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T
hin films of ZrO2 have attracted
much attention and can be used as
coatings to prevent corrosion and

promote thermal stability.1 But perhaps the
most promising application of ZrO2 films is
in the electronics industry as a replacement
dielectric for SiO2 or oxynitrides in comple-
mentary metal oxide semiconductor
(CMOS) technology. The constant scaling
down of transistors has necessarily led to a
demand for reduced thickness gate dielec-
trics. The reduction of the standard gate di-
electric SiO2 to a thickness approaching 1.5
nm results in problems such as current leak-
age and electron channel mobility degrada-
tion which have an adverse effect on de-
vice performance.2 Substantial effort has
therefore focused on replacing the gate
SiO2 with other higher dielectric materials
such as metal oxides. This raises other issues
such as compatibility with silicon and the
ability of the material to withstand the con-
ditions of semiconductor processing. One
metal oxide which may meet such require-
ments is zirconium oxide (ZrO2), which has a
high dielectric constant and is considered
to be stable against silicidation and silicate
formation to temperatures up to 900 °C.3

Several different methods for the produc-
tion of thin ZrO2 films have been reported in
recent years, including chemical vapor depo-
sition (CVD),4 atomic layer chemical vapor
deposition (ALCVD),5 sol�gel synthesis,6

electron beam deposition,7 filtered cathodic
vacuum arc (FCVA) deposition,8 and sputter-
ing.9 Typically these processes have been
used in the production of ZrO2 films ranging
from several to hundreds of nanometer thick,
with a typical root-mean-square (rms) rough-
ness of �1 nm.

Here we demonstrate a new approach
for the production of highly smooth,
nanometer-thick ZrO2 films, by deposition

of zirconium-stabilized
“Langmuir�Blodgett” (LB) films of octa-
decylphosphonic acid (ODP-H2) upon SiO2

supports, Scheme 1. The use of multilayer
LB films as precursors to metal oxide films
has previously been employed in the pro-
duction of Fe,10 Cd,11,12 Zn,13 Ti,14 and Y15

oxide films, ranging from several to ten’s of
nanometers thick. Typically the metal ions
are incorporated into the water subphase,
prior to LB deposition, to allow binding of
the ions to the “headgroups” of the con-
stituent monolayer molecules. The metal
oxide films are subsequently generated
through plasma, UV, or high temperature
treatment of the LB film. Similarly, prepara-
tion of Y2O3-stabilized ZrO2 films (approxi-
mately 40 nm thick) by LB deposition have
previously been reported, in which
�-diketonate Zr and Y complexes are incor-
porated within the monolayer precursor so-
lution, rather than in the water subphase.16

To our knowledge there are no reported ex-
amples of the production, and subsequent
nanoscale patterning, of ultrathin ZrO2 films
using LB film precursors.

RESULTS AND DISCUSSION
Langmuir�Blodgett Film Formation.

Langmuir�Blodgett (LB) films of octa-
decylphosphonic acid stabilized with di-,
tri-, and tetravalent metal ions have
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ABSTRACT Metal-stabilized bilayers, prepared by the self-assembly of octadecyltrichorosilane on an oxidized

silicon surface followed by the Langmuir�Blodgett deposition of a monolayer of octadecylphosphonic acid, have

been used to generate 1.6 nanometer thick, highly uniform, zirconium oxide films following annealing. Patterning

of the thin films on the nanometre scale was achieved using nanodisplacement methodology, by careful control

of an atomic force microscope (AFM) probe, which allowed the selective removal of the upper leaflet of the bilayer.
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received much attention, with the metal ions sand-
wiched between layers of organophosphate used as
models or mimics for layered metal phosphonate lat-
tice structures.17 The preparation of ordered multilayer
zirconium organophosphonate films by
self-assembly18–20 and a combination of LB deposition
and inorganic self-assembly21 have been reported. Us-
ing the method described by Talham et al.21 we have
deposited a single LB monolayer of octadecylphospho-
nic acid (ODP-H2) upon an oxidized silicon substrate,
coated with a self-assembled octadecyltrichlorosilane
(OTS) monolayer. The molecular area of the ODP-H2

molecules, from pressure versus surface area (��A) iso-
therm studies, was determined to be 24.7 � 2.5 Å2

and within the expected range.21,22 Following the LB
deposition of ODP-H2, the phosphonic acid terminated
hybrid bilayer was capped with Zr4� ions by exposure
to an aqueous solution of ZrOCl2 · 8H2O (ca. pH 3). The
contact angle measurement (74 � 3°) of the zirconium
ion capped octadecylphosphonate (ODP) hybrid bilayer
(Si-OTS/ODP-Zr4�) showed a significant decrease in
the hydrophobic character of the surface, compared to
the starting OTS-modified silicon substrate (106 � 3°).
Ellipsometry measurements were recorded to deter-
mine the film thickness and were fitted using a refrac-
tive index, n, of 1.460 for the SiO2-coated silicon sub-
strate and 1.450 for the OTS monolayer.23 Both the SiO2

