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(54) Title: SYSTEM AND PROCESS FOR COATING AN OBJECT

(57) Abstract: Coating systems and processes are disclosed for uniformly coating objects. The system comprises a pre-treatment
unit, a first processing unit, a first post-treatment unit and one or more coating apparatus each configured to engage an object and ro -
tate the object around or about two or more axes. The coating apparatus used in the system can comprise a first gimbal connected to
a first rotational mechanism to allow rotation of the first gimbal around or about a first axis, a second gimbal connected to the first
gimbal to allow rotation around or about a sccond axis and a third gimbal connccted to the second gimbal to allow rotation around or
about a third axis. A second rotational mechanism is connected to the second gimbal to rotate the second gimbal around or about the
second axis and a third rotational mcchanism is connccted to the third gimbal to rotate the second gimbal around or about the third
axis. An object holder is connected to the third gimbal. When an object is present in the object holder, it can be immersed in a coat -
ing solution to form a coated object. The coated objcct is then rotated around or about two or three axes which produces a multi -
directional centrifugal force together which together with the force of gravity creates a three dimensional tensor force which causes
the coating solution to spread cvenly over all or part of the object or a complex surtace of the object to produce a uniform thin film.
Composites comprising the object with a uniform thin film coating covalently attached to at least all or part of the object or a com-
plex surface of the object arc also disclosed.
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SYSTEM AND PROCESS FOR COATING AN OBJECT

This application claims priority to US Provisional Application Serial No. 61/490,434, filed
26 May 2011, entitled Method and Apparatus for Coating an Object, the disclosure of

which is expressly incorporated by reference herein.

TECHNICAL FIELD

The present invention generally relates to a coating apparatus.

Systems and processes are disclosed herein which enable the uniform coating of an object
with a complex surface. Composites are also disclosed comprising an object and a thin film

covalently attached to the object.

BACKGROUND

Disk coating is usually carried by methods such as dip coating, spin coating and dip- spin
coating. In dip coating the disk is dipped into a coating liquid and then removed to allow
excess material to drain from the disk. In spin coating, a disk is placed in a horizontal plane
on a rotatable spindle. A coating liquid is applied to the upper surface of the spinning disk
which is then spread across the surface of the disk by virtual centrifugal forces. In dip-spin
coating an object is dipped in a horizontal plane into a coating liquid and then removed and
spun in a horizontal plane to remove excess liquid. A modified dip-spin coater uses a
spindle that rotates the disk in a vertical plane. In this approach the edge of the disk is
dipped into the coating fluid and rotated to coat the outermost portion of both sides of the
disk. The disk is then removed from the coating fluid and spun in a vertical plane to

remove excess coating fluid. See US Patent Publication 2004/0202793.

Roll coaters have been used primarily to coat flat surfaces.

In each of the forgoing the thin film has a flat surface which is coplanar with the flat

surface of the object.
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None of these prior art coaters are designed to uniformly coat the surfaces of objects that

are more complex than a typical disk or flat surface.

It is desired to address or ameliorate one or more disadvantages or limitations associated

with the prior art, or to at least provide a useful alternative.

SUMMARY
In accordance with the present invention there is provided a coating apparatus comprising:

a first gimbal,
a second gimbal; and
two opposing object holders;

wherein the first gimbal is attached to a first shaft connected to a first
motor,

wherein the second gimbal is rotatably attached within the first gimbal
using a second shaft and a third shatft,

wherein the second shaft is connected to a second motor,

wherein the third shaft is connected to a third motor,

wherein the two opposing object holders are attached to the second gimbal,
and

wherein the two opposing object holders are configured to engage and hold
an object,

wherein the first shaft is configured to translate vertically downward when
the object is over at least one coating vessel to immerse the object into a coating
solution contained in the at least one coating vessel,

wherein the first shaft is configured to translate vertically upward to
withdraw the object out of the coating solution contained in the at least one coating
vessel, and

wherein after withdrawal of the object from the coating solution, the first
motor, the second motor, and the third motor are configured to rotate the object

around or about two or more axes for distribution of the coating solution on a
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complex surface of the object using a multidirectional centrifugal force created by
rotation of the object around or about the two or more axes simultaneously,

wherein a first axis of the two or more axes is defined by the first shaft
attached to the first gimbal,

wherein a second axis of the two or more axes is defined by the second and

third shafts attached to the second gimbal within the first gimbal.

BRIEF DESCRIPTION OF THE DRAWINGS
Preferred embodiments of the present invention are hereinafter described, by way of non-

limiting example only, with reference to the accompanying drawings, in which:

Figure 1 depicts a square flat object with a coating on a flat surface and the largest two

dimensional area of the object.

Figure 2 is a cross section of sphere with a thin film coating covering the entire surface.

Figure 3 is a cross section of sphere with a thin film coating covering half of the sphere.

Figure 4 is a cross section of a half sphere in which the semi-spherical surface 404 and flat

circular surface is totally covered with a thin film.

Figure S is a cross section of a half sphere in which only a part of the half sphere is

covered with a thin film.

Figure 6 is a cross section of an object which has a rough surface and a thin film which

conforms to the rough surface on the object.

Figure 7 is a cross section of a Fresnel lens which has periodic projections on the order of
100 to 500u in height and separation, a thin film conforms to the complex surface of the

lens.
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Figure 8 depicts an apparatus which can rotate an object around two axes.

Figure 9 depicts an apparatus which can rotate an object around three axes.

Figure 10 depicts another embodiment of an apparatus which can rotate an object around

three axes.

Figure 11 depicts still another embodiment of an apparatus which can rotate an object

around three axes.

Figure 12 depicts a coating apparatus according to the invention.

Figure 13 is an enlargement of Figure 12.

Figure 14 A is a front view of spindle drive assembly 20, spin motor 22, spindle 24, part
holder 26 and object 28. Figure 14 B is a perspective view of apparatus 26 and object 28.

Figure 15 is another embodiment of a coating apparatus.

Figure 16 is a cross section of a complex surface which identifies some of the parameters

that can be used to determine roughness of the surface.

Figure 17 depicts a top view of a system for coating objects.

Figure 18 depicts a top view of the system of claim 17 in combination with a module

having additional processing and post-treatment units.

Figure 19 depicts a top view of an integrated dual process coating system.

DETAILED DESCRIPTION

As described herein, a system for coating an object comprises four components: (1) a pre-
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treatment unit; (2) a first processing unit; (3) a first post-treatment unit and (4) one or more
coating apparatus each configured to engage an object and rotate it around or about two or
more axes. The system is configured so that coating apparatus can be transported between
the pre-treatment unit and the first processing unit and between the first processing unit
and the first post-treatment unit. The system and or units are preferably enclosed so that

the temperature and atmosphere within the system or units can be controlled.

A track structure can be incorporated into the system above the various units. The track
system includes a track and appropriate drive and control mechanisms to transport the
coating apparatus as it traverses the track and to stop the coating apparatus at appropriate

positions in the treatment and processing units.

The system preferably has an entry port which is before or upstream from the pre-
treatment unit so that an object to be coated can be attached to the coating apparatus. More
preferable the object is attached to a coating apparatus which is external to the enclosed
portion of the system. In the latter situation, the track system preferably extends outward
from the enclosed system and supports the coating apparatus. Thereafter, the coating
apparatus can be transported via the track system through the entry port and into the pre-
treatment and other units as necessary. After the object is coated and treated, the system
reverses the movement of the coating apparatus so that the object can be removed at the

entry port.

In a preferred embodiment, the system includes an exit port after the post-treatment unit.

