into pores of NST pads using
electroless deposition. Commercially available electroless
gold plating solution, based on alkaline gold cyanide complex
with disodium ethylenediaminetetraacetate (Na,EDTA) as
chelating agent, was purchased in a ready to use condition.
Plating was done by immersing samples in a heated bath of
the plating solution. Prior to immersion, the temperature of
the solution was maintained and stabilized at 60 £ 2 °C. For
every Au deposition process, fresh plating solution was used
to ensure similar Au deposition rate. After plating, samples
were soaked and rinsed thoroughly in deionized water and
subsequently blown dry with nitrogen. Although Au was used
in this study, the process can be generalized to other metals
that can be deposited using electroless deposition.

Various techniques were used to characterize the NST and
Au-NST nanocomposites fabricated. Crystal structure was
analysed by x-ray diffraction in Bragg—Brentano configuration
using Cu Ko radiation (1.5406 A) (Phillips X’pert-MPD).
Structural characterization was done using an FEI dual-
beam focus ion beam system equipped with Ga ion and
electron columns for high resolution machining and imaging
operations, respectively.  Surface chemical species were
determined using a Kratos Axis Ultra x-ray photoelectron
spectroscopy (XPS) system. High resolution and survey
XPS scans of various surfaces were performed.  XPS
spectra collected were fitted using commercial software
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Figure 1. Schematic process flow for forming a patterned Au-NST
nanocomposite. (T-SiO, and P-SiO, denote thermally grown SiO,
and SiO, deposited by PECVD, respectively.)

(CasaXPS). Surface morphology of parent Ti, NST and Au—
NST nanocomposite was investigated using tapping mode
atomic force microscopy (AFM).

3. Results and discussion

The reaction of metallic Ti with hydrogen peroxide had
been investigated previously and was shown to result in the
formation of a hydrated TiO, gel layer [26]. TiO, layers
formed using this technique are generally crack filled and
not suitable for device applications [27, 28]. We have
recently developed a technique that allows integration of
crack-free NST features into microsystems. This method
involves patterning Ti surfaces prior to reaction with hydrogen
peroxide [28].  After ageing in hydrogen peroxide and
subsequent annealing, NST patterns have a nanoporous
sponge-like morphology with interconnecting pore walls.

3.1. Scanning electron microscopy studies

The typical morphology of NST formed is shown in
figures 2(a)—(c). The pore walls have thickness ranging from
about 75-125 nm while pore diameters range from 50 to
200 nm. Unannealed NST patterns are hydrated TiO, gels
consisting of peroxo-compounds [26]. In some regions, walls
of pores are long and narrow enough to be described as wires.
The porous structure of NST could be due to morphology of
the intermediate gel layer formed during ageing in aq. H,O,.
It is suggested that porosity in the gel layer formed during
aqueous oxidation is preserved when the gel is transformed to
solid TiO, upon annealing. Similar porous microstructures
were observed when unpatterned bulk Ti foil was reacted
with ag. H,O; [28]. Figure 2(c) is a cross-sectional SEM
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Figure 2. SEM images of NST: (a)—(c) before Au infiltration; (a) top view of a 20 um pad; (b) higher magnification image;
(c) cross-sectional images after micromachining (tilt 30°); (d)—(f) corresponding images after Au infiltration—the tilt in (f) is 52°. (The

resolution of these images is ~1 nm.)

image of NST obtained after focus ion beam milling. The
cross-sectional image reveals that the 350 nm thick Ti layer
had been fully oxidized and the porous structure of the NST
layer formed extends to the underlying SiO, surface. NST
patterns formed have excellent adhesion to the underlying
SiO;. In contrast, NST formed from unpatterned Ti surfaces
delaminates extensively [27, 28].

Figures 2(d)—(f) are typical SEM images of Au-NST
nanocomposites formed after electroless deposition of Au
on NST patterns. Protrusions 25-50 nm high decorated the
surface of the Au—NST nanocomposites. These protrusions
were formed when Au plates on TiO, walls that protrude from
the NST layer. After infiltration, pores of the NST patterns
were completely filled with Au. Figure 2(f), which is a cross-
sectional image of the Au—NST nanocomposite, shows that Au
has deposited in the pores throughout the NST pad and not only
on the surface. No significant voids were evident in the Au—
NST nanocomposites. However, holes with depths of about
30 nm were observed on the surface of nanocomposites. This
suggests that during plating, there is no significant difference
between the rate of Au deposition in the NST layers and that on
the surface of these layers. This could be due to the relatively
large pore size of the NST after annealing.