(2.8 nm) and OTS (2.1 nm) thicknesses were indepen-
dently calculated. Measurements recorded across ran-
dom regions of the film surface indicated a Zr-ODP layer
thickness of 4.5 � 0.5 nm. This indicates a significant
contribution to the observed thickness (ca. 2.0 nm) is
provided by the Zr4� metal ions bound to the phospho-
nate headgroups as the expected length of an ODP-H2

molecule is only ca. 2.5 nm.22 The nature of the
zirconium-terminated surface resulting from the
method employed here is different to that obtained by
Talham et al.,21 who observed an ODP film capped with
a simple monolayer of Zr4� ions bound to the phospho-
nate head groups. Additional evidence supporting the
presence of a complex polymeric (multilayered) zirco-
nium system at the film surface was provided by XPS
analysis. XPS data confirmed the presence of carbon (C
1s, 285.0 eV), oxygen (O 1s, 532.1 eV), phosphorus (P
2p3/2, 133.8 eV), and zirconium (Zr 3d3/2, 183.7 eV, 3d5/2,
185.7 eV), with binding energies referenced to the hy-
drocarbon C1s peak at 285.0 eV. XPS studies (using
takeoff angles of 10°, 30°, and 90°) confirm the film sur-
face to terminate with Zr4� species and an excess of zir-
conium was identified from the Zr:P ratio (ca. 2:1) (see
Supporting Information, Table S1). The formation of dif-

Scheme 1. Fabrication of ZrO2 ultra-thin films: (i) self-assembly of octadecyltrichlorosilane; (ii) LB deposition of octadecylphosphonic
acid; (iii) zirconium ion self-assembly; (iv) 500 °C.

Figure 1. X-ray reflectometry data of multiple zirconium phosphonate
bilayers deposited upon an OTS-modified silicon/silicon oxide substrate,
showing (001), (002), and (003) reflections at Q � 0.101, Q � 0.207, and
Q � 0.311, respectively. Differences in the Q-spacing among the reflec-
tions indicates a d spacing of 5.96 nm.

A
RT

IC
LE

VOL. 2 ▪ NO. 4 ▪ WATSON ET AL. www.acsnano.org644



ferent film types, monolayer with a Zr:P ratio of 1:1 ob-
served by Talham21 and the polymeric or multilayered
film observed in this work, may be rationalized and ac-
counted for by considering the complex nature of aque-
ous zirconium chemistry which is dominated by the for-
mation of metal�oxygen bonds. The formation of
polymeric Zr�O structures readily occurs owing to the
highly charged nature of Zr4� ions resulting in their
rapid hydrolysis with polymerization typically follow-
ing. In particular, the hydrolysis of ZrOCl2 to form the
hydroxyl-bridged tetrameric cation [Zr4(OH)8(H2O)16]8�

and other zirconium hydrous polymers is known.24–26

However, the occurrence and extent of polymerization
is dependent upon several parameters including con-
centration, pH, temperature, and solution aging.

Further confirmation of the complex nature of the
films was obtained from X-ray reflectometry (XRR)
analysis of multilayered zirconium octadecylphospho-
nate films, Figure 1. Multilayer films consisting of seven

repeat zirconium octadecylphosphonate bilay-
ers, were prepared through sequential “Y-type”
LB deposition of octadecylphosphonic acid
monolayers. The periodicity of the film was calcu-
lated from the difference in Q-space between
the observed Bragg peaks (d � 2�/�Qz). The �Q
value measured among the Bragg peaks corre-
sponds to a d spacing of ca. 6.0 nm, arising from
the zirconium-capped bilayer structure, repeated
throughout the film. This equates to a Zr/ODP
thickness of ca. 3.5 nm and a Zr4� layer thick-
ness of approximately 1.0 nm, both assuming
that the length of an ODP molecule is 2.5 nm. Al-
though these values appear low, when com-
pared to the ellipsometry data for the starting hy-
brid bilayer, this simple model does not consider
the tilt angle of the ODP molecules in the multi-
layer film or interdigitisation which may occur
among the ODP layers. Tilting of the ODP mol-
ecules is likely to result in a reduction of the ODP
contribution to the 6.0 nm spacing calculated
therefore increasing the contribution from the
Zr4� layer. A tilt of 30° in the ODP molecule (as