Such a configuration allows for continuous operation of the system in which a first coating
apparatus can enter the system at the pre-treatment unit, move to the processing unit to be
coated, move to the post-treatment unit for irradiation and exit via the exit port. A second
coating apparatus can enter the system at the pretreatment unit as the first coating
apparatus exits it. This allows for multiple coating apparatus to be present in the system

thereby increasing the operational efficiency of the system.
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The coating apparatus comprises a first gimbal connected to a first mechanism to rotate the
first gimbaf around or about a first axis; a second gimbal connected to the first gimbal to
allow rotation around or about a second axis; a second mechanism connected to the second
gimbal to rotate the second gimbal around or about the second axis; and an object holder
connected to the second gimbal. When so configured the object holder and the object in the

object holder is rotatable around or about the first and second axes.
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[0011] In another embodiment, the coating apparatus comprises a first gimbal connected to a
first mechanism to rotate the first gimbal around or about a first axis; a second gimbal
connected to the first gimbal to allow rotation around or about a second axis; a third gimbal
connected to the second gimbal to allow rotation around or about a third axis; a second
mechanism connected to the second gimbal to rotate the second gimbal around or about the
second axis; a third mechanism connected to the third gimbal to rotate the third gimbal
around or about the third axis; and an object holder connected to the third gimbal. This
configuration provides for rotation of the holder and the object around or about the first,
second and third axes

[0012] The system can also include a second processing unit and a second post-treatment
unit. The second processing unit is configured to receive the coating apparatus from the first
post-treatment unit and the second post-treatment unit is configured to receive the coating
apparatus from the second processing unit.

[0013] [n some embodiments, the first processing unit is configured to receive the coating
apparatus from the second post-treatment unit to form a transit circuit for the coating
apparatus.

[0014] In a preferred embodiment, the pretreatment unit contains a plasma head. The plasma
head can produce, for example, an atmospheric plasma or oxygen plasma which contacts
the surface of the object to be coated. A preferred plasma head is a six axis plasma head
which is capable of exposing all or part of the surface of the object.

[0015] The pre-treatment of the object’s surface activates the surface which in turn increases
the number of covalent bonds formed between the object’s surface and the thin film. This
pre-treatment results in a thin film that adheres more strongly to the surface than if plasma
pre-treatment is not performed. Plasma treatment of the thin film surface can also be used
to increase the adherence of a second thin film to the first thin film. In this embodiment, the
coating apparatus is transported to a pre-treatment unit for plasma treatment and then
coated with the same or different coating fluid. This approach using plasma pre-treatment of
thin film surfaces can be repeated for subsequent thin films.

[0016] The process for coating an object comprises pre-treating one or more surfaces of an
object, immersing all or part of the object into a coating fluid along a first vertical axis,
optionally rotating the object around or about the first vertical axis while immersed in the
coating fluid, optionally rotating the object around a second axis while immersed in the
coating fluid, withdrawing the object from coating fluid to form a coated object, rotating the
coated object around or about the vertical axis after the withdrawing, rotating the coated
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object around or about said second axis after said withdrawing, and post-treating the coated
object.

[0017] The process can also include rotating the object around or about a third axis.

[0018] The pre-treatment can comprise exposing ali or part of the surface of the object to
plasma.

{0018] The post-treatment can include exposing all or part of the surface of the coated object
to at least one of UV, visible and IR radiation. The wavelength, intensity and duration of the
exposure can be varied. The post-treatment can also be achieved with utilization of two or
more of UV, visible and IR radiation and in some cases by use of the full electro-magnetic
spectrum including micro-waves, as well as high-energy radiation. This post treatment can
also include mono-chromatic laser light of a single frequency.

[6020] A composite comprises an object and a thin layer covalently attached to all or part of
one or more surfaces of the object. The thin film has an adhesion value greater than 3B as
measured by the ASTM D3359 cross-hatch adhesion test. The thin film can be an extended
thin film that has a uniform thickness which in some embodiments varies by no more than
10% of the overall thickness dimension of the thin film. In some embodiments, the surface of

the thin film is smoother than the coated surface of the object.

[0021] [n some cases the object has a complex surface where the thin film covers all or part of
the complex surface. A complex surface comprises (a) a non-planar surface, (b) two or more
planar surfaces meeting at an angle other than 90 degrees; (¢} at least one three
dimensional internal or external feature associated with a surface of the object or (d)
combinations thereof.

[0022] (n some cases the three dimensional feature is microscopic. in some embodiments, all

or part of the three dimensional microscopic feature is coated with a conformal thin film.

[0023] The composite can also comprise three dimensional nanoscopic features. in some
embodiments, all or part of the three dimensional nanoscopic feature is coated with a
conformal thin film.

{0024] The composite can also comprise a muttitayer thin film where a second thin film covers
all or part of the thin film attached to the surface of the object. In some embodiments, this
second thin film has an adhesion value to the first thin film which is greater than 3B as
measured by the ASTM D3359 cross-hatch adhesion test.
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Uniform coating is problematical when the surface of an object is complex such as when
the object has a non-planar surface or a three dimensional feature is associated with a
planar or non-planar surface. For example, if the three dimensional feature extends
externally from the surface, coating fluid can pool around it. If it extends internally,
coating fluid can either pool in the feature or not enter it, to coat its surface, depending on
viscosity of the coating fluid, the dimensions of the feature and the orientation of the

feature when immersed in the coating fluid.

Overlying Principal

These problems are overcome by applying a coating solution to one or more complex
surfaces of an object and subjecting the object to a multidirectional centrifugal force. This
is multidirectional centrifugal force together with the force of gravity creates a three
dimensional tensor force applied over one or more complex surfaces of the object. This
causes the coating solution to spread evenly over all or part of the complex surface to

produce a uniform thin film.
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The centrifugal force, which is a virtual or fictitious force, is actually the absence of
centripetal forces, and is used in this context for heuristic purposes to describe the apparent
acting forces on the liquids during rotation. This heuristic centrifugal force is controlled
by:

(1) the rate of rotation of the object around first and second axes;

(2) the rate of rotation of the object around the first axis and the angle of the object about

the second axis;

(3) the rate of rotation of the object around first, second and third axes;
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(4) the rate of rotation of the object around the first and second axes and the
angle of the object about the third axis;

(5) the rate of rotation of the object around the first axis and the angle of the
object about the second and/or third axes;

(8) the direction of rotation on the object around one or more axes; and

(7) the direction of rotation about one or more axes to change the angle of the
object about the one or more axes.

[0048] The rate of rotation and/or the angle of an object around or about two or more axes is
chosen to apply a specific centrifugal force at a particular point on a surface of the object.

[0050] When the appropriate centrifugal forces are applied, the coating solution becomes
uniformly distributed across the portion of the object being coated. In some embodiments,
the coated portion includes one or more complex surfaces of the object. The uniform solution
forms a uniform thin film on the object to produce the disclosed composite.

[0051] In a preferred embodiment, the composite comprises: an object, wherein at least all or
part of one or more of the surfaces of said object comprises a complex surface; and a thin
film covering all or part of one or more complex surfaces of said object; wherein the thin film
has a uniform thickness over all or part of the complex surface.

Complex Objects

[0052] As used herein, a “complex object” or “object with a complex surface” or grammatical
equivalents refers to any object with at least one complex surface. As used herein, a
macroscopic “complex surface” is (a) a non-planar surface, (b) two or more pianar
surfaces meeting at an angle other than 90 degrees; (c) at least one three dimensional
internal or external feature associated with an otherwise planar surface of the object or (d)
combinations thereof. Macroscopic complex objects do not include objects that have six

orthogonal surfaces, such as cubes etc.

[0053] An example of a macroscopic non-planar surface is the surface of a sphere or a half
sphere forming the end surface of a cylindrical object. The surface of the cylinder is also a
non-planar surface.

[0054] A pyramid is an example of a complex object where macroscopic planar surfaces meet
at an angle other than 90 degrees. A rhombohedral structure is another example of an object
having macroscopic surfaces that meet at other than 90 degrees.

[0055] Examples of three dimensional features include one or more of projections,

depressions, holes, orifices, surface channels, internal channels, plateaus, undulations,
7
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curvatures, embossments, tranches, mesa patterns and plenums and combinations thereof
that are associated with a macroscopic surface. In many instances, the features have a high
aspect ratio (HAR). HAR's typically range from 2-1, 5-1, 10-1, 100-1 and > 100-1.