3.2. X-ray diffraction studies

Using x-ray diffraction studies in both Bragg—Brentano and
pole figure geometries, we have previously reported in detail
the phase evolution of NST after various process steps [28].
Here we provide only a brief description. We found that
after ageing in aq. H,O, NST consists, largely, of amorphous
TiO, and nanocrystals of anatase and that the amorphous TiO,
phase transforms to anatase upon annealing. Figure 3(a) shows
XRD spectra of as-deposited Ti film, aged and annealed NST
formed from evaporated unpatterned Ti film. In this sample,
a thick Ti layer (about 2 um) is partially oxidized in 10%

H,0; solution for 2.5 h at 80 °C leaving a residual Ti layer
to prevent complete delamination of the film. The sample is
then subsequently annealed at 300 °C for 8 h. After ageing,
three broad low intensity peaks at 26 values of 25.20°, 47.97°
and 62.68° were observed in addition to the Ti peaks from
residual unreacted Ti layer. These three additional peaks can
be assigned to {101}, {200} and {204} planes of anatase.
The broadness and low intensity of these peaks suggest that
as-formed NST consists of anatase nanocrystals in a largely
amorphous matrix. These peaks sharpened and increase in
intensity upon annealing. In addition, a second set of peaks
at 53.91, 54.95 and 75.04 appeared after the annealing step.
These latter peaks correspond to {105}, {211} and {215}
reflections of anatase. These observations are in agreement
with previous reports [29, 30].

XRD studies of patterned, composite Au—-NST pad arrays
indicate that Au was deposited on NST pads only and not on
the SiO, mask—see figure 3(b). Such selective deposition was
observed on amorphous and crystalline NST. A comparison
of XRD spectra of the sample after Au plating indicates the
presence of three peaks at 20 values of 44.18°, 64.46° and
81.76° on the NST pad array. The three peaks observed can
be assigned to the {200}, {220} and {222} of Au. A prior
study of electroless Au deposition on Ti films, which has an
amorphous native oxide, has reported the presence of these
three Au reflections [31]. These peaks, however, are not
present in spectra collected from the SiO, mask region. These
observations strongly indicate that Au has deposited only in
pores of the NST pads and not on the surface of the SiO,
mask. Ti peaks were observed in the XRD spectra because the
samples used were only partially oxidized.

3.3. X-ray photoelectron spectroscopy studies

Results of XPS studies are shown in figures 4(a)—(d). All
spectra were referenced to the C 1s peak at 285.0 e V. Figure 4(a)
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Figure 3. XRD of samples illustrating (a) NST phase evolution and (b) selective Au deposition on unannealed NST. (®—anatase TiO,,

O—Ti and A—Au.)

is a high resolution scan of the Ti 2p peaks of unpatterned NST
film formed on PECVD SiO, on Si substrate after annealing
at 8 h for 300°C. Similar results were obtained from NST
formed on a PECVD SiO; coated glass substrate. Fitting of
the raw XPS spectra was done using commercial XPS analysis
software (CasaXPS). From the analysis, binding energies of
Ti 2p3/, and Ti 2p;, were found to be 458.9 and 464.8 eV,
respectively. These values are close to those reported in the
literature for TiO,, at 458.9 and 464.6 eV for Ti 2p3;, and
Ti 2p, /5, respectively, and confirm the formation of TiO, after
annealing [32, 33].

Figure 4(b) shows XPS spectra of unpatterned NST film
before and after 5 min Au plating. Before plating only Si 2p
signal with a peak at 101.3 eV was detected. After plating,
however, three additional peaks were detected. Two peaks
at binding energies of 84.60 and 88.16 eV are assigned to
Au 417/, and Au 4f5,,. These experimental values of Au 4f7,,
and Au 43, obtained are consistently higher than, by 0.38
and 0.22 eV respectively, but close to the corresponding values
reported in the literature, which range from 83.70 to 84.25 eV
for Au 4f;,, and 87.71 to 87.94 eV for Au 4f5,, of Au [34-
36]. The peak at 63.13 eV in figure 4(b) is assigned to Na
2s; another peak, which is assigned to Na 1s, at 1071.58 eV
was also observed after plating. It is known that Na when
dissolved in Au, may exist as Au(Na) alloy and/or Au,Na
(where n = 5, 2, 1) intermetallic compounds [37]. Solomun
had determined Na Is binding energies of a superficial Au(Na)
alloy to be about 1071.05 eV, which is close to that obtained
in the present study [38]. The similarity in binding energies
suggests formation of a dilute Au(Na) alloy in the present
study. During plating some Na ions are entrapped and
incorporated in the Au lattice, resulting in formation of a
Au(Na) alloy. Incorporation of Na ions in Pd layers during
electroless deposition from a plating bath that similarly used
Na,EDTA chelating agent had been reported previously [39].
Unfortunately there are no reports in the literature of Au 4f;,
and Au 4f5, binding energies from Au,Na intermetallic
compounds for comparison. However, the presence of Au,Na
compounds after plating, if any, is not extensive because no
XRD reflections detected can be assigned to these compounds.
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From the preceding discussion it may be concluded that Na was
incorporated into Au during plating.

Results of area-mode XPS studies confirm Au deposits
selectively on NST. Figures 4(c) and (d) show Si 2p and
Au 4f signals, respectively, of an arbitrary region of the NST
pad array after electroless Au plating. Results of area-mode
XPS are presented in a grey scale where areas with higher
concentration of a chemical species appear brighter. Since
XPS is a technique sensitive to chemical species from the first
few nanometres of the surface only [40], the strong Si 2p signal
indicates that very little, if any, Au has deposited on the SiO,
mask oxide. This is confirmed in figure 4(d) that shows Au
4f signal only in areas corresponding to those of NST pads.
Therefore, XPS results are in agreement with those of XRD
studies and strongly indicate Au has been deposited selectively
on NST features.

3.4. Atomic force microscopy studies

Surface morphologies of the parent Ti thin film, NST and Au—
NST nanocomposite formed were studied using atomic force
microscopy (AFM). Figures 5(a)—(c) show typical images of
these surfaces. The surface of the parent Ti film is rough,
consisting of distinctly faceted Ti nanocrystals separated by
gaps. Ti crystals are platelet-like with thickness and longest
width of 40 £ 10 nm and 124 £ 31 nm, respectively. (All
stated dimensions are an average and one standard deviation of
30 measurements.) In some regions of the Ti surface, gaps are
large enough to be described as troughs with average diameter
of about 101 £ 37 nm. AFM images of surfaces of NST
formed after oxidation and subsequent annealing steps show a
distinctly different morphology from that of the as-deposited
Ti. The NST surface is rough with ridge-like protrusions
that surround holes. The ridges correspond to TiO, walls
and consist of spherical protrusions about 93 + 32 nm in
diameter. The average diameter of holes was measured to be
about 126 £ 33 nm. After Au plating, the surface of the Au—
NST nanocomposite consists of globular grains with average
diameter of about 52 4= 12 nm. This results in a smoother
surface, as Au was deposited in the troughs and on the walls
of the NST layer.
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Figure 5. Two-dimensional AFM images of (a) as-deposited Ti film, (b) as-formed NST and (c) Au—NST nanocomposite formed after Au

plating. (Dimensions of images are 1 x 1 um?.)

4. Conclusions

In conclusion, a two-step process was developed for
fabricating integrated and patterned micrometre-scale features
of interpenetrating Au-nanostructured TiO, (NST) network
nanocomposites. The process consists of, firstly, forming
porous NST patterns and, secondly, infiltrating NST patterns
with Au using electroless deposition. The following was
found.

(a) As-aged NST is largely amorphous but transforms to
single-phase anatase upon annealing.

(b) Although holes were found on the surface of Au-NST
nanocomposite, no significant void formation in these
layers was observed.

(c) Au was deposited selectively on NST pads and not on the
SiO; mask.

Although Au has been used in this study, other metals that
can be deposited using electroless deposition would work just
as well. Hence this technique is a general route for forming
integrated patterns of interpenetrating metal-NST network
nanocomposites in microsystems.
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