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ured to tune the nano-structured surface to a target wettability characteristic.
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ARTICLE WITH CONTROLLED WETTABILITY

BACKGROUND
{0001] The present disclosure relates generally to wettability of articles,

and more particularly, 1o the wettability of surfaces characterized by materials
and/or surface treatments which may not immediately lend themselves to a
desired wettability behavior.

[0002] Surface wettability is a critical factor in micro-fluidic devices. For
example, wetting characteristics of certain surface portions on an orifice plate of
an mkjst printhead can impact printhead performance. Specifically, surface
portions immediately surrounding orifices of a printhead orifice plate should be
non-wetting so that residual fluid in those regions will bead up away from the
orifices, and will not interfere with subsequent ejection through the orifices.
Other surface portions should be wetting so that residual fluid will flow off of the
orifice plate. It is not always possible, however, to select a material with a

desired wettability characteristic for the printhead orifice plate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Features and advantages of embodimentis of the present

disclosure will become apparent by reference to the following detailed
description and drawings, in which fike reference numerals correspond {o similar,
though perhaps not identical, components. For the sake of brevity, reference
numerals or features having a previously described function may or may not be
described in connection with other drawings in which they appear.

[0004] Figs. 1A-1C schematically illustrate contact angles for hydrophilic,
hydrophobic and superhydrophobic surfaces.

[0005] Fig. 2 is a cross-sectional view of an article including nano-
structures with a surface coating configured to tune surface wettability in
accordance with an embodiment of the present invention.

[00086] Fig. 2A is a cross-sectional view of an article including nano-
structures configured to provide a surface having a hydrophilic welling

characteristic.
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[0007] Fig. 2B is a cross-sectional view of an article including nano-
structures configured to provide a surface having a hydrophobic wetling
characteristic.

[0008] Figs. 3A-3E schematically depict a method for fabricating the
article of Fig. 2 in accordance with an embodiment of the present invention.
[0009] Fig. 4 is a flowchart showing a method of making a wettability-

controlled article in accordance with an embodiment of the present invention.

Detaiied Description

[0010] Referring initially to Figs. 1A-1C, illustrations are provided
schematically showing behavior of water droplets on example hydrophilic,
hydrophobic and super-hydrophobic surfaces.

{0011] In Fig. 1A, for example, a water droplet W is shown on a substrate
5, where the substrate has a hydrophilic swface Swysepnie. Under these
circumstances, surface wetling is favored, meaning that the droplet will spread
out over a large area of the sutface. As shown, this results in a droplst
characterized by a contact angle 8¢ (the angle at which the liquid-vapor
interface meets the solid-liquid interface) that is less than 90°.

[0012] In Fig. 1B, water droplet W is shown on a substrate 5, where the
substrate has & hydrophobic surface Suyygopnene.  Here, surface wetling is
disfavored, meaning that the droplst will minimize contact with the surface and
will form a more compact droplet. As shown in Fig. 1B, a hydrophobic surfacs
results in a water droplet characterized by a contact angle 8¢ that is greater than
90°.

[0013] Fig. 1C shows water droplet W on a substrate 5, where the
substrate has a super-hydrophobic surface Sgupermydrophonic.  DUCh  super-
hydrophobic surface is highly resistant to surface wetting, and thus may be seen
{0 have almost no contact between the water droplet and the surface. As
shown in Fig. 1C, a super-hydrophobic surface generally results in a droplet
characterized by a contact angle 8¢ that is greater than 150°.

{0014] The forgoing concepts similarly apply to surfaces in relation to

non-water liquids. A surface thus may more generally be referred to as wetling

[
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{or omniphilic) where the surface favors wetting by water, oil and/or other fluids.
A surface may more generally be referred to as non-wetting (or omniphobic)
where the surface is resistant to wetting by water, ol and/or other fluids. Non-
wetting surfaces have a surface energy that is much less than that of the fluid
(e.g., water) that is in contact with the non-wstting surface. A surface having a
contact angle O¢c which is greater than 150° may be referred to as "super-
omniphobic”, meaning that the surface is highly resistant to wetting by water, il
and/or other fluids.

[0015] In accordance with our teachings, wettability of a surface can be
changed by adding nano-structures to the surface. Nano-structures may be
formed using a nano-structure template, including nano-poras which may be at
least partially filled to define nano-structures therein. For example,
electromechanical oxidation of a multilayer metal substrate, accompanied by
selective etching, can allow fabrication of a nano-structure template suitable for
formation of an array of substantially uniform nano-structures on a surface (or
surfaces) of the substrate. Placement of nano-structures also may be controlled
such that the nano-structures are substantially uniformly spaced. Substantially
uniform spacing minimizes differential wettability characteristics of the substrate
surface. Nano-structure dimensions generally will vary by less than 10% to 20%
(for nanometer scale dimensions), and in some examples, may vary by as little
as 1% or 2%.

[0016] As described below, wettability of a surface including nano-
structures can be further tuned by applying a thin-layer coating to the nano-
structure array. The thin-layer coating may be selected based on a target
wettability characteristic of the substrate surface, and can be applied such that
the target wettability characteristic is substantially uniformly achieved across the
substrate surface.