[0056] A parameter that is sometimes useful to determine if a complex surface is present on
an object is the coefficient of complexity. As used herein, the “coefficient of complexity”,
“‘complexity coefficient” or grammatical equivalents is the ratio of (a) the total surface area
covered by the thin film to (b) the largest 2 dimensional projected area of the object or the
largest 2 dimensional projected area of the portion of the object which is coated. The largest
projected area of the object is the actual or mathematical project of the coated object on a
planar surface. If there is a complex surface, the coefficient of complexity will be greater than
1. Computer Assisted Drawing (CAD) software programs can be used to project 3D objects
onto a 2D view. One source is Adobe Systems, Inc., San Jose California.

[0057] Figure 1 shows a thin square object 102 (not to scale) having a side length 104 of
fength x and a thickness 106 of length z, where z = 0.2 x. Assume one surface of the square
is coated with a thin film 108. See cross hatch on surface of object 102. The surface being
coated is x*. Lines 110 project on a planar surface to produce the largest two dimensional
area (112) of the object. The largest projected area of the object is also x2. The complexity
coefficient for a flat surface on a flat square substrate is therefore 1. A flat surface is
therefore not a complex surface. This object is also not a macroscopic complex object
because it has six orthogonal surfaces.

[0058] However, if the entire surface area of a sphere is covered by a thin film, the area
covered is 417 r?. See Figure 2 which is a cross section of sphere with a thin film coating
depicted as 204. The largest 2 dimensional projected area of the coated object is the area of
circle 206 bisecting the sphere, i.e. . The complexity coefficient is therefore 4.

{0059] Figure 3 is a cross section of sphere 302 where only haif of the sphere is covered with
a thin film 304. The largest 2 dimensional projected area of the coated object is again the
area of the circle bisecting the sphere. The complexity coefficient is therefore 47 r*/2 divided
by mr* or 2.

[0060] Figure 4 is a cross section of a half sphere 402 in which the semi-spherical surface 404
and flat circular surface 406 is totally covered with a thin film. The total area covered is 417
r%/2 + i . The largest 2 dimensional projected area of the coated object is the area of the
circle at the base of the object. The complexity coefficient is therefore 417 r%/2 + 1 r* divided
by mr? or 3.
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[0061] Figure 5 is a cross section of half sphere 502 in which only a part of half sphere 502 is
covered with a thin film 504. in this case the coated object is sometimes referred to as a

“coated pseudo object” or “pseudo object” defined by the portion of the object being coated.
As used herein, the term “coated pseudo object” refers to that portion of an object defined by

the coated surface and the smallest imaginary surface inside the opject that connects the
edges of the coating surface. In this case, the imaginary surface is circle 506 which has an
area which is less than the area of the circle 510 forming the base of the half sphere. That
imaginary circle also is the largest 2 dimensional projected area 508 of the coated pseudo
object. The compiexity coefficient of this pseudo object is greater than 1

[0062] In some cases the complexity coefficient is determined for all or part of one or more
three dimensional features on a surface of an object. For example, if a number of high
aspect ratio features such as cylinders project from surface 108 of object 102 in Figure 1 but
only half of each cylinder is coated each of the half coated cylinders defines a pseudo object.
The complexity coefficient is the ration of the coated area of the cylinder (17 r*+ (217r)(1/2h)
divided by the largest projected area of the pseudo object (2r x1/2h= rh). If h equals r, the
complexity coefficient is 2.

[0063] In some cases, the complexity coefficient is greater than 2, 3, 4, 5, 6 or higher. In some
cases the complexity coefficient is 17 or multiples of .

[0064] The foregoing describes complex surfaces on the macroscopic scale. However,
complex surfaces can also be viewed from the microscopic (micron) and nanoscopic
(nanometer) scale.

[0065] Most surfaces, including complex macroscopic surfaces, have some degree of surface
roughness (R}, typically measured on the microscopic or nanoscopic scale. This roughness
can be random because of the composition used to make the object and how it was
manufactured. Roughness may also be the result of intentionally forming microscopic or
nanoscopic features on a surface. For example, a Fresnel lens can have groves that can be
100u in height and width. In this situation the groves contribute to the roughness of the
surface. In each case, the surface roughness is caused by surface features which when
viewed in isolation are themselves microscopic or nanoscopic complex objects with complex
surfaces. They also contribute to the complexity coefficient of the surface since they

increase the effective surface area under consideration.

Thin Films
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[0066] On a microscopic scale, thin films can have a thickness between 1 p and 1000 p but
are usually in the range of 1 p to about 500, 1 yto 250 4, 1 uto 100 por 1 pto 10 w. The
minimal thickness in these ranges can be 2 1, 5, 10 p or 100 p.

[0067] On a nanoscopic scale thin films can have a thickness between 1 nm and 1000 nm, 1
nm to about 500, 1 nm to about 250 nm, 1 nm to 100 nm or 1 nm to 10 nm. The minimal

thickness in these ranges can be 2 nm, 5 nm, 10 nm or 100 nm.

[0068] Thin films can be flat or conformal. Flat thin films are thin films with at least one flat

surface. Flat thin films are usually associated with thin film coatings on macroscopic surfaces

[0068] Conformal thin films are thin films that conform to the features associated with a
surface. Figure 6 is a cross section of an object 602 which has a rough surface 604. Thin
film 606 conforms to the rough surface 604 on object 602.

[0070] Figure 7 is a cross section of Fresnel lens 702. Lens 702 has periodic projections 704
which are on the order of 100 to 500u in height and separation. Thin film 706 conforms to
the surface of these projections and the remainder of the lens surface.

[0071] Inone aspect, a conformal coating is defined by its thickness as compared to the
roughness of the surface. There are many ways to measure roughness as is known to those
skilled in the art. In general a thin film is conforming if the thickness T is less than R/2. If T is
greater than 2R the thin film is flat or level and is said to “level out the surface roughness”.

[6072] Among these descriptors, the Ra measure is one of the most effective surface
roughness measures commonly adopted in general engineering practice. It gives a good
general description of the height variations in the surface. Figure 16 is a cross section of a
complex surface 1602 which identifies some of the parameters that can be used to
determine roughness of the surface. It depicts mean line 1604 which is parallel to the
general surface direction and divides the surface in such a way that the sum of the areas
formed above the line is equal to the sum of the areas formed below the line. The surface
roughness Ra is now given by the sum of the absolute values of all the areas above and
below the mean line divided by the sampling length. Therefore, the surface roughness value
is given by:

Ra = (Jarea abc|+|area cde|)/f.
where f is the feed:

[00873] The standard definition of the surface roughness can be given as:
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where Ra is the arithmetic average of the absolute values of the collected roughness data
points V; is for each point is (jarea abc|+}area cde|)/f. The average roughness, Ra, is

expressed in units of height.

[0074] However, the roughness of a surface can be measured in different ways which are
classified into three basic categories:

(1) Statistical descriptors that give average behaviar of the surface height. For
example, average roughness Ra; the root mean square roughness Rq; the skewness Sk and
the kurtosis K;

(2) Extreme value descriptors that depend on isolated events. Examples are the
maximum peak height Rp, the maximum valley height Rv, and the maximum peak to valley
height Rmax; and

(3)Texture descriptors that describe variations of the surface based on muitiple events.
An example for this descriptor is the correlation length.

[0075] Note that a dimensionless surface roughness, Coefficient of Surface Roughness (Csr),
can also be defined which would be: the ratio of the measured surface roughness to the
maximum height of a surface feature describing the surface. In this regard, the closer the
value of Csr to one, the greater the surface variation. in the cases where Ra may be smaller
and also substantially smaller than the maximum surface element, the surface is relatively
smooth and Csr <1. For topologically smooth surfaces Csr approaches zero, and also the
maximum element size approaches zero, and the rate of approach will determine the ratio
that Csr will approach.

[0076] Thin films in many cases will coat the entire surface of an object even one containing
one or more complex surfaces. However, in some cases only a portion of the surface is
coated. This can be facilitated by masking that part of the object which is not to be coated as
is well known to those skilled in the art. in some cases, at least 10%, 20%, 30%, 40%, 50%
60% 70%, 80%, or 80% or more of the object is coated. When the object contains a complex
surface, at least 10%, 20%, 30%, 40%, 50% 60% 70%, 80%, or 90% or more of the complex
surface is coated.

