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Biomimetic materials chemistry has recently become
a very attractive field as it is expected to open new
pathways for inorganic materials synthesis at low
temperatures through low-energy processes.1 Control of
the crystal axis orientations and morphologies of inor-
ganic materials through the choice of appropriate
organic templating agents represents an important goal
and critical theme of such research. A number of organic
systems, including Langmuir monolayers, Langmuir-
Blodgett (LB) films, reverse micelles, vesicles, liquid
crystals, and self-assembled monolayers (SAMs), have
been shown effective as templates for this purpose.2

Among these systems, SAMs formed through chemi-
sorption of organosilanes of general formula RSiX3
(where “R” is an organic functional group and “X” is an
alkoxide or halide) to surface hydroxyl groups have long
been popular as templating agents3 due to their favor-
able film properties. For example, the spontaneous self-
assembly of RSiX3 species that occurs at hydroxylated
surfaces generally yields homogeneous, robust SAMs
strongly chemisorbed to the substrate. In addition,
chemical and physical properties of the SAM are readily
controlled through judicious choice of “R”. These fea-
tures have prompted the use of organosiloxane SAMs
as templates for a variety of advanced applications,
including fabrication of nonlinear optics multilayer
assemblies,4-7 alignment of liquid crystals8-10 and
conducting polymers,11,12 and growth of oriented mineral
structures13-15 on surfaces.

The ability to alter the chemical reactivity of the “R”
pendant groups through exposure to UV light,16-20

electron21 or ion22-24 beams, or plasmas or low-energy
electrons generated using proximal probes25,26 repre-
sents an additional advantage in that it provides a
means to create spatially well-defined reactivity tem-
plates in the organosiloxane SAM. Si-C bond cleavage
predominates during exposure for many,17,19,20,24 al-
though not all,16,18 organosiloxane SAMs studied to date,
leading to formation of reactivity templates comprised
of separate regions of intact pendant “R” groups and
surface silanol species. Such simple templates have
proven effective for the fabrication of biosensors27-29 and
microelectronic circuitry.20

The development of new methods for the selective
deposition of refractory/ceramic materials onto surfaces
is critically important to the future of microcircuit
fabrication. For example, scaling of conventional metal
oxide semiconductor field-effect transistor (MOSFET)
structures to sizes approaching ∼0.1 µm will require
SiO2 gates of ∼2-nm thickness.30 At these dimensions,
leakage currents through the gate dielectric (κ ∼ 3.9)
will rise to unacceptable levels, compromising device
reliability.31 Definition of the MOSFET structure itself
will become increasingly difficult, given the decreased
photoresist transparencies at the deep UV wavelengths
required for patterning at these dimensions.32 Metal
oxide film materials provide a means to attack these
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problems due to their favorable dielectric and refractory
properties. In fact, refractory oxides have already been
successfully demonstrated as (i) effective plasma-
resistant etchmasks in top surface imaging schemes33

designed to address patterning transparency issues and
(ii) dielectrics for MOSFET gate fabrication.34,35 The
transfer of such processes to the manufacturing
environment, however, will likely require development
of low- temperature, selective deposition schemes utiliz-
ing “safe” solvents (e.g., water) to meet increasingly
stringent environmental regulations and satisfy pres-
sures to continually reduce manufacturing costs.

The favorable dielectric (25 e κ e 30)30 and refrac-
tory32,36 properties of TiO2 have prompted a number of
studies to develop methods for selective deposition of
this oxide under ambient, aqueous conditions. For
example, micropatterning of metal oxides using a sol-
gel method has been achieved by employing SAMs in
conjunction with microcontact printing techniques.37-39

However, these sol-gel processing techniques require
a posttreatment heat cure, which can damage MOSFET
devices already present on the substrate, to crystallize
the as-prepared amorphous film.40-44 Sukenik and co-
workers16,45 have previously described selective deposi-
tion of TiO2 (anatase), formed by hydrolysis of TiCl4 in
aqueous HCl solution at 80 °C, onto patterned orga-
nosiloxane SAMs bearing sulfonate functional groups.
Films exhibited sufficiently promising electrical proper-
ties (permittivity, resistivity, and breakdown voltage)
to warrant further investigation for device applications.
However, the lack of a strong UV chromophore in the
alkyl siloxane SAMs employed necessitated the use of
high UV doses for patterning.