[0017] Referring to Fig. 2, an example article 10 is illustrated, the
depicted article including a substrate 12 having a surface 14. Substrate surface
14 may be characterized by a first wettability characteristic, based at least in
part on the physical and chemical properties of the material that forms the

subsirate. For example, a substantially planar substrate formed of a material
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such as silicon (Si) may be employed, and may be characterized by a wettable
{hydrophilic) surface having a contact angle 6¢ for water on the order of 66°. It
is {0 be understood that substrate 12 is shown for illustrative purposes only, and
may not be drawn to scale. Suitable substrates may be formed from other
materials, and may take other forms.

[0018] As indicated, a nano-structure array 20 may be formed on
substrate surface 14, the depicted nano-structure array including a plurality of
substantially uniform nano-structures 22. In the present example, nano-
structures 22 take the form of columnar nano-pillars that extend substantially
orthogonal to the substrate surface 14. The nano-pillars are substantially
uniformly spaced across at least a portion of substrate surface 14 to define a
nano-structured surface 24. Due at ieast in part to the changed surface
morphology, nano-structured surface 24 may be characterized by a second
wettability characteristic, which may be different from the first wettability
characteristic {of substrate surface 14}, The nano-structured surface 24 will be
understood to have increased surface area relative to substrate surface 14, and
will be understood 1o have a geometry which may modify surface wettability.
{0019] Although the nano-structures take the form of columnar nano-
pillars in Fig. 2, other nano-structure geometries are possible. For example, by
adjusting one or more parameters of the nano-structure fabrication process
disclosed herein, height, width, shape, and spacing between nano-structures
may be adjusted. Changes in these geometries may impact wettability of the
nano-structured surface, providing a first variable for controlling the wettability of
the nano-structured surface.

[0020] The nano-structured surface may be treated, by application of a
surface coating, to tune wettability of the nano-structured surface. As shown in
Fig. 2, a thin-layer surface coating 30 thus may be applied o the nano-
structured surface and may conform to the shape of the nano-structured surface
so as not to substantially alter geometry of the nano-pillars. Surface coating 30
may be of a material selected to achieve a target wettability characteristic, which

may be defined by a desired fluid contact angle 8¢, or range of fluid contact
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angles. Aspects of the thin-layer surface coating thus provide a second variable
for controlling the wettability of the nano-structured surface 24.

fa021] Whaere, as in the present example, the nano-structures are formed
of tantalum pentoxide (Ta:0:), an unfreated nano-structured surface (hefore
application of a thindayer surface coating described below) may be
characterized by a hydrophilic {wettable) surface having a water contact angle
on the order of 20°. Such an untreated nano-structured surface thus may be
substantially more wettable than surface 14 of the example silicon substrate 12.
[0022] Fig. 2A depicts a subsirate 12 having an untreated nano-
structured surface 24. An example fluid droplet Wwo is applied to the untreated
nano-structured surface, the fluid droplet Wy having a contact angle 8¢ on the
order of 20°. Due to the substantially uniform structures and spacing, the
untreated nano-structured surface may be characterized by substantial
untformity of water contact angle across the entire nano-structure array {e.g.,
the water contact angle may have a standard deviation of approximately 1°).
[0023) In the example described herein, the thin-layer surface coating 30
effects a change in the nano-structured surface from a hydrophilic surface,
having a water contact angle on the order of 20°, to a hydrophobic surface,
having a water contact angle approaching 150°. Fig. 2B shows a substrate 12
having a nano-structured surface 24 treated with thin-layer surface coating 30.
An example fluid droplet W, is applied to the freated nano-structured surfacs,
the fluid droplet Wy having a contact angle 8¢ on the order of 150°.

[0024] In some examples, depending on the particular geometry of the
nano-structures 22, the thin-layer surface coating 30 may change the nano-
structured surface 24 from a hydrophilic surface to a super-hydrophobic surface
having a water contact angle greater than 150°.  Other targel weltability
characleristics, defined by particular fluid contact angles, or fluid contact angle
ranges, also are possible.

[0025] Thin-layer surface coating 30 may be formed of any of a variety of
materials suitable for tuning wettability of nano-structured surface 24. Such

thin-layer surface coating may substantially entirely cover the nano-structured
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surface, or may cover only selected portions of the nano-structures (e.g., only
the tops of nano-pillars 22), or only selected regions of the nano-structure array.
faoze] Fig. 2 tlustrates a nano-structured swface 24 having a first region
26 that s covered by thin-film layer 30 and a second region 28 that is not
coveraed by thin-film layer 30. Accordingly, wettability of covered region 26 may
be differentially tuned toward the target wettability characteristic, relative to the
first region 28 {which may have a wetiability characteristic unchanged from the
second wettability characteristic). Where nano-structures are formed of a
material such as tantalum pentoxide (Taz0s), the nano-structured surface may
be characterized by an omniphobic wettability characteristic in the first region 26
(where the thin-layer surface coating includes a self-assembled monolayer
chemically bonded to the nano-structured surface), and may be characterized
by an omniphilic wettability characteristic in the second region 28 {where the
nano-structured surface is uncoversad).

[0027] Surfaces with differential wettability characteristics may be defined
by adjacent adpoining flal surface regions (not shown) and nano-structured
surface regions. The adjoining surface reguions may both be coated with a thin-
layer surface coating (where the thin-layer surface coating includes a self-
assembled monolayer chemically bonded to both surface regions), or one
surface portion may be coated while the other is not coated. A variety of
surface patterns including surface regions of differential  wettability
characteristics may be formed.