[0077] Additional thin films can be added to a coated object in which case the thin film layers
taken together are sometimes referred to as a multilayer thin film. In some embodiments, the

11
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thin films in the multilayer thin film are uniform thin films and/or covalently attached thin films

as discussed below
Uniform Thin Films

[0078] As used herein, the term “uniform thin film” or grammatical equivalents refers to the
thin film having uniform thickness. A thin film has a uniform thickness if the thickness varies
by no more than 10 percent, more preferably, no more than 5 percent and, most preferably,
no more than 1 percent. The thickness can be measured as the difference between the

average height of the object's surface and the average height of the thin-film surface.

[0079] The height of the object’s surface relative to the height of the thin-film surface can be
measured by (1) direct mechanical measurement, (2) optical interferometry, (3) cross

sectional analysis or (4) eddy current analysis.

[0080] The height of the object’s surface relative to the height of the thin-film surface can be
measured from a cross-section of the coated object, using transmission electron microscopy
or scanning electron microscopy. The measurement is preferably made over a cross-section .
that is at least three times as long as the thin film is wide, five times as long as the thin film is
wide, ten times as long as the thin film is wide, preferably, 100 times the length of the thin-
film width and, most preferably, 1000 times the length of the thin-film width. In some cases
the thickness is measured over all or part or multiple parts of the features present on a
complex surface such as the thickness of the thin film portions 708 on Fresnel lens 702 in
Figure 7 or over all or part or multiple parts of the complex surface.

[0081] The smoothness of the surface of the thin film can be measured using scanning
electron microscopy or atomic force microscopy, as well as by simpler approach such as
embodied by a Surfscan type system. A smooth thin-film surface is substantially free from
irregularities, roughness, or projections. Smoothness can be defined as g surface having a
Csr < /2 as defined above.

Covalently Attached Thin Films

[0082] In some embodiments, the thin film is covalently attached to the surface of an object.
Some prior objects had thin films that were covalently attached to the surface of the object.
However, the thin films disclosed herein have a greater adhesion to the surface of the object

as compared to prior art thin films.

[0083] A convenient test for measuring covalent adhesion to a surface is the ASTM D3359
cross-hatch adhesion test which is well known to the skilied artisan. Prior art thin layer

coatings can be categorized as having an adhesion value of 3B or less. The thin layers
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disclosed herein, have an adhesion value which is greater than 3B, 3.5B, 4.0B, 4.58 or 5.0B.
Further, in some embodiments a second thin film is covalently attached to a first thin film, as
when a multilayer thin film is attached to the surface of an object. When this is the case, the
second thin film can have an adhesion value which is greater than 3B, 3.58, 4.0B, 4.5B or
5.0B and so on for additional thin film layers.

[0084] ({ncreased adhesion of a thin film to a surface can be produced by treating the surface
(object surface of thin film layer) to increase the number of chemically reactive groups or
atoms on the surface. These chemically reactive groups or atoms react with one or more
components in the coating fluid so that the resulting thin film is attached to the surface by

more covalent bonds than would be the case without surface pre-treatment.

[0085] A preferred surface treatment involves treating the surface with plasma, such as the
plasma produced by an atmospheric plasma or oxygen plasma generator.

[0086] When a multilayer this film is produced, each of the layers can be treated with plasma
prior to adding the coating solution which forms the next layer. In this way increased
adhesion between layers and between the multilayer thin film and the surface of the object
can be achieved. In essence this treatment enhances the performance of the coating by
increasing the strength of the links between layers and between the layers and the surface
of the object.

[0087] The disclosed covalently attached thin films can coat any surface of an object including
planar surfaces. However, in preferred embodiments, the thin films are covalently attached
to all or part of a complex surface on an object as defined above. The covalently attached
thin films can also be uniform thin films as described above.

Objects

[0088] Macroscopic objects include solar cells, fuel cells, engine parts, turbine blades,
propellars, valves, flanges, automotive parts, such as mufflers and wheel rims, components
of semiconductor processing equipment, pipes and tubing, pre-cut semiconductor wafers,
flexible electronics and standard electronic boards. A pre-cut semiconductor wafer typically
has a diameter of eight to twelve inches and contains a multiplicity of chips or processors.

[0083] Macroscopic objects typically have at least one dimension that is greater than 1 cm, 2
cm,3cm,4cm, 5cm, 6cm, 7 cm, 8 cm, 9 cm or 10 cm or more and can be as high as 1-5,

1-4, 1-3 or 1-2 meters or greater.

Apparatus with Two Axes of Rotation
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[0080] As used herein, the term “gimbal” refers any pivoted support that allows for the
rotation of an object around or about a single axis. In some embodiments using two gimbals,
it is preferred that the axes of rotation for the two gimbals intersect at the same point. When
three gimbals are used it is preferred that at least two and preferably three of the axes

intersect at the same point.

[6091] As used herein, the term “rotation around an axis” or grammatical equivalents refers to
rotation of at least 360 degrees around the axis.

[06092] As used herein, the term “rotation about an axis” or grammatical equivalents refers to
rotation of less 360 degrees around the axis. In the disclosed embodiments, an object is
rotated about an axis to change the angie of the object reiative to a second axis.

[0093] Figure 8 depicts an apparatus 800 for rotating an object 802 around vertical axis 204
and horizontal axis 806. First gimbal 808 is attached to drive shaft 810, which, in turn, is
rotatably attached to a motor (not shown). A second gimbal 812 is rotatably attached to the
first gimbal 808 via rotatable shafts 814 and 816. These shafts, in turn, are connected to
motors 818 and 820. Two opposing object holders 822 are attached to gimbat 812 and are
designed to engage and hold object 802 when the first gimbal is rotated around axis 804.
Object 802 rotates in a horizontal plane. When motors 818 and 820 are activated,
object 802 rotates around horizontal axis 806.

[0084] Apparatus 800 can be immersed into a coating fluid to coat object 802. The apparatus
can then be withdrawn and rotated around axis 804 and/or 806 to uniformly distribute the
coating fluid on the surfaces of object 802. After further treatment, a uniform thin film is

formed on object 802 to form a composite.
Coating Apparatus with Three Axes of Rotation

[0093] Figure 9 depicts a first gimbal 302, which is connected to drive shaft 304, which, in
turn, is connected to an electric motor (not shown). A second gimbal 906 is rotatably
attached to the first gimbal 902 via shafts 908 and 910. Shafts 908 and 910 are attached,
respectively, to motors 912 and 914. A third gimba! 916 is rotatably attached to second
gimbal 906 via shafts 918 and 920. Shaft 918 is attached to motor 922, while shaft 920 is
connected to motor 924. Two opposed object holders 924 are attached to third gimbal 316.
Object 926 is engaged and held by object hoiders 324.

[0086] Gimbals 906 and 916 are depicted in a locked position. When drive shaft 904 is
rotated around vertical axis 928, object 926 rotates in a horizontal plane around axis 928.
When motors 912 and 914 are activated, object 926 rotates around axis 930. in addition,

gimbal 906 rotates out of the plane of figure 5. As it rotates out of the plane, rotational
14
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axis 932 (which is shown to be coextensive with rotational axis 928) also rotates out of the
plane to provide a third axis of rotation for object 926.

[0097] As with the coating apparatus having two axes of rotation, coating apparatus 900 can
be immersed in a coating fluid, withdrawn and rotated about one or more of axes 930, 928,
and 932 to produce a uniform thin film on object 926.The gimbals in Figures 8 and 9 are
circular. However, the gimbals can be square, rectangular, octagonal, curved or any other
configuration that permits rotation around or about two or three axes. Gimbals may also be

open structures and have only one rtatational point od attachment to each other.