observed in some ODP films)27 would give an effective

height of 2.25 nm for a single ODP layer, which if the

spacing in the multilayer film is 6.0 nm (as measured)

would give a Zr/ODP thickness of 3.75 nm and thus a

Zr4� layer thickness of 1.5 nm.

AFM imaging shows the presence of a highly

smooth film, with a rms roughness of 0.5 � 0.1 nm

across 5 	 5 
m2 regions, Figure 2. Further films were

prepared, depositing the initial ODP-H2 monolayer at a

surface pressure of 10 mN/m, and with a deposition rate

of 10 mm/min. Standard zirconium binding conditions

were subsequently followed. These film deposition con-

ditions were employed to deliberately attempt to intro-

duce defects within the film to enable depth profiling

by AFM analysis.

AFM imaging of the highly defective films shows

the surfaces to consist of “island-like” structures, Figure

3. The significant variations in the depths of the defects

Figure 2. TappingMode AFM height image (5 � 5 �m2) of zirco-
nium ion stabilizsed hybrid OTS/ODP bilayer on a silicon/silicon ox-
ide substrate.

Figure 3. TappingMode AFM height image (5 � 5 �m2) of a deliberately defected zirconium ion stabilized hybrid OTS/ODP bilayer on
silicon/silicon oxide, deposited at 10 mN/m surface pressure (left). The cross section of the film surface indicates regions where zirco-
nium film growth has failed to take place (center). Schematic of deliberately defected film zirconium octadecylphosphonate film is on
the right.
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(ca. 1.7�4.7 nm) are attributed to the high disorder or
absence of ODP-H2 molecules within these regions.
Lower defect depths (typically 1.7 � 0.2 nm) are pro-
posed to arise from ODP-H2 molecules being present
in the defect regions, but orientated in such a manner,
that binding of zirconium ions to the phosphonate
head groups is prevented or inhibited. Larger defect
depths (up to 4.6 � 0.2 nm) are observed when the
ODP-H2 molecules are highly disordered, lying highly
tilted upon the substrate surface, or completely absent.
This high disorder/absence of the ODP-H2 molecules
within the defects prevent Zr4� film growth in these re-
gions. The value of 4.6 nm is in close agreement with
the Zr-ODP thickness obtained by ellipsometry.

Nanopatterning. In recent years the generation of
nanopatterned surfaces has attracted considerable
attention.28,29 The ability to selectively engineer chemi-
cal composition and structure on such a small scale is
of great potential application, particularly in the fields
of nanoelectronics, biotechnology, and sensing. Many
lithographic techniques have been developed over the
years with photolithography30–32 and electron beam li-
thography perhaps the most common.33 However,
other more cost-effective lithographic methods such
as microcontact printing,34,35 mechanical spotting,36

and nanoimprint lithography37 continue to develop
and find commercial use. Such delivery methods have
proved useful in the development and fabrication of
DNA,38 protein,39 and glyco40 arrays. More recently,
nanolithography methods, based on scanning probe
technology (AFM, STM, and SNOM) have been devel-

oped,41 taking advantage of the nanometer-sized di-
mensions of the probes and strong localized
tip�surface interactions. Examples include dip-pen
nanolithography,42 catalytically active AFM probes to
induce surface reactions,43,44 and STM based lithogra-
phy where high tunnelling currents are used to modify
terminal groups or displace surface-bound
molecules.45,46 Similarly, a UV laser coupled to a SNOM
can be used to modify surface groups to generate
nanoscale patterns.47 Other examples include
nanoshaving and nanografting which rely largely on
the physical displacement of molecules by an AFM
probe.48 “Nanoshaving” of monolayers through the ap-
plication of high vertical forces to the monolayer sur-
face with an AFM probe has previously been demon-
strated upon monolayers prepared on both Au49 and
SiH50 substrates.

Here, using a method similar to that of Liu,49 we
demonstrate for the first time the selective “nanodis-
placement” or etching of a substrate supported bilayer
system, in which careful control of the vertical forces
generated by the AFM probe allows for selective re-
moval of the upper bilayer leaflet, exposing the under-
lying layer within spacially defined etched regions,
Figure 4.