[0028] Thin-layer surface coating 30 may include a single layer, or may
include plural layers, selected to provide the nano-structured surface with a
target wettability characteristic. In Fig. 2, thin-layer surface coating 30 s shown
to include a first layer 32 and a second layer 34 and an intermediale layer 36,
Additionat layers may be employed, for example, to chemically alter the surface
of the nano-structured surface, to alter geometry of the nano-structured surface
24 and/or to prepare the nano-structured surface for receipt of additional layers
of the thin-layer surface coating.

{0029] First fayer 32 may be formed of a material such as, for example,

hafnium oxide (HIQ;), silicon oxide (Si0;), zinc oxide (ZnO), aluminum oxide
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(Al,O3), titanium oxide (TiO), zirconium oxide {(ZrQ:) or fungsten (W), and may
be selected to chemically alter nano-structured surface 24 and/or {o adhers the
second layer 34 to nano-pillars 22.

[0030] Second layer 34 may be a self assembled monolayer formed of a
material such as  1H,1H,2H,2H-perfluorodecyltrichlorosilane  (FDTS),
heptadecafluoro-1,1,2,2-tetrahydrodecy! trichlorosilane (HDTS), tridecafluoro-
1,1,2,2-tetrahydrooctyl trichlorosilane (FOTS) or octadecyltrichlorosilane (OTS).
Because second layer 34 may not readily adhere to substrate 12, first layer 32
may be selected to prepare the nano-structured surface 24 for application of
second layer 34. Alternatively, or additionally, an intermediate layer 36 may be
applied over first layer 32 {o prepare the nano-structured surface for receipt of
second layer 34.

[0031] In Fig. 2, a first layer of hafnium oxide (HfO.) is applied to nano-
structured surface 24 to chemically alter the nano-structured surface. First layer
32 is on the order of 3 nanometers to & nanometers thick. A second layer of
1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) is applied over the first layer.
The second layer 34 is a self-assembled monolayer, and is adhered to first layer
32 via an intermediate monolayer of silicon oxide (SiO;) configured to
chemically bond second layer 34 {o first layer 32.

{0032] Although a multi-layer thin-layer coating is employed in the present
example, as noted above, the thin-layer surface coating may employ any
number of layers, including a single layer. For example, thin-layer surface
coating 30 may be formed of a self-assembled monolayer of FDTS may be
applied directly 1o nano-structures, where the nano-structures are suitable for
receipt of the self-assembied monolayer of FDTS, and the target wettability
characteristic is achievable by application of a single layer of FDTS. Similarly,
thin-layer surface coating 30 may be a single layer of hafnium oxide (HfO;)
applied directly to a nano-structured surface suitable for receipt thereof, where
the target wettability characteristic is achievable by application of a single layer
of hafnium oxide.

{0033] Also, although first layer 32, second layer 34 and intermediate

tayer 36 are shown to be of comparable thickness, the depicted layers are
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shown for illustrative purposes only. Layers may be thinner or thicker than
illustrated, and the depicted layers are not drawn to scale. The thin-layer
surface coating may be formed to a thickness that is up to half the distance
haetween nano-pillars.,

[0034] Figs. 3A-3E depict wettability-controlled article 40 through various
stages of fabrication. A substrate 50 thus may be adapted, through the present
method, to include a nano-structured surface that exhibits a target wettability
characteristic in accordance with a desired use. Accordingly, article 40 may be
fabricated to define a nano-structured surface tuned io a target hydrophilic,
hydrophobic or super-hydrophobic wetllability characteristic.

[0035] Referring mitially to Fig. 3A, fabrication beging with a substrate 54,
the substrate having a surface 52. Substrate surface 52 may be characterized
by a first wetiability characteristic, depending upon the matenal from which
substrate 50 is formed, and the pariicular geometry of surface 52.

{00386] Substrate 50 may be selected based, at least in part, on the
application for which article 40 will ulimately be used. H, for example, article 40
is to be used for semiconductor applications, substrate 50 may be formed from
suitable support structures for semiconductors, such as a substantially planar
silicon wafer. Substrate 50 similarly may be formed from other materials, .g.,
glass, quartz, aluming, stainless steel, plastic, and/or the like, and may take any
of a variety of forms, including a multilayer structure andfor a structure with a
non-planar surface. In the example embodiment, a substantially planar
substrate is shown (meaning that the surface is flat but may contain some
irregularities).

[0037] A first oxidizable material is deposited on substrate surface 52 to
form a first oxidizable material layer 60. First oxidizable material layer 60 may
be formed using any suitable deposition technigue. Some non-limiting
examples of suitable deposition techniques include physical vapor deposition
(PVD) (such as sputtering, thermal evaporation and pulsed laser deposition),
atomic layer deposition (ALD), or, in some instances, chemical vapor deposition
(CVD).
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[0038] The first oxidizable material layer 50 may be formed of a metal or
metal alloy that forms a dense metal oxide after electrochemical oxidation.
Suitable oxidizable materials include oxidizable refractory metals such as
tantalum (Ta), niobium (Nb), titanium (Ti}, fungsten (W), or their alloys. H will be
appreciated that such oxidizable materials all can be electrochemically and/or
thermally oxidized, and all have expansion coefficients (the ratio between
thickness of the grown oxide and thickness of the consumed material) that are
greater than 1.