[0098] Figure 10 depicts a first semi-circular gimbal 1002, which is connected to drive
shaft 1004, which, in turn, is connected to an electric motor {not shown). A second semi-
circular gimbal 1006 is rotatably attached to the first semi-circular gimbal 1002 via
shafts 1008 and 1010. Shafts 1008 and 1010 are attached, respectively, to motors 1012
and 1014. A third semi-circular gimbal 1016 is rotatably attached to second semi-circular
gimbal 1006 via shaft 1020. Shaft 1020 is connected to motor 1024. Two opposed object
holders 1024 are attached to third semi-circular gimbal 1016. Object 1026 is engaged and
held by object holders 1024.

[0098] Semi-circular gimbals 1006 and 1016 are depicted in a locked position. When drive
shaft 1004 is rotated around vertical axis 1028, object 1026 rotates in a horizontal plane
around axis 1028. When motors 1012 and 1014 are activated, object 1026 rotates around
axis 1030. In addition, semi-circular gimbal 1006 rotates out of the plane of figure 10. As it
rolates out of the plane, rotational axis 1032 (which is shown to be coextensive with
rotational axis 1028) also rotates out of the plane to provide a third axis of rotation for
object 1026.

{00100} As with the coating apparatus having two axes of rotation, coating apparatus 1000 can
be immersed in a coating fluid, withdrawn and rotated about one or more of axes 1030,
1028, and 1032 to produce a uniform thin film on object 1026.

[00101] Figure 11 depicts a quarter-circular first gimbal 1102, which is connected to drive
shaft 1104, which, in turn, is connected to an electric motor (not shown). A quarter-circular
second gimbal 1106 is rotatably attached to the first quarter-circular gimbai 1102 via shaft
1110. Shaft 1110 is attached to motor 1114. A third quarter-circular gimbal 1116 is rotatably
attached to second guarter-circular gimbal 1106 via shaft 1020. Shaft 1020 is connected to
motor 1024. Object holders 1124 is attached to quarter-circular gimbal 1016. Object 1126 is
engaged and held by object holder 1124.

15



WO 2012/162642 PCT/US2012/039652
[00102] This apparatus can be operated in the same manner as described for the apparatus in
figures 9 and 10.

[00103] The rotational speed around any or all of the three axes or the two axes in the previous
embodiment can be in the range of 1-5000 rpm. The lower rotational limit can be 2, 3, 4, 5,
6,7, 8,9, 10, 25, 50, 75, 100, 125, 150, 200, 250, 500, 750, 1,000, 1500 or 2,000 rpm. The
upper rotational limit can be 4500, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 500, 250 or
100 rpm. The rpm range can be any combination of these upper and lower limits. Preferred
ranges are 3-1000 rpm, 3-500 rpm, 4-1000 rpm, 4-500 rpm, 5-1000 rpm, 5-500 rpm, 10-
1000 rpm, 10-500, rpm, 25-1000 rpm, 25-500, rpm 50-1000 rpm, 50-500 rpm, 100-1000 rpm,
100-500 rpm, 150-1000 rpm and 150-500 rpm.

[00104] The number of revolutions for a typical object coating operation can range from range
of 1-5000 revolutions or higher depending on the application. The lower revolution limit can
be2, 3,4,5,6,7, 8,9, 10, 25, 50, 75, 100, 125, 150, 200, 250, 500, 750, 1,000, 1500 or
2,000 revolutions. The upper revolution limit can be 4500, 4000, 3500, 3000, 2500, 2000,
1500, 1000, 500, 250 or 100 revolutions. The revolution range can be any combination of
these upper and lower limits. Preferred ranges are 3-1000 revolutions, 3-500 revolutions, 4-
1000 revolutions, 4-500 revolutions, 5-1000 revolutions, 5-500 revolutions, 10-1000
revolutions, 10-500 revolutions, 25-1000 revolutions, 25-500 revolutions, 50-1000
revolutions, 50-500 revolutions, 100-1000 revolutions, 100-500 revolutions, 150-1000
revolutions and 150-500 revolutions.

Additional Embodiments

[00105] Figure 12 depicts a coating apparatus 2. Frame 4 supports a tank 6 which contains a
coating fluid when the apparatus is in use. Rails 8 and 10 of frame 4 support actuator
assembly 12 which comprises vertical track member 14, step motor 16 and horizontal
support member 18. Step motor 16 is capable of translating horizontal member 18 along
vertical track member 14 to raise and lower member 18.

[00106] Figure 13 is an enlargement of Figure 12. Attached to the distal end of member 18 is
spindle drive assembly 20 which comprises spin motor 22 which is attached to spindle 24.
The spindle is attached to first gimbal 26. When spin motor 22 is activated it rotates spindle
24, first gimbal 26 and object 28 around the vertical axis.

[00107] Figure 14 A is a front view of spindle drive assembly 20, spin motor 22, spindle 24, first
gimbal 26 and object 28. Figure 14 B is a perspective view of first gimbal 26, and a second
gimbal (defined by rotatable attachment points 46 and 48) and object 28. The first gimbal 26
comprises two arms 30 and 32 which are connected by paralle! cross members 34 and 36.
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A motor 38 is positioned between cross members 34 and 36. The drive shaft of motor 38
(not shown) passes through arm 30 and is attached to circular drive 40. A second circular
drive 42 is rotatably attached to the distal end of arm 30. The circular drives are connected
the second gimbal via rod 44 which is rotatably attached near the edge of each circular
drives. Rotatable attachment points 46 and 48 are located on the interior of the distal arms
30 and 32. Rotatable attachment point 46 is connected to circular drive 42. Attachment
points 46 and 48 are designed to reversibly engage object 28. When motor 28 is engaged,
circular drive 40 rotates. Circular drive 42 likewise rotates and with it attachment points 46
and 48 and object 28. The rotation is around horizontal axis 50.

[00108] Accordingly, the coater apparatus is designed to spin the object around the vertical
axis 52 and rotate the object around the horizontal axis 50 either separately or at the same
time. Such spinning and rotating can be further modulated by translation of the object in the
vertical direction to either immerse or withdraw all or part of the object from the coating fluid.

[00109] At least those portions of the part holder that will be immersed in the coating fluid are
preferably covered with an inert substance such as Teflon™ to prevent contamination of the
coating fluid.

[00110] There are other ways to rotate object 28 around the horizontal axis 50. For example a
motor or motors can replace circular drives 40 and 42 and directly engage one or both of
attachment point 46 and 48. In such an embodiment, the motor should be sealed and
coated (e.g. with Teflon™) so that it can be immersed in the coating fluid without

contaminating the coating fluid.

[00111] Figure 15 is a perspective view of an embodiment where an object can be rotated
completely around first horizontal axis 1502 and vertical axis 1504 and have its angle of
rotation around axis vertical axis 1505 altered. Gimbal chuck 1506 is rotatable around axis
1504 and engages the object to be coated (not shown). The motor driving gimbal chuck
1506 is attached to the bottom of plate 1532 and is not shown. Gimbal 1508 is attached to
plate 1510 and rotates around axis 1502. Plate 1510 has four holes 1512, 1514, 1516 and
1518 through which push-pull rods 1522, 1524, 1526 and 1528 pass. These push-pull rods
are connected to ball joints 1530 on movable plate 1532. Movable plate 1532 is attached to
plate 1510 via shaft 1534 and ball joint 1536. The angle of the plane of movable plate 1532
relative to the horizontal plane can be changed by translating two opposing or two adjacent
push-pull rods. For example, if push-pull rod 1522 is pushed down and push-pull rod 1526 is
pulled up, plate 532 and gimbal chuck 1506 will rotate about axis 1538 thereby changing the
angle of the gimbal chuck 1506 and object to vertical axis1504.

Centrifugal Force
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[00112] The surface forces experienced by an object rotating around two and/or three axes is
the vectoral combination of the centrifugal forces generated by rotation of the object around
two and/or three axis with the gravitational force.

[00113] The force equations can be written as:
F effective (total) = F gravity (2) + F centripetat (1. theta, psi); or

F apparent (total) = F gravity (2) + F centrifugal (7, theta, psi)

where r is the radius, theta is the angle of rotation and psi is the angle of from the axis of
rotation.