For the inorganic�organic bilayer system Si-OTS/
ODP-Zr4� a minimum vertical force threshold of ca. 40
nN was required for etching of the upper bilayer surface
to generate the nanoscale patterns.51 Figure 5 shows a
typical pattern, in this case a cross, which can be etched
into the bilayer film. The bars of the cross are 310 nm
in width and 3 
m in length for the bar running from
top left to bottom right and 120 nm in width and 3 
m
in length for the bar running from top right to bottom
left. AFM analysis of such etched regions shows features
typically 4.6 � 0.4 nm in depth. The depth of these fea-
tures are consistent with the removal of the ODP layer
(ca. 2.5 nm) and a polymeric Zr4� film of ca. 2.1 nm with
exposure of the underlying hydrocarbon chains of OTS.
Scan rates of 10�12 Hz were typically employed dur-
ing the nanodisplacement process with complete etch-
ing of the desired region achieved rapidly.

Increasing the etching time to longer periods
was found to have no effect upon the depth of the

Figure 4. Schematic representation of the selective nanodisplacement by an AFM probe of the upper leaflet of the
zirconium-ion-stabilized hybrid OTS/ODP bilayer on silicon/silicon oxide.

Figure 5. Contact mode AFM height image and cross section of a nanoscale
patterned region on the zirconium-ion-stabilized OTS/ODP bilayer depos-
ited on silicon/silicon oxide.
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etched features. Likewise, increasing the forces ap-

plied to the bilayer to values greater than 120 nN

were found to have no further effect upon the depth

of the etched features. The consistent hole depths

observed when varying the applied forces, at values

above the etching threshold, suggests that the un-

derlying OTS monolayer remains intact. The inabil-

ity to etch a silicon-supported OTS monolayer has

been observed by Wang et al.23 who demonstrated

that applied forces of up to 1 
N were unable to dis-

rupt the OTS film. Our own attempts to etch silicon-

supported OTS monolayers (without an ODP mono-

layer deposited on top), using force up to ca. 240 nN

showed similar findings. The high stability of the

OTS monolayer, preventing it from being etched, is

thought to arise simply from the strong covalent in-

teraction of the OTS molecules with the SiO2 sur-

face and the high degree of cross-linking which oc-

curs between the monolayer molecules. Repeated

scanning of the bilayer surface in contact mode with

forces optimized for imaging showed no immediate

damage to the film.

The morphology of the etched features proved

to be highly stable with complete structural reten-

tion of patterned areas observed following exposure

to a variety of aqueous and nonaqueous (e.g., dichlo-

romethane, chloroform, ethanol, and hexane) sol-

vents. Structural retention was also observed follow-

ing heating of patterned bilayers in solvents, to

temperatures of 80 °C. Further work is currently un-

derway to investigate the binding of biomolecules

and nanoparticles in the hydrophobic pocket

generated.