[0039] In the present example, first oxidizable material layer 60 is formed
of tantalum (Ta), which has been found suitable for use in the method described
herein. The example first oxidizable material layer also is referred {o herein as
the “Ta layer”. The Ta layer may have any suitable thicknass that will produce
(during electrochemical oxidation) encough oxide to form the nano-structures
{which will be described in further detail below). In some smbodiments, the
thickness of the Ta layer may be approximately 50 to 1000 nanometers.

{0040] Referring still to Fig. 3A, a second oxidizable matsrial is deposited
on the Ta layer to form a second oxidizable material layer 70. The second
oxidizable material layer may have a thickness selected to produce a porous
oxide (as described below), which corresponds to the desired nano-structures to
be formed. The second oxidizable material may be aluminum (Al), or may be an
aluminum alloy such as an alloy having aluminum as the main component.
Second metal oxide layer 70 also is referred to herein as the “Al layer”. The Al
layer may have any suitable thickness that will produce {during elecirochemical
oxidation) enough oxide to form a template sufficient to produce the nano-
structures. In some embodiments, the thickness of the Al layer may be
approximately 100 to 1000 nanometers.

[0041] Deposition of the second oxidizable material layer on the first
oxidizable material layer may be accomplished using any suitable deposition
technique. Some non-limiting examples of suitable deposition techniques
include physical vapor deposition (PVD) (such as sputtering, thermal

evaporation and pulsed laser deposition).
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[0042] As shown generally in Fig. 3B, the multi-laver structure of Fig. 3A
may be further processed to form a nano-structure template 72 on substrate 50
for use in fabricating nano-structures on substrate surface 52, Nano-structure
template 72 defines a plurality of nano-pores 74, each having a width (indicated
as nano-pore diameter (dooe), in the present example). Nano-pores 74 are
substantially uniformly spaced, such spacing being indicated as cell pitch Deey.
[0043] In some embodiments, further processing includes a first
anodization process whereby second metal oxide layer 70 is anodized to form a
plurality of substantially uniform, cylindrical nano-pores. Such nanoc-pores may
be formed by completely anodizing the second oxidizable material layer 70
(e.g., the Al layer) so as to produce a nano-structure template 72 in the form of
a layer of porous oxide (e.g., anodic porous alumina, Al;Os) with nano-pores 74.
Complete anodization refers to the oxidation through the layer being anodized
sufficient to allow formation of nano-structures in the nano-pores 74 from the
bottorm up {although a barrier layer will remain, as shown).

{0044] Anodization {i.e., eleclrochemical oxidation) is a process of
forming an oxide layer on a material by making the material the anode in an
electrolytic cell and passing an electric current through the cell. For anodization
of aluminum, as in the present example, applied voltage may be kept constant
at voltage within a rangs of about 10 V to 200 V. In some examples, the first
ancdization process may cccur at a voltage of about 30 V.

[0045] As indicated generally above, it is possible to adjust geometry by
adjusting parameters of the fabrication process. For example, geometry of the
nano-structure template 72 may be adjusied by varying one or more of
anodization voltage, current density and electrolyte.  Such adjustments {o the
first anodization process may alter nano-pore pitch (Dee) and/or nano-pore
diameter (doere), Which characteristics are illustrated in Fig. 3B. Nano-pore pitch
{Deer) generally may be adjusted within a range of from about 30 nanometers to
about 500 nanometers. Nano-pore diameter (dyore) generally may be adjusted
withint @ range of from about 10 nanometers to about 350 nanometers.

{0046] Ancdization can be performed at constant current {galvanostatic

regime), at constant voltage (potentiostatic regime) or at some combination of

10
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these regimes. Nano-pore diameter (Upowe) is proportional to ancdization
voltage. Accordingly, a potentiostatic regime may be emploved {0 produce a
porous substrate with nano-pores having substantially uniform nano-pore
diameter (dpoe).  Substantially uniform nano-pores 74, in tum, will yield
substantially uniform nano-pillars, as will be described below.

[0047] The first anodization process may be carried out by exposing Al
layer 70 to an electrolytic bath containing an oxidizing acid such as sulfuric acid
(H.S0O4), phosphoric acid (HsPO,), oxalic acid (C,H204), and/or chromic acid
(H2CrQ4),. The electrolyte may be present, for example, in a water-based
solution. The voltage applied during the first anodization process may be
selected based on the electrolyte composition. For example, the voltage may
range from 5-25V for an electrolyte based on sulfuric acid, 10-80V for an
electrolyte based on oxalic acid, and 50-150V for an electrolyte based on
phosphoric acid.  The padicular voltage used will depend on the desired pore
diameter {and the suitability of such voltage for the electrolyte).

{0048] Nano-pore diameter {d.q.) also is related to the nature of the
electrolyte used. Accordingly, an electrolyle may be selecled to achieve a
particular desired nano-pore diameter {dpoe). AS non-limiting examples, nano-
pores 74 of the following sizes may be obtained using the following elecirolyies:
nano-pore diameters {duoe) Of about 20 nanometers may be oblained using
H:S04 {(in a water-based solution) as the electrolyte; nano-pores diameters
(dpore) Of @about 40 nanometers may be obtained using oxalic acid (CoH204) (in a
water-based solution) as the electrolyte, and nano-pores diameters (dyee) of
about 120 nanometers may be obtained using Hi:POs (in a water-based
solution) as the electrolyte.