We report here a new patterning process for TiO2
deposition that utilizes an aromatic phenyltrichloro-
silane (PTCS) based SAM as a patterning template. The
strong deep UV absorption of the phenyl chromophore
renders PTCS films susceptible to patterning via Si-C
bond photocleavage at lower exposure doses than those
obtained for simple alkylsiloxanes (e.g., ∼350 mJ/cm2

for PTCS vs >20 J/cm2 for octadecylsiloxane SAMs at
193 nm20). The method further employs a liquid-phase
deposition technique46-49 that directly deposits crystal-

line TiO2 films requiring no additional postdeposition
heat cure from readily handled precursors near room
temperature.

Fabrication of the patterned TiO2 films described here
involves sequential preparation and photopatterning of
PTCS SAMs prior to TiO2 deposition. Therefore, PTCS
films were prepared on Si 〈100〉 wafers (p-type), which
were first cleaned ultrasonically in deionized water
(>17.6 MΩ cm), immersed in 1:1 v/v HCl/CH3OH for
30 min, and rinsed again in deionized water. The wafers
were further immersed in concentrated H2SO4 for 30
min and then boiling water for 5 min, and finally rinsed
with acetone. The phenylsiloxane SAMs were deposited
by immersion of the clean Si wafers in an anhydrous
toluene solution containing 1 vol % PTCS (Aldrich
Chemical Co.) for 5 min under a N2 atmosphere. The
substrates were rinsed with toluene and then baked at
120 °C for 5 min to remove residual solvent and promote
SAM chemisorption.

The PTCS films were patterned by exposure to UV
light (220-400 nm) from a Hg lamp through a photo-
mask for 2 h. Cleavage of the phenyl group at the Si-C
bond and subsequent formation of hydrophilic silanol
groups on the surface20 has been shown to occur as a
result of 193- or 248-nm irradiation of PTCS SAMs. We
verified that hydrophilic silanols were formed under
flood-exposure conditions by monitoring relative con-
centrations of PTCS SAM phenyl groups as a function
of irradiation time (Figure 1) using water drop contact
angle (θw) and time-of-flight secondary ion mass spec-
troscopy (TOF-SIMS) methods. Prior to irradiation, the
PTCS SAMs exhibited θw ∼ 74 ( 2° as expected for the
homogeneous film.20 θw decreased monotonically with
increased UV exposure until the surface became fully
wettable (θw e 5°) after ∼100 min. The effective level
of phenyl groups in the PTCS film as measured by
TOF-SIMS was decreased ∼90% during this time,
consistent with Si-C photocleavage and subsequent
formation of hydrophilic surface silanol sites.

The generation and binding of TiO2 (anatase) on the
patterned PTCS film was effected by treatment of the
irradiated SAMs with aqueous TiF6

2- solutions at
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Figure 1. Curve (left scale): Water drop contact angle for
PTCS SAM film as a function of UV irradiation time. Histo-
grams (right scale): Relative quantities of phenyl functional
groups remaining on the surface as a function of delivered UV
dose from TOF-SIMS.
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controlled pH. Ammonium hexafluorotitanate ((NH4)2-
TiF6 (AHFT), Mitsuwa Chemical Co.) and boric acid (H3-
BO3, Kishida Chemical Co.) were separately dissolved
in deionized water and then mixed to form a solution
to which an appropriate amount of HCl was added to
control the pH. Water was further added to yield a final
solution containing 0.05 M AHFT and 0.15 M H3BO3
at pH ∼2.88. The patterned PTCS SAM Si substrates
were immersed in this solution at 50 °C for 12 h to
deposit TiO2. Substrates were held vertically at the
bottom of this solution to prevent particles formed in
the solution from accumulating on the surface. The
substrate was then sonicated for 1 min, rinsed with
water, and dried at room temperature.

The SEM photographs of Figure 2 show the variation
of the morphology of the film deposited on the patterned
PTCS SAM with deposition time. Deposition starts
earlier on the intact phenyl groups of the hydrophobic
surface than on the silanols of the hydrophilic surface.
A large number of particles could be clearly observed
on the hydrophobic surface by SEM about 90 min after
initiation of the deposition reaction. The particles grow
larger (Figure 2a-b) and coalesce to form a thin film
(Figure 2c-e) as the deposition proceeds.

In contrast, clear evidence for deposition (i.e., par-
ticles) at the hydrophilic sites is observed only after
initial formation of a very thin surface film on the
substrate (compare parts a and b of Figure 2; black spots
in Figure 2a indicate the presence of pores).50 Once

formed, however, nuclei in the hydrophilic regions also
promote growth and coalescence of a TiO2 film (note
Figure 2c). At longer times (Figure 2d,e), the SEM image
contrast for the hydrophilic and hydrophobic regions of
the PTCS SAM becomes similar as TiO2 growth contin-
ues and the regions become almost indistinguishable.