Zirconium Oxide Thin-Film Formation. As the binding of

Zr4� ions upon a silicon-supported OTS/ODP hybrid bi-

layer leads to the formation of a uniform polymeric film,

in which zirconium ions are bridged via hydroxyl linkages,

it can potentially be used to generate metal oxide films

of a nanometer-scale thickness, Figure 6. High tempera-

ture annealing (500 °C) of the bilayer was found to suc-

cessfully remove the organic components of the film leav-

ing behind a zirconium oxide (ZrO2) layer on the substrate

surface. Varying the annealing time between 2 and 16 h

was found to have no effect upon the quality of the film

produced. AFM analysis of the ZrO2 film reveals a largely

uniform surface with an rms roughness of 0.3 � 0.1 nm

over 5 	 5 
m2 regions, Figure 7. AFM analysis of pat-

terned bilayer surfaces showed a high level of retention

of the etch features following annealing, Figure 8. Cross

sectional analysis of such etched regions indicated the

presence of a 1.6 nm oxide film with an rms roughness

similar to before (0.3 � 0.1 nm). Contact angle analysis in-

dicated the presence of a highly hydrophilic surface, as

expected, with consistent values of 32 � 3°. The forma-

tion of the ZrO2 film is likely to occur via the hydrolysis of

the zirconyl chloride to zirconium hydrous polymers

which are bound to the phosphonate bilayer on the sub-

strate surface. These polymers which are believed to

have rodlike morphology,26 with a high degree of branch-

ing depending on pH, then aggregate on heating or ag-

ing transforming into a film of ZrO2 at elevated tempera-

tures. Although direct analysis of the metal oxide film by

grazing angle X-ray diffraction was not successful, variable

temperature X-ray diffraction of the zirconium precursor

ZrOCl2, exposed to water and dried, showed the onset of

crystallization of tetragonal (high temperature form) ZrO2

at ca. 290 °C with peaks sharpening on warming to 900

°C. Upon cooling back to room temperature both the

monoclinic and tetragonal forms of ZrO2 are present (see

Figure 6. Schematic representation of the formation of the nanopatterned ZrO2 film following the annealing of the zirco-
nium ion stabilized OTS/ODP bilayer at 500 °C.

Figure 7. Contact mode AFM height image (5 � 5 �m2) of a ZrO2 film on
a silicon/silicon oxide substrate surface following the annealing of the
zirconium-ion-stabilized OTS/ODP bilayer at 500 °C.
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Supporting Information Figure S1 and Figure S2), confirm-

ing the likely formation of ZrO2 following the annealing

of the bilayer Si-OTS/ODP-Zr4� at 500 °C.

CONCLUSIONS
Zirconium-ion-stabilized bilayers of ODP/

OTS, prepared by metal-binding and
Langmuir�Blodgett methods, have been
shown to contain a polymeric film of hy-
droxyl bridged Zr4� ions on the surface of ap-
proximately 2 nm thick. Nanoscale patterns
can be introduced into the bilayer using nano-
displacement methodology where the upper
layer of ODP can be removed by careful con-
trol of the forces exerted by an AFM probe
to generate hydrophobic OTS terminated re-
gions on an otherwise hydrophilic surface. In
addition, the metal stabilized bilayer can be
subsequently annealed to

generate patterned or unpatterned nanometer thick

(ca. 1.6 nm), highly uniform zirconium

oxide films.

EXPERIMENTAL METHODS
Materials. Reagents were obtained from commercial sources

and used as supplied. Octadecyltrichlorosilane (OTS, C18H37SiCl3,
95%) and zirconyl (IV) chloride octahydrate (ZrOCl2 · 8H2O, 98%)
were purchased from Acros Organics. Octadecylphosphonic acid
(ODP-H2, C18H37PO3H2, 93� %) was purchased from Alfa Aesar.
High purity water with a resistivity of 18 M�cm (Neptune purifi-
cation system, Purite) was used for all experiments. Si (111) wa-
fers (100 mm diameter, 1.0182�2.2675 �cm resistivity; 500�550

m thick) were purchased from Cemat Silicon S. A. (Warsaw, Po-
land). Prior to use, the silicon wafers were sonicated for 20 min
in acetone, followed by rinsing with high purity water. They were
then treated in piranha solution (3:1 H2O2/H2SO4) for 45 min at
80 °C and rinsed thoroughly with high purity water [Warning: pi-
ranha solution should be handled with extreme care; it is a
strong oxidant and reacts violently with many organic materi-
als. It also presents an explosion danger]. Finally, the silicon wa-
fers were immersed in a 1:1 H2O2/HCl solution for 15 min at room
temperature then rinsed with copious amounts of high purity
water and dried in air at 110 °C.

Monolayer Formation. Monolayer modification was carried out
on cleaned silicon wafers by immersion in a 1 mM octadecyl-
trichlorosilane (OTS) solution, prepared in dry toluene, for 48 h.
Following monolayer formation, wafers were sonicated in 2 	 15
mL of toluene, followed by 2 	 15 mL of CHCl3 for 10 min each,
and given a final rinse with copious amounts high purity water.

Bilayer Formation. Langmuir�Blodgett (LB) deposition of octa-
decylphosphonic acid (ODP-H2) films upon OTS-modified silicon
substrates was performed on a 611D Teflon-coated Langmuir
dipping trough (Nima Instruments, Coventry, U.K.) equipped
with a PTFE barrier and a DL1 dipping mechanism and a Wil-
helmy plate PS4 pressure sensor equipped with filter paper strips
(1 	 2 cm2) to measure the surface pressure. Single-barrier “pres-
sure versus area” (��A) Langmuir isotherms were recorded us-
ing Nima Instruments Langmuir Trough software, version 5.16.
High purity water (18 M�cm) was used for the subphase in the
Langmuir trough. A glass sample vial was placed under the sub-
phase in the well of the trough. Octadecylphosphonic acid was
spread on the subphase typically from 0.3�0.5 mg/ml CHCl3 so-
lutions and left for 15 min to allow solvent evaporation. The
film was compressed at a rate of 40 cm2/min to a target surface
pressure of 20 mN/m via 1.5 isotherm compression cycles. Film
transfer was achieved by passing the hydrophobic substrate
through the subphase-supported monolayer into the sample
vial at a rate of 8 mm/min, while maintaining the target surface
pressure. The remaining monolayer film upon the subphase was
removed by vacuum suction, and the barrier opened. The sub-