The centrifugal acceleration along the radial direction is given by

“Lof
V2
e

[00114] The gravitational acceleration in the verticai axis, z, is given by F=mg, where m is the
mass of the coating fluid element and g is the gravitational constant.

[00115] When a coated object is spun around two or three axes, centrifugal forces are applied
to the coated object which are directed outward from and perpendicular to each axis of
rotation. These force vectors combine to apply a single centrifugal force to the coating fluid
which can be changed by changing the speed and direction of rotation around each axis or
the angle of the object about one or more axes. The combination of the gravitational force in
the vertical direction and the centrifugal force produces an apparent force The effect of this
force can be the moving of coating fluid over, for example, a complex surface so as to
produce a uniform thin film of coating solution.

[00116] The apparent force Fa is opposed by effective force Fe which is the sum of the
gravitational force and the centripetal force which holds the coating fluid on the surface of
the object. These centripetal forces include Van der Waals forces, electrostatic interaction
and covalent bonding between the surface and the coating fluid as well as physical
obstructions on the surface of the object. At steady state, Fa = Fe.

[00117] The thickness of the coating solution can be controlled by the speed of rotation, the
axis of rotation, the time progression of said axis, as well as the specific orientation from the
vertical.
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Coating Fluids/Solutions

[00118] The coating fluid can be any coating fluid used to apply thin films. Such fluids include

organic polymers, ocrganic monomers and sol-gel precursors.

[00119] Preferred sol-gel precursor solutions are disclosed in US Patent Application No.
61/438,862 filed February 2, 2011 and US Patent Application No. 13/365,066 filed February
2, 2012 entitled Solution Derived Nanocomposite Precursor Solutions and Methods for
Making Thin Films, each of which are expressly incorporated herein by reference. These
precursor solutions are sometimes referred to as SDN precursor solutions. In preferred
embodiments, the vessel of the coater apparatus contains such SDN precursor solutions
and the method is carried out using SDN precursor solutions as the coating fluid.

[060120] Briefly, SDN precursor solutions contain (1) one or more, preferably two or mare, sol-
gel metal precursors and/or sol-gel metalloid precursors, (2) a polar protic solvent and (3) a
polar aprotic solvent. The amount of each component is such that the SDN precursor
solution forms a gel after a shear force is applied to the precursor solution or a thin layer of
precursor solution. In a preferred embodiment, the amount of polar aprotic solvent is about
1-25 vol% of the precursor solution.

[060121] The metal in the sol-gel metal precursors can be one or more of the transition metals,
the lanthanides, the actinides, the alkaline earth metals and Group {1A through Group VA

metals or combinations thereof with another metal or metalloid.

[00122] The metalloid in the sol-gel metalloid precursors can be one or more of boron, silicon,
germanium, arsenic, antimony, tellurium, bismuth and polonium or combinations thereof

with another metalloid or metal.

[00123] The sol-gel meta!l precursors can be metallic compounds selected from organometallic
compounds, metallic organic salts and metallic inorganic salts. The sol-gel metalloid
precursors can be metalloid compounds selected from organo-metalloid compounds,
metalloid organic salts and metalloid inorganic salts. When more than one metal or
metalloid is used it is preferred that one be an organic compound such as an alkoxide and
the other an organic or inorganic salt.

[00124] The polar protic solvent used in the precursor solution is preferably an organic acid or
alcohol, more preferably a lower alkyl alcohol such as methanol and ethanol. Water may
also be present in the solution.
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[00125] The polar aprotic solvent can be a halogenated alkane, alkyl ether, alkyl ester, ketone,
aldehyde, alkyl amide, alkyl amine, alkyl nitrile or alkyl sulfoxide. Preferred polar aprotic

solvents include methyl amine, ethyl amine and dimethyl formamide.

[60126] in one embadiment, the metal and/or metalloid precursor is dissolved in the polar protic
solvent. The polar aprotic solvent is then added while the solution is stirred under conditions
that avoid non-laminar flow. Acid or base, which is used as a catalyst for polymerization of
the metal and/or metalloid precursors, can be added before or after the addition of the polar
aprotic solvent. Preferably, the acid or base is added drop wise in a one step process while
stirring.

[00127] If too much polar aprotic solvent is added gelation can occur. Accordingly, the amount
of polar aprotic solvent can be determined empirically for each application. The amount of
polar aprotic solvent needs to be below the amount that causes gelation during mixing but
be sufficient to cause gelation of the precursor solution after a shear force is applied to the
precursor solution, e.g. during withdrawal for the solution or when a shear force is applied to
a thin film of the precursor solution that has been deposited on the surface of a substrate,
e.g. by application of centrifugal force to the thin film solution using the coating apparatus

disclosed herein.

[00128] The SDN precursor solutions are typically Non-Newtonian dilatant solutions. As used
herein, “dilatant” refers to a solution where the dynamic viscosity increases in a non linear
manner as shear force is increased.

[00129] As used herein, the term “gelled thin film”, “thin film gel”, “sol-gel thin film” or
grammatical equivalents means a thin film where the metal and/metalloid sol-gel precursors
in a precursor solution form polymers which are sufficiently large and/or cross linked to form
a gel. Such gels typically contain most or all of the original mixed solution and have a
thickness of about 1 nm to about 10,000 nm, more preferably about 1 nm to about 50,000
nm, more preferably about 1 nm to about 5,000 nm and typically about 1 nm to about 500
nm.

[00130] Gelled thin films and the precursor solutions used to make them can also contain
polymerizable moieties such as organic monomers, and cross-linkable oligomers or
polymers. Examples include the base catalyzed reaction between melamine or resorcinol

and formaldehyde followed by acidization and thermal treatment.

[00131] In some cases one or more of the metal and/or metalloid precursors can contain cross-
linkable monomers that are covalently attached to the metal or metalloid typically via an

organic linker. Examples include diorganodichlorosilanes which react with sodium or
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sodium-potassium alloys in organic solvents to yield a mixture of linear and cyclic

organosilanes.

[60132] When cross-linkable moieties are used, it is preferred that the precursor solution aiso
contain a polymerization initiator. Examples of photo-inducible initiators include titanocenes,
benzophenones/amines, thioxanthones/amines, bezoinethers, acylphosphine oxides,
benzilketals, acetophenones, and alkylphenones. Heat inducible initiators which are well
known to those in the art can also be used.

[80133] As used herein, the term “thin film”, “sol-gel thin film" or grammatical equivalents
means the thin film obtained after most or all of the solvent from a gelled thin film is
removed. The solvent can be removed by simple evaporation at ambient temperature,
evaporation by exposure to increased temperature of the application of UV, visible or IR
radiation. Such conditions also favor continued polymerization of any unreacted or partially
reacted metal and/or metalloid precursors. Preferably, 100 vol% of the solvent is removed
although in some cases as much as 30 vol% can be retained in the thin gel. Single coat
thin films typically have a thickness of between about 1 nm and about 10,000 nm, between
about 1 nm and 1,000 nm and about 1 nm and 100 nm. When more than one coat of
precursor composition is applied to form a thin film, the first layer can be allowed to gel and
then converted to a thin film. A second coat of the same or a different precursor solution can
then be applied and allowed to gel followed by its conversion to a thin film. In an alternate
embodiment, the second coat of precursor composition can be applied to the gelled first
layer. Thereafter the first and second gelled layers are converted to first and second thin
films. Additional layers can be added in a manner similar to the above described

approaches.

[00134] When one or more polymerization moieties are present, it is preferred that the thin file
gel be exposed to an appropriate initiating condition to promote polymerization of the
polymerizable moieties. For example, UV radiation can be used with the above identified

photo-inducible initiators.

{00135] As used herein, a “hybrid thin film gel” or grammatical equivalents refers to a thin film

gel that contains a polymerizable organic component.

[00136] As used herein, a “hybrid thin film” or grammatical equivalents refers to a thin film that

contains an organic component that has been polymerized or partially polymerized.