[0049] In one example, nano-structure template 72 is formed by
anodization of the second oxidizable material layer 70 in a 4% solution of oxalic
acid (CoH204), at a voltage of 30 Volis. For a suifably thick Al layer, the
resulting nano-structure template 72 will define nanc-pores 82 that are
approximately 30 nanometers wide, and that will allow oxidation of underlying

first oxidizable material layer 60. Nano-structure template 72 should have a

i1
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template height (ht) sufficient to allow complete growth of nanoc-pillars within the
nano-pores, as described below.

[0050] In some embodiments, prior to performing the first anodization
process, the first oxidizable material layer may be patierned to precisely define
locations of nano-pores 74 in the resulting nano-structure template 72.
Patterning may be accomplished via any suitable technique. The patterned
layer (not shown) is then anodized, for example, by employing the patterned
layer as the anode of an electrolytic cell. A suitable amount of voltage and
current is then applied to the electrolytic cell for an amount of time to completely
anodize the patterned layer in accordance with the first anodization process
described above. This can result in substantially uniformly spaced nano-
structures where the variance in spacing between nano-structures differs by as
little as 1% or 2% (for nanometer scale dimensions).

[0051] In some embodiments, the width of the nano-pores 74 may be
further controlled via anisotropic etching after the first anodization is complets.
Anisotropic etching may be performed using, for example, diluted phospharic
acid (5 vol.% (HsPQ.)). The time for etching may vary, depending, at least in
part, upon the desired average diameter for the final nano-pores. In one
embodiment, the anisotropic etching time ranges from about 1 minute to about
30 minutes. The temperature for efching may also depend upon the process,
desired etching rate and etchant used.

[0052] Referring now to Fig. 3C, nano-pores 74 may be at least partially
filled to define nano-structures 66. Nano-structures 66 may be formed by a
second anodization process similar to the first anodization process described
above. More specifically, the first oxidizable material layer 60 is anodized by
employing the first oxidizable material layer as the anode of an electrolytic cell
fo achieve a desired oxidation of the first oxidizable material. The orientation of
nano-structures 66 is generally controlled by the orientation of the nano-pores
74. In the present example, nano-structures 66 are substantially orthogonal to
the substrate surface 52,

{00583] The second anodization process may be used o grow oxide from

the first oxidizable material, the oxide forming in nanc-pores 74. Where the first
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oxidizable material layer 60 is formed of a material such as tantalum (Ta), the
resulting oxide may take the form of a dense oxide such as anodic tantalum
pentoxide (Taz0s). Tantalum pentoxide has a significant expansion coefficient
(approximately 2.3) as compared to tantalum, resulting in growth of the nano-
structures 66 in nano-pores 74 from the bottom up.

[0054] For oxidation of tantalum, non-limiting examples of suitable
electrolytes may include citric acid (CegHgO7), boric acid (H3;BO;3), oxalic acid
(CoH204), ammonium pentaborate ((NH4)2B1c0O1s x 8H20), and/or ammonium
tartrate (H4NO,CCH(OH)CH(OH)CO,NH,). The electrolyte may be present, for
example, in a water-based solution. It is to be understood that this type of
anodization forms a dense oxide, where both the interface between the
remaining first oxidizable material and the formed oxide, and the interface
between the formed oxide and the electrolyte are planarized. As shown, some
residual oxidizable material may remain below the formed oxide after the
second anodization (Fig. 3C).

[0055] As indicated generally above, the configuration/structure of the
nano-pores 74 generally will control the geometry and/or dimensions of the
individual nano-structures 66. For instance, nano-structure template 72 may be
formed so that the nano-pores 74 have substantially uniform diameter and
substantially uniform pitch. Because the layer of porous oxide (e.g., anodic
porous alumina (Al,O3)) acts as a template for the dense oxide (e.g., anodic
tantalum pentoxide (Ta»0s)), the geometry of the nano-structures 66 (grown into
nano-pores 74) will substantially conform {o the geometry of the nano-pores 74.
Nano-structures 68 thus may take the form of substantially uniform columnar
nano-pillars, substanttally uniformly spaced across substrate surface 52.

{00886] The geometry and/or dimensions of the nano-structures 66 may
further be controlled by adjusting one or more parameters of the anodization
process. For example, referring fo Fig. 3D, the nano-pillar pitch (Dpysy) {wWhich is
substantially equivalent to the nano-pore pitch (D)) Will depend on the
anodization voltage used to form nano-structure template 72. The diameter
{dpnar) OF the nano-pillars 66 (which is substantially equivalent to the nano-pore

diameter {dyoe)) Will depend on the nature of the electrolyte selected and the
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current density used during the anodization of the second oxidizable material
layer 70. The nano-pillar diameter (dyysr} may also depend upon the degree of
anisotropic etching, if any, used to further refine and define the nano-pores 74.
The height (h) of the nano-pillars 66 will depend on the anodization voltage
applied to the first oxidizable material layer 60 during its anodization. Other
dimensions that may be derived fram the pitch, the diameter, and the height h
inciude the gap between the nano-pillars (i.e., Dpitar doiiar = gap) and the aspect
ratio (i.e., h/dpiar = @spect ratio) of the nano-pillars.