strate and vial were removed from the trough and zirconyl chlo-
ride was added to the vial to a concentration of ca. 0.5 mM. The
substrates remained immersed in the Zr4� solution for 1 h. Fol-
lowing Zr4� treatment, the now hydrophilic substrate was re-
moved from the sample vial and washed thoroughly with 2 	
15 mL of high purity water.

Multilayer Formation. Following the formation of the hybrid bi-
layer subsequent layers of ODP-H2 were deposited by withdraw-
ing the substrate from the subphase, at a rate of 8 mm/min,
while maintaining the target surface pressure of 20 mN/m fol-
lowed by passing the now hydrophobic substrate back through
the subphase-supported monolayer into a sample vial. The sub-
strate and vial were then removed from the trough, and zirconyl
chloride was added to a concentration of ca. 0.5 mM. The sub-
strate remained immersed in the Zr4� solution for 1 h after which
time it was removed and washed thoroughly with 2 	 15 mL of
high purity water. The process was then repeated for additional
layers.

Atomic Force Microscopy. AFM imaging of monolayers and hy-
brid bilayers was carried out in both contact and TappingMode
on a Multimode AFM equipped with a NanoscopeIV controller
(Veeco Instruments Inc., California USA). Contact mode opera-
tion was carried out using sharpened silicon nitride tips (NPS)
with a cantilever spring constant of 0.58 N/m (Veeco Instruments
Ltd., Cambridge, UK). TappingMode operation was carried out
with etched silicon probes (OTESPA), with a spring constant of
42 N/m (Veeco Instruments Ltd., Cambridge, U.K.). Nanopattern-
ing/nanodisplacement was carried out in contact mode using
sharpened silicon nitride tips with a cantilever spring constant
of 0.58 N/m and a tip radius of 20�60 nm.

XPS Measurements. X-ray photoelectron spectroscopy (XPS)
was carried out using a Scienta ESCA 300 with an Al K� X-ray
source (1486.6 eV) at the National Centre for Electron Spectros-
copy and Surface Analysis (NCESS), Daresbury Laboratory, U.K.
Take off angles of 10°, 30°, and 90° were used for analysis of each
sample. The modified silicon substrates were mounted on
sample stubs with conductive carbon tape. All peaks were fit-
ted with Gaussian�Lorentz peaks using in-house software to ob-
tain peak area information. A linear baseline was used in fitting
processes.

Ellipsometry Measurements. Film thickness measurements were
carried out using a SE 500 Model ellipsometer (Sentech Instru-
ments GmbH, Berlin, Germany) employing an angle of incidence
of 70° with a He Ne laser, 
 � 632.8 nm, as the light source.
Film thickness values were calculated from n, �, and � using
simulation software accompanying the SE 500. The refractive in-
dex, n, of the OTS monolayers was assumed to be the same as
that of the monolayer precursor molecule (n � 1.450). The sili-

Figure 8. Contact mode AFM height image and cross section of a nanoscale pat-
terned ZrO2 film, on silicon/silicon oxide, formed following the annealing of the
zirconium-ion-stabilized OTS/ODP bilayer at 500 °C.
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con oxide layer on the silicon wafers was measured on the SE
500, prior to measurement of monolayer thickness, using an as-
sumed refractive index of n � 1.460.

X-Ray Reflectometry. Thickness measurements of monolayers
and multilayers on silicon wafers were carried out by X-ray reflec-
tometry with a D5000 Diffractometer (Siemens, Germany) using
a graphite monochromated Cu K�, 
 � 1.5418 Å, X-ray source.
Data collection and processing was performed using software
accompanying the D5000.

Contact Angle Measurements. Static contact angle measurements
were carried out using the sessile drop method at room temper-
ature with a Rame-Hart (Mountain Lakes, NJ) NRL model 100-00
contact angle goniometer. A micropipet was used to dispense 2

l of probe droplets of high purity water to the sample surface.
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