[00137] The metal in said one or more sol-gel metal precursors is selected from the group

consisting of transition metals, lanthanides, actinides, alkaline earth metals, and Group {lIA

21



WO 2012/162642 PCT/US2012/039652
through Group VA metals. Particularly preferred metais include Al, Ti, Mo, Sn, Mn, Ni, Cr,
Fe, Cu, Zn, Ga, Zr, Y, Cd, Li, Sm, Er, Hf, In, Ce, Ca and Mg.

[00138] The metalloid in said one or more sol-gel metalloid precursors is selected from boron,
silicon, germanium, arsenic, antimony, tellurium, bismuth and polonium. Particularly
preferred metalloids include B, Si, Ge, Sh, Te and Bi.

[00138] The sol-gel metal precursors are metal-containing compounds selected from the group
consisting of organometallic compounds, metallic organic salts and metallic inorganic salls.
The organometallic compound can be a metal alkoxide such as a methoxide, an ethoxide, a

propoxide, a butoxide or a phenoxide.
[00140] The metallic organic salts can be, for example, formates, acetates or propionates.

[00141] The metallic inorganic salts can be halide salts, hydroxide salts, nitrate salts,
phosphate salts and sulfate salts.

[00142] Metalloids can be similarly formulated.
Solvents

[00143] Solvents can be broadly classified into two categories: pofar and non-poiar. Generally,
the dielectric constant of the solvent provides a rough measure of a solvent's polarity. The
strong polarity of water is indicated, at 20° C, by a dielectric constant of 80. Solvents with a
dielectric constant of less than 15 are generally considered to be nonpolar. Technically, the
dielectric constant measures the solvent's ability to reduce the field strength of the electric
field surrounding a charged particle immersed in it. This reduction is then compared to the
field strength of the charged particle in a vacuum. The dielectric constant of a soivent or
mixed solvent as disclosed herein can be thought of as its ability to reduce the solute's
internal charge. This is the theoretical basis for the reduction in activation energy discussed
above.

[00144] Solvents with a dielectric constant greater than 15 can be further divided into protic and
aprotic. Protic solvents solvate anions strongly via hydrogen bonding. Water is a protic
solvent. Aprotic solvents such as acetone or dichloromethane tend to have large dipole
moments (separation of partial positive and partial negative charges within the same

molecule) and solvate positively charged species via their negative dipole.
Polar Protic Solvents

[00145] Examples of the dielectric constant and dipole moment for some polar protic solvents
are presented in Table 1.
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: Solvent . Chemical . Boiling | Dielectric
formula point  constant

Density | moment

|  CHy-CHp-CHp- 10,810
I  CH,-OH g/mi

' Isopropanol (IPA) 182°C 18 1166 D
(CH, gmt

Ethanol CHyzCH;OH  79°C 30 - 169D

Acetic acid CHeC(=0)OH 118°C 6. 174D

[00146] Preferred polar protic solvents have a dielectric constant between about 20 and 40.

Preferred polar protic solvents have a dipole moment between about 1 and 3.
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[00147] Polar protic solvents are generally selected from the group consisting of organic acids
and organic alcohols. When an organic acid is used as a polar protic solvent, it is preferred

that it be formic acid, acetic acid, propionic acid or butyric acid, most preferably acetic and/or

propionic acids.

[00148] When an organic alcohol is used as a polar protic solvent it is preferred that it be a
lower alkyl alcohol such as methyl alcohol, ethyl alcohol, propy! alcohol or butyl alcohol.
Methanol and ethanol are preferred.

Polar Aprotic Solvents

{060149] Examples of the dielectric constant and dipole moment for some polar aprotic solvents

are set forth in Table 2.

Table 2

PCT/US2012/039652

Polar aprotic Solvents

g/ml

{ Solvent Chemical Boiling | Dielectric | Density | Dipole
' formula point constant moment
Dichioromethane | CHoCl 40°C 91 1.3266 | 160D
(DCM) g/mi
“Tetrahydrofuran -CHrCH-O- 1 66°C 1756 0.888 175D
(THF) CHu-CHy-\ g/m
Ethyl acetate CHs-C(=0)-0- [77°C 6.02 0.894 1.78D
CH,-CH; g/ml
Acetone T CH CEOCH, T88E 31 0.786 | 288D
g/mi
Dimethylformamide | H- 153°C | 38 1 0.944 382D
(DMF) C(=0)N(CHy), g/mi
Acetonitrile (MeCN) | CH5-C=N 82°C {375 0.786 392D
g/mi
Dimethyi sulfoxide | CH3-S(=O%-CH, | 189° C | 46.7 11.092° 396D
(DMSO)
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[00150] Preferred polar aprotic solvents have a dielectric constant between about 5 and 50.

Preferred polar aprotic solvents have a dipole moment between about 2 and 4.

[60151] The polar aprotic solvent can be selected from the group consisting of asymmetrical
halogenated alkanes, alkyl ether, alkyl esters, ketones, aldehydes, alkyl amides, alkyl
amines, alky! nitriles and alkyl sulfoxides.

[00152] Asymmetrical halogenated alkanes can be selected from the group consisting of
dichloromethane, 1,2-dichloroethane, 7, 2-~dichloropropane, 1,3-dichloropropane, 2,2-
dichloropropane, dibromomethane, diiodomethane, bromoethane and the like.

[00153] Alkyl ether polar aprotic solvents include tetrahydrofuran, methyl cyanide and
acetonitrile.

[00154] Ketone polar aprotic solvents include acetone, methyl isobutyl ketone, ethyl methyl
ketone, and the like.

[00155] Alkyl amide polar aprotic solvents include dimethyl formamide, dimethy!
phenylpropionamide, dimethyl chlorobenzamide and dimethy! bromobenzamide and the like.

[00156] Alkyl amine polar aprotic solvents include diethylenetriamine, ethylenediamine,
hexamethylenetetramine, dimethylethylenediamine, hexamethylenediamine, tris(2-
aminoethyl)amine, ethanolamine, propanclamine, ethyl amine, methyl amine, and (1-2-
aminoethyl)piperazine.

[00157] A preferred alkyl nitrile aprotic solvent is acetonitrile.

[00158] A preferred alkyl sulfoxide polar aprotic solvent is dimethyl sulfoxide. Others include
diethyl sulfoxide and butyl sulfoxide.

[00159] Another preferred aprotic polar solvent is hexamethylphosphoramide.
SDN Precursor Solutions

[00160] The total amount of metal and/or metalloid precursors in the precursor solution is
generally about 5 vol% to 40 vol% when the precursors are a liguid. However, the amount
may be from about 5 vol% to about 25 vol% and preferably from about 5 vol% to 15 vol%.

[00161] The polar protic solvent makes up most of the mixed solvent in the precursor solution.
it is present as measured for the entire volume of the precursor solution at from about 50
vol% to about 90 vol%, more preferably about 50 to about 80 vol% and most preferably
about 50-70 vol%.
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[00162] The polar aprotic solvent in the precursor solution is about 1-25 vol % of the solution,
more preferably about 1-15 vol% and most preferably about 1-5 vol%.

Coating Methods

[00163] The coating methods comprise immersing all or part of an object intc a coating fluid
along a first veriical axis, withdrawing the object from the coating fluid and rotating the object
around first and second axes. The rotating around the first and second axes produces
centrifugal forces on the surface of the object which in combination with the gravitational
force form a uniform film of the coating solution over all or part of the coated surface. In
some cases, the rotating around the first axis and the second axis occurs at the same time.
In other cases, the rotating around the first axis and the second axes occurs at different

times.

[00164] When the object is immersed in a vessel containing the coating solution, it can be
rotated around the vertical axis. When this is the case, the rotational speed can be in the
range of 1 to 500 rpm. It can also be rotated about or arcund second and/or third axes at the

same or different speeds.