[0057] In non-limiting examples, the nano-pillars 66 may have i} a nano-
pillar pitch (Dyyar} ranging from approximately 30 nanometers to approximately
500 nanometers, it} a8 nano-pillar diameter (duua) ranging from approximately 10
nanometers to approximately 350 nanometers, and i) 8 height (h) of up to
approximately 1000 nanometers. The gap between adjacent nano-pillars 66
may range from approximately 20 nanometers to approximately 490
nanometers.

[0058] As indicated in Fig. 3D, once the nano-structures are grown to the
desired height (h), the nano-structure template 72 is removed {0 expose nano-
structures 66. The nano-structure template 72 may be removed using a
salective etching process that will remove the layer of porous oxide without
deleteriously affecting the nano-structures 86 or other featuras of article 40).
[0059] In one example, the sslective eiching is performed using a
selective etchant containing HszPO4 (92g), CrOs; (32g) and H,O (200g), at
approximately 95°C. R has been found that the example tantalum pentoxide
{Ta>Qs) nano-pillars 40 can withstand this particular etching process for more
than one hour, while the example anodic porous alumina (Al,O3) nano-structure
template 80 is etched away at a rate of about 1 micron per minute. Other
selective etchants are also contemplated, dependent on the particular
characteristics of the nano-structures.

[0060] Referring still to Fig. 3D, it will be seen that upon completing
removal of nano-structure template 72, substrate b0 is left with a nano-structure
array 80 formed on substrate surface 52. Article 40 thus will include a nano-

structured surface 82. In the present examplg, the nanc-structure array 80 may
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be characterized by plural substantially uniform nano-pillars 66, each formed of
a dense oxide, such as tantalum pentoxide (Ta.0s). While nano-structures in
the form of cylindrical nano-pillars are shown, other nano-structure
configurations are also contemplated.

[0061] As noted previously, due at least in part to the change in surface
morphology, nano-structured surface 82 may be characterized by a second
wettability charactenstic, different from the first wettability characteristic. The
change in wettability characteristic will depend upon the material from which
nano-structures 66 are formed, and the geometry of such nano-structures
(including the change in surface area introduced by formation of the nano-
structures). The wettability characteristic of nano-structured surface 82 may be
referred to as modified wettability characteristic in view of the changes to
wettability that may occur upon forming nano-structures on substrate surface
52. Such modified wetlability characteristic, however, may not correspond 1o a
desired weltability characteristic. Accordingly, further tuning of the wettability
characteristic may be performed to move wettability of the substrate surface
toward a desired target wettability characteristic (e.g., adjust the fluid contact
angle 8¢ of the nano-structured surface toward a target fluid contact angle).
[0062] As indicated in Fig. 3E, nano-structured surface 82 may be tuned
toward a target wettability characteristic by applying a thin-layer surface coating
80 onte the nano-structured surface. I some examples, the thin-layer coating
90 may include a layer deposited on the nano-structures 66 by a method such
as atomic layer depasition (ALD). Non-limiting examples of materials that may
be deposited to tune the wettability characteristic of a nano-structured surface
include hafnium oxide (HfO,), silicon oxide (Si0;), zinc oxide (Zn0), aluminum
oxide (Al,O3), titanium oxide (TiO;), zirconium oxide {ZrO;) and tungsten (W)
As noted above, these materials may be deposited by atomic layer deposition,
but other deposition techniques aiso may be possible.

[0063] In one example, thin-dayer surface coating 90 includes a layer of
hafnium oxide (HfO;) deposited by ALD technique with the following conditions:
vacuum ~ 80 seconds, H2Q adsorption - 0.015 seconds, vacuum - 80 seconds,
HIQ, precurser (tetrakis-[dimethylamido] hafnium  (1V)) adsorption - 0.15

15



WO 2012/054039 PCT/US2010/053529

seconds, where one cycle deposits 1 Angstrom of MO, Nano-structures
having a nano-pillar pitch (Doser) oF approximately 83 nanometers and a nano-
pillar diameter (dpwe) of approximately 15 nanometers may be coated
approximately 3 nanometers thick with HfQ., which may drive the nano-
structured surface from having g water contact angle on the order of 20° to
having a water contact angle on the order of 60°.

[0064] In the foregoing example, nano-pillars 66 may be covered with
hafnium oxide (HfO,) to a desired thickness in increments of 1 Angstrom,
allowing fine-tuning of pillar geometry {e.g.., nano-pillar diameter (duya)). Such
adjustment to nano-structure geometry may allow for further fine-tuning of the
nano-structured surface wettability characteristic foward a target weltability
characteristic.

[0065] In some examples, thin-layer surface coating 90 may include a
self-assembled monolayer on the nano-siructured surface. The seif-assembled
monolayer may be selected to adjust a wettability characteristic of the nano-
structured surface toward a target wettability characteristic. Matenals such as
1H,1H,2H,2H-perfluorodecyltrichlorosilane  (FDTS), heptadecafluoro-1,1,2,2-
tetrahydrodecyl trichlorosilane (HDTS), tridecafluoro-1,1,2,2-tetrahydrooctyl
frichlorositane (FOTS} and octadecyiirichlorosilane {(OTS) have been shown to
provide suitable self-assembled monolayer materials for application {0 a nano-
structured surface. Chemical compounds which will be effective as self-
assembled monolayers are not limited to the examples provided herein.

{0066] As shown in Fig. 3E, thindayer surface coating 80 may include
muttiple layers. A first layer 92 of thin-layer surface coating 90 may be selected
to chemically alter nano-structured suwrface 82 andfor ¢ prepare the nano-
structured surface for receipt of a second layer 94 of thin-layer surface coating
90 (e.g., where the second layer is not well-suited for securament directly to the
nano-structured surface). The first layer 92 thus may be configured to
chemically bond the second layer 94 to nano-structure array 80. The first layer
92 aiso may be used {o modify geometry of the nano-structures 66, allowing
fine-tuning of the wetiahility characteristic of the nano-structured surface.

16
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[0067] In an example, a first layer 92 of hafnium oxide (HfO,) is applied to
the nano-structured surface 82 (as described above) to chemically alter the
nano-structured surface, and to prepare the nano-structured surface for receipt
of a second layer 94 in the form of a self-assembled monolayer. The self-
assembled monolayer may be 1H,1H,2H, 2H-perfluorodecyitrichliorosilane
(FDTS), and may be applied onto the layer of hafnium oxide by condensation
reaction of FDTS and H-0.

[0068] In another example, first layer 92 may be a monolayer of silicon
oxide (Si0O;) is formed on the nano-structured surface by condensation reaction
of SiCly and H,O. The first layer thus acts as a seed layer for use in chemically
bonding the second layer (a self-assembled monolayer of FDTS in the present
axample} to the nano-structured surface.

{0069] In yet another example, an intermediate layer (not shown in Fig.
3k} is formed on first layver 82 o prepare the first layer for receipt of second
tayer 94. The first layer 92 may be a layer of hafnium oxide (HfO,) applied to the
nano-structured surface 82 by ALD technique to chemically alter the nano-
structured surface. The intermediate layer may be a monolayer of silicon oxide
(SiO;) formed on the first layer 92 by condensation reaction of SiCly and H,O.
The second layer may be a self-assembled monolayer of 1H,1H,2H,2H-
perfluorodecyltrichlorosilane (FDTS) applied over the intermediate layer by
condensation reaction of FDTS and H,O. The intermediate layer thus may
assist in chemically bonding second layer 94 {o first layer 92, and thus to nano-
structured surface 82.

[0070] In some examples, the target wetlability characteristic may be
defined as corresponding to a surface with a contact angle 8¢ for a selected
fluid that is greater than 20 degrees, and with a standard deviation across the
surface that is on the order of 1 degree. In some examples, the target
wettability characteristic may be defined as corresponding to a surface with a
contact angle B¢ for water that is greater than or equal to 150 degrees with a
standard deviation across the surface that is on the order of 1 degree. The thin-
fayer surface coating 90 may be selected to provide a reliably super-

hydrophobic surface.

pomnt
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[0071] Fig. 4 shows a high-level flowchart 400 of a method of controlling
wettability of a surface of an article, as discussed above. The method generally
includes: 1) forming an array of nano-structures on the surface of the article,
the nano-structures providing & nano-structured surface with a modified
wettability characteristic; and 2) applying a thin-layer surface coating onto to the
array of nano-structures to tune the nano-structured surface from the modified
wettability characteristic toward a target wettability characteristic.

[0072] At 410, a substrate is provided, the substrate having a surface with
a wettability characteristic. A first oxidizable material is deposited on the
surface of the substrate at 420. As indicated above, the first oxidizable material
may be tantalum (Ta), and may form a first oxidizable material layer on the
substrate. At 430, a second oxidizable material is deposited on the first
oxidizable material. The second oxidizable material may be aluminum (Al), and
may form a second oxidizable material layer on the first oxidizable material
layer. At 440, the second oxidizable material is anodized, forming a nano-
structure template hawng nanoc-pores.  The nano-pores extend sufficiently
through the resulting porous oxide template to provide for growth of oxide into
the pores from the first oxidizable material below. At 450, the first oxidizable
material layer is anodized, growing oxide into the nano-pores from below. The
nano-pores thus ars at least partially filled at least partially with a dense oxide
such as tantalum pentoxide {Ta:0s) (where tantalum is used as the first
oxidizable material). At 460, the nano-structure template is removed, leaving a
nano-structured surface having a modified wettabilily characteristic. Al 470, a
thin-layer surface coating is applied, the thin layer surface coating being
selected to tune wettability of the nano-structured surface from the modified
wettability characteristic toward a target wettability characteristic.

[0073] The thin-layer surface coating may include plural layers. The first
layer may be applied onto the nano-structured surface to chemically alter the
nano-structured surface and/or to prepare the nano-structured surface for
recaipt of a second layer {e.Q., where the second layer is not well-suited for
securement directly to the nano-structured surface). The first layer may be a
tayer of halnium oxide (HfO;} applied to the nano-structured surface by ALD
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technique, or may be a monolayer of silicon oxide (SiO;) formed on the nano-
structured surface by condensation reaction of SiCl; and H,O. The second layer
may be applied to tune wettability of the nano-structured surface, and may take
the form of g self-assembled monolayer of a material such as 1H,1H,2H,2H-
perfluorodscyltrichiorositane (FDTS) formed on the first layer by condensation
reaction of FDTS and H:O.