XRD measurements in Figure 3 of the substrates
following treatment with the aqueous TiF6

2- solution
confirm that the material deposited onto the patterned
PTCS SAMs is TiO2 (anatase) and that deposition occurs
via a surface nucleation mechanism. The anatase de-
posited exhibits good crystallinity despite the low tem-
perature deposition conditions. In addition, crystal
planes (004) of a tetragonal unit cell are found to be
highly oriented parallel to the substrate surface for
anatase deposited on either the hydrophilic or hydro-
phobic regions of the patterned PTCS SAM, consistent
with a heterogeneous surface nucleation and growth
process.51 In contrast, films formed primarily via the
deposition of particles originally formed in solution are
comprised of randomly oriented particulates.51 However,
although Figure 3 shows that our films are dominated
by (004) oriented crystallites, small peaks due to other
crystal planes such as (101) and (105) are also observed.
Therefore, we cannot discount some contribution from
direct deposition of particles from the solution as a
parallel mechanism in the present system. Figure 3
shows that the relative intensity of (004) planes appar-
ently increases with increasing deposition time for both
hydrophilic silanol surfaces and hydrophobic phenyl
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SEM.
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Figure 2. SEM photographs of the deposited TiO2 films on
the patterned PTCS SAM showing the morphology changes
occurring with increased deposition time: (a) 2,(b) 3, (c) 4, (d)
5, and (e) 6 h. Arrows indicate position of the irradiated,
hydrophilic film areas, which were readily identified from low
magnification observation of the defined shape of a photomask
pattern (note, e.g., Figure 4).

Figure 3. Variations of XRD patterns of anatase deposited
with deposition time onto (a) a flood-exposed hydrophilic
silanol substrate and (b) a hydrophobic phenyl substrate.
Randomly oriented powder pattern for anatase (JCPDS Card
no. 21-1272) (c) is shown for comparison.
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surfaces. The fraction of randomly oriented particles in
the film can be estimated from the relative intensities
of (004) and (101) peaks, assuming that the film was
composed of both (004) plane oriented particles and
nonoriented particles. The fraction decreases from ∼0.23
after 4 h deposition to ∼0.08 after 12 h deposition for
the hydrophilic surface and from ∼0.14 to ∼0.03 for the
hydrophobic surface. These low fractions of randomly
oriented particles in the anatase films strongly support
a heterogeneous surface nucleation and growth process
as the principal deposition mechanism in our system.

The oriented deposition of anatase on both the hy-
drophilic and hydrophobic regions of the patterned
PTCS SAM indicates that appropriate nucleation sites
for TiO2 deposition exist on both the phenyl- and
siloxane-bearing surfaces. TiO2 formation is initiated in
solution by the hydrolysis of Ti precursors to form
solvated aquo and hydroxo species,52,53 which ultimately
condense via elimination of water to form oxide par-
ticles. Literature precedents for the formation of materi-
als containing Ti-O-Si bridges54-56 support a binding
mechanism in the hydrophilic SAM regions involving
simple chemisorption of hydroxylated Ti(IV) species at
silanol sites, resulting in the observed tetragonal TiO2
lattice. Although preliminary attempts to directly study
the Ti-O-Si interface using FT-IR and X-ray photo-
electron spectroscopy have not been successful, Scotch-
tape adhesion peel test results indicate deposition of a
strongly adherent TiO2 film as expected for covalently
bound material in the hydrophilic surface regions.

The nature of the TiO2 nucleation sites in the hydro-
phobic film regions is less clear. Chemisorption of
organosilanes bearing long alkyl “R” substituents leads
to formation of close-packed, ordered SAMs having
relatively few defects due to stabilization of the film
structure by attractive van der Waals interactions
between methylene units in adjacent “R” chains.3 In
contrast, organosilanes bearing only simple aromatic “R”
lack this stabilizing interaction and chemisorb in a more
random, disordered fashion, producing more loosely
packed, higher defect-density SAMs.57 Solvent-acces-
sible, unreacted silanols remaining at such defects

provide sites amenable for direct chemisorption of
hydrolyzed Ti(IV) solution species as described for the
hydrophilic pattern regions (vide supra). The accessible
π-electron clouds of the chemisorbed phenyl groups
surrounding defect sites further provide a means for
possible interactions with Ti(IV) species, which are
strong Lewis acids.54 In fact, oriented adsorption of
aromatic species58,59 on TiO2 and related surfaces is
well-known in connection with photocatalytic remedia-
tion of contaminated ground/wastewater.60 The presence
of similar species, if any, in our system would require
adsorption at a tetragonal symmetry site and sufficient
lability of ligands trans to the π-bound phenyl ring(s)
to permit further growth of TiO2.61 Both mechanisms
are consistent with our observation of poor TiO2 adhe-
sion (failure of the Scotchtape adhesion test) in the
hydrophobic pattern regions, as expected for a weakly
bound deposit. However, our data are currently insuf-
ficient to determine which mechanism is valid.

Regardless of the exact nature of the deposition
process, however, the large differences in adhesion
between the hydrophobic and hydrophilic regions of the
patterned PTCS SAM can be exploited to fabricate
patterned TiO2 films. Figure 4 shows SEM photographs
of an as-deposited TiO2 film (50 °C, 6 h) on a micro-
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Figure 4. SEM photographs of (a) the TiO2 film deposited on a micropatterned PTCS SAM after 6 h and (b) the micropatterned
TiO2 film remaining on the hydrophilic regions after sonication of a to remove TiO2 present on the unirradiated, hydrophobic
regions of the SAM. The PTCS SAM was first contacted with a patterned photomask and irradiated with a UV lamp to form a
surface pattern, which was then treated to induce TiO2 deposition as described in the text.
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patterned PTCS SAM before (Figure 4a) and after
(Figure 4b) 10 min sonication. Although the TiO2
initially deposits over the entire substrate, sonication
effectively removes the weakly bound material in the
hydrophobic pattern regions. TiO2 deposited onto the
hydrophilic portions of the pattern remains strongly
bonded to the substrate to define the patterned anatase
region.

There are several important points worth noting
concerning Figure 4. First, TiO2 structures of ∼15 µm
resolution, which correspond to the smallest features
on the photomask, are successfully fabricated using our
method. In addition, visual inspection of Figure 4b
indicates that the continuity and selectivity of the TiO2
deposition are generally good (vide infra). However,
there are clear indications of variations in feature edge
roughness. For example, Figure 5 shows an SEM
photograph (part a) and corresponding EDX Ti X-ray
surface map (part b) of nominal 25-µm anatase line
features from Figure 4b. Although the X-ray image in
Figure 5b confirms selective deposition of TiO2 on the
hydrophilic regions of the patterned SAM following
sonication, the anatase features exhibit significant line
edge roughness. Line width measurements at 15 equally
spaced points on each line in Figure 5a indicate an
average printed line width of 26.3 µm. Line edge
roughness, as measured by the standard deviation of
the line width, is ∼7.3 µm. This represents an ∼28%
variation (i.e., 7.3/26.3) in the nominal line width,
exceeding the usual 5% variation afforded by current
electronics design rules.

The origins of these phenomena are as yet undeter-
mined but likely include contributions from at least two
factors. First, no efforts have yet been made to fully
optimize anatase deposition selectivity, particulate size,
and related factors required to improve the fidelity of
feature fabrication in Figures 4b and 5a. In addition,
problems naturally arising from use of a subtractive
liftoff scheme must also certainly be present, given the
feature size limitations inherent in such a process. In
particular, liftoff of film from substrate regions where
weak binding occurs requires “tearing” of the film away
from that portion remaining on the more strongly bound
regions, creating an edge having a roughness character-
ized by the cohesive properties of the film. As feature
sizes shrink, a point will eventually be reached, deter-
mined by material properties, at which edge roughness
will constitute an unacceptable fraction of the feature
dimension and pattern degradation will occur (vide
supra). In addition, for features separated by sufficiently
small dimensions, it will become increasingly difficult
to overcome cohesive forces anchoring undesired “bridg-
ing” material to adjacent features. Elimination of these
problems will clearly require a more comprehensive
understanding of the complex factors affecting the
nucleation and growth of TiO2 particles and their
deposition selectivity on the patterned organosiloxane
SAM, using methods previously developed for analogous

selective electroless metallization processes.62,63 Never-
theless, the system described here provides an impor-
tant first step in our goal of realizing a manufacturable
process for selective metal oxide deposition under ambi-
ent, aqueous conditions.
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Figure 5. (a) SEM photograph of nominal 25-µm TiO2 lines
from Figure 4b, illustrating typical feature edge roughness,
and (b) corresponding EDX Ti X-ray map image confirming
the selective deposition of TiO2 on the patterned surface. The
light areas (hydrophilic regions) correspond to deposited TiO2.
The absence of signal (corresponding to the instrument noise
level) in the dark areas (hydrophobic regions) signifies com-
plete (i.e., >99%) removal of TiO2 following sonication.
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