[00165] After being withdrawn, the rotational speed can be in the range of 1-5000 rpm around
any or all of the three axes. The lower rotational limit can be 2, 3, 4, 5, 6, 7, 8, 9, 10, 25, 50,
75, 100, 125, 150, 200, 250, 500, 750, 1,000, 1500 or 2,000 rpm. The upper rotational limit
can be 4500, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 500, 250 or 100 rpm. The rpm
range can be any combination of these upper and lower limits. Preferred ranges are 3-1000
rpm, 3-500 rpm, 4-1000 rpm, 4-500 rpm, 5-1000 rpm, 5-500 rpm, 10-1000 rpm, 10-500, rpm,
25-1000 rpm, 25-500, rpm 50-1000 rpm, 50-500 rpm, 100-1000 rpm, 100-500 rpm, 150-1000
rpm and 150-500 rpm.

[00166] The number of revolutions for a typical object coating operation can range from range
of 1-5000 revolutions or higher depending on the application. The lower revolution limit can
be2,3,4,5,6,7, 8,9, 10, 25, 50, 75, 100, 125, 150, 200, 250, 500, 750, 1,000, 1500 or
2,000 revolutions. The upper revolution limit can be 4500, 4000, 3500, 3000, 2500, 2000,
1500, 1000, 500, 250 or 100 revolutions. The revolution range can be any combination of
these upper and lower limits. Preferred ranges are 3-1000 revolutions, 3-500 revolutions, 4-
1000 revolutions, 4-500 revolutions, 5-1000 revolutions, 5-500 revolutions, 10-1000
revolutions, 10-500 revolutions, 25-1000 revoiutions, 25-500 revolutions, 50-1000
revolutions, 50-500 revolutions, 100-1000 revolutions, 100-500 revolutions, 150-1000
revolutions and 150-500 revolutions.
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[00167] The object is preferably withdrawn from the coating fluid at a rate in the range of 1 to

500 mm/min.

[00168] In the preferred embodiments, the coating apparatus and method are preferably
controlled by an algorithm and computer that controls vertical translation of the object,

rotational speed around or about two or more rotational axes.
Coating Systems and Processes

[060188] [n a preferred embodiment, the system for coating an object comprises four
components: (1) a pre-treatment unit; (2) a first processing unit; (3) a first post-treatment unit
and (4) one or more coating apparatus each configured to engage an object and rotate it
around or about two or more axes as set forth above. Figure 17 is a top view of an
exemplary system 1700. The system is enclosed by external walls 1702. Contained with
these walls is pretreatment unit 1704, processing unit 1706 and prost treatment unit 1708.
The system is configured so that coating apparatus 1710 can be transported between the
pre-treatment unit 1704 and the first processing unit 1706 and between the first processing
unit 1706 and the first post-treatment unit 1708. The system or one or more of units 1704,
1706 and/or 1708 are preferably enclosed so that the temperature and atmosphere within

the system or units can be controlled.

[00170] A track system is positioned above the various units and includes a track 1712 and
appropriate drive and control mechanisms (not shown) to transport the coating apparatus
1710 as it traverses the track and to stop the coating apparatus at appropriate positions in

the treatment and processing units.

{00171} In some embodiments, the system includes first transfer units 1714, 1716 and 1718
between the pre-treatment unit 1704 and the first processing unit 1706 and between the first
processing unit 1706 and the post-treatment unit 1708. The track system is adapted in this
situation, so that the transport of the coating apparatus between the pre-treatment unit 1704

and first post-treatment unit 1708 is not interrupted.

[00172] The system preferably has an entry port 1720 which is before or upstream from the
pre-treatment unit 1704 so that an object to be coated can be attached to the coating
apparatus 1710. More preferably, the object is attached to a coating apparatus which is
external to the enclosed portion of the system. In the latter situation, the track system
preferably extends outward from the enclosed system and supporis the coating apparatus.
Thereafter, the coating apparatus can be transported via the track system through the entry
port and into the pre-treatment and other units as necessary. After the object is coated and
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treated, the system can reverse the movement of the coating apparatus so that the object
can be removed at the entry port 1720.

[00173] The system can also include an exit port 1722 after the post-treatment unit 1708. Such
a configuration allows for continuous operation of the system in which coating a first coating
apparatus 1710 can enter the system at the pre-treatment unit 1704, move {o the processing
unit 1706 to be coated, move to the post-treatment unit 1708 for irradiation and exit via the
exit port 1722. A second coating apparatus can enter the system at the pretreatment unit
1704 as the first coating apparatus 1710 exits it. This allows for muitiple coating apparatus to
be present in the system thereby increasing the operational efficiency of the system.

[00%74] In a preferred embodiment, the pretreatment unit 1704 contains a plasma head 1724.
The plasma head can produce, for example, an atmospheric plasma or oxygen plasma
which contacts the surface of the object to be coated. In this embodiment, the plasma head
can be stationary and the object is rotated around or about two or more axes. In a preferred
embodiment, a plasma head with six axes of rotation is used. In this embodiment the six axis
plasma head is capable of exposing all or part of the surface of the object. The combination
of object rotation around or about two or more axes by the coating apparatus and the use of
a multi-axis plasma head can alsc be used.

[00175] The pre-treatment of the object’s surface, e.g. by plasma treatment, activates the
surface which in turn increases the number of covalent bonds formed between the object's
surface and a first thin film. Pre-treatment results in a first thin film that adheres more
strongly to the surface than if pre-treatment is not performed. Pre-treatment of the first thin
film surface can also be used to increase the adherence of a second thin film to the surface
of the first thin film. In this embodiment, the coating apparatus is transported to the pre-
treatment unit or to a second pre-treatment unit for pre-treatment and then coated with the
same or different coating fluid.

[00176] In other embodiments, the pre-treatment unit can contain one or more vessels which
contain an activation solution such as a solution of acid or base. In these embodiments all or
part of the surface of the object to be coated is immersed in the activation solution with or
without rotation around or about two or more axes.

[00177] The processing unit 1708 contains at least a first coating vessel {not shown) which is
designed to hold a coating fluid. The coating vessel is configured to translate vertically
upward and downward when one of the coating apparatus is over the first vessel.
Alternatively, the coating apparatus can be configured to translate vertically downward and
upward when the coating apparatus is over the vessel. Additional coating vessels can be
contained in the processing unit 1706. For example, two or more vessels can be configured

28



WO 2012/162642 PCT/US2012/039652

on a processing carousel or processing track system to position different vessels beneath
the coating apparatus 1710. The coating vessel may also be more complex than a simple
“bucket” type container. It may have an inner region of exclusion, and hence appear as

more of a “doughnut” type of container.

[00178] The system typically has a first fluid storage vessel 1728 in fluid communication with
the first coating vessel. This first storage vessel contains coating fluid which is pumped into
the first vessel to replace coating fluid lost from the first vessel due to the coaling process. A
second fluid storage vessel 1730 in fluid communication with the first coating vessel can also
be used to hold the same or a different coating fluid to facilitate continuous operation of the
system or to change to a different coating fluid. A third fluid storage vessel 1732 in fluid
communication with the first coating vessel may be present to store a rinse solution which is
used to clean the vessel during maintenance.

[00179] In some embodiments, a recirculation loop (not shown} is present between the vessel
and one or more of storage vessels 1728, 1730 and/or 1732. The recirculation loop has a
subunit which is designed to reverse any gelation that may occur in the coating solution such
as may occur when SDN sol-gel precursor solutions are used. The recirculation loop subunit
can comprise one or more ultrasonic transducers configured to impart ultrasonic energy into
the subunit. The ultrasonic energy reverses the gelation. Alternatively, or in addition to the
ultrasonic subunit, one or more ultrasonic transducers can be configured to impart ultrasonic
energy into the first vessel, the first fluid storage vessel 1728, the second fluid storage
vessel 1730 or the means of fluid communication between the first coating vessel and the
storage vessels. A recirculation loop containing ultrasonic transducers for use in a roll coater
is disclosed in US Patent Publication 2001/0244136 (Serial No. 13/078,607) and can be

readily adapted for use in the coating system disclosed herein.

[60180] The post treatment unit 1708 can be any know treatment unit such as an oven or a
chamber in which reactive gases can be introduced. In the preferred embodiments, the post
treatment unit comprises at least