[0074] In some examples, the thin-layer surface coating may include a
single layer formed directly on the nano-structured surface to tune wettability of
the nano-structured surface, depending on the particular materials used to form
the nano-structures, and the target wettability characteristic sought.

[0075] The thin layer coating also may include more than the first and
second layers. For example, where the first layer is a layer of hafnium oxide
(HfO2), and the second layer is a self-assembled monolayer of FDTS, an
intermediate monolayer of silicon oxide {SiQ:} may be emploved to chemically
bond the FDTS layer to the HfO, layer. The first and second layers may
differentially cover the nano-structured surface, for example, wherg the
intermediate layer covers only portions of the nano-structured surface to
achieve different wettability characteristics in different regions of the substrate
surface.

{0078] Although the present invention has been described with reference
to cerfain representative embodiments, various modifications may be made to
these representative embodiments without departing from the scope of the

appended claims.
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What is claimed is:

1. An article, comprising:

a substrate having a surface with a first wettability characteristic;

a nano-structure array formed on the surface to provide a nano-
structured surface having a second wettability characteristic; and

a thin-layer surface coating on the nano-structured surface, the thin-layer
surface coating tuning wettability of the nano-structured surface from the second

wettability characteristic toward a target wettability characteristic.

2. The article of claim 1, wherein the thin-layer surface coating

includes a self-assembled monolayer.

3. The article of claim 2, wherein the self-assembied monolayer

renders the nano-structured surface super-hydrophobic.

4. The article of claim 2, wherein the self-assembled monolayer is
formed of a material selected from the group consisting of. 1H,1H,2H,2H-
perfluorodecyttrichlorosilane (FDTS), heptadecafluoro-1,1,2,2-tetrahydrodecyl
trichlorosilane (HDTS), tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane
(FOTS) and octadecyltrichlorosilane (OTS).

5. The article of claim 1, wherein the thin-layer surface coating
includes a first layer deposited on the nano-structured surface to substantially

entirely cover the nano-structured surface.

6. The article of claim 5, wherein the first layer is formed of a material
selected from the group consisting of: hafnium oxide (HfO2), silicon oxide (SiOy),
zinc oxide (ZnQ), aluminum oxide (AloO3), titanium oxide (TiO;), zirconium oxide
(ZrOz) and tungsten (W).
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7. The article of claim 5, wherein the thin-layer surface coating
further includes a second layer covering the first layer, the first layer being

selected to chemically adhere the second layer to the nano-structured surface.

8. The article of claim 7, wherein the nano-structure array is formed
of tantalum pentoxide (Taz0s), the first layer is formed of hafnium oxide (HfO,)
and the second layer is a self-assembled monolayer of 1H,1H,2H 2H-

perfluorodecyltrichlorosilane (FDTS).

9. The article of claim 1, wherein the nano-structure array includes a
plurality of substantially uniform nano-pillars, substantially equally spaced

across the surface of the substrate.

10. A method of controlling wettability of a surface of an arlicle, the
method comprising:

forming an array of nano-structures on the surface, the nano-structures
providing a nano-structured surface with a modified wettability characteristic;

applying a thin-layer surface coating onto to the array of nano-structures
to tune wettability of the nano-structured surface from the modified wettabilty

characteristic foward a target wettability characteristic.
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11.  The method of claim 10, wherein forming an array of nano-pillars
on the surface includes:

depositing a first oxidizable material on the surface;

depositing a second oxidizable material on the first oxidizable material;

anodizing the second oxidizable material to form a porous oxide having
nano-pores;

anodizing the first oxidizable material so as to at least partially fill the
nano-pores with a dense oxide; and

removing the porous oxide, thereby yielding a nano-pillar array on the

surface.

12. The method of claim 11, wherein applying a thin-layer surface
coating includes forming a first layer on the nano-pillar array, the first layer being

configured to chemically bond a second layer to the nano-pillar array.

13. The method of claim 12, wherein applying the thin-layer surface
coating further includes forming a second layer on the first layer, the second

layer being a self-assembled monolayer.

14.  The article of claim 13, wherein;

the first oxidizable material is tantalum, the second oxidizable material is
aluminum, and the nano-pillar array is an substantially uniformly spaced array of
tantalum pentoxide (Ta»0Os) nano-pillars;

forming the first layer includes depositing hafnium oxide (HfO,) by atomic
layer deposition to a thickness of less than half a distance between adjacent
nano-pillars; and

forming the second layer includes applying a self-assembled monolayer
of 1H,1H,2H,2H-perflucrodecyltrichlorosilane (FDTS) onto the first layer.
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15.  An article, comprising:

a substrate;

an array of tantalum pentoxide (Ta;0s} nano-structures formed on the
substrate to define an nano-structured surface having an omniphilic wettability
characteristic; and

a thin-layer surface coating covering a first region but not a second
region of the nano-structured surface, the surface coating including a self-
assembled monolayer chemically bonded to the nano-structured surface in the
first region to render the first region omniphobic and the second region

omniphilic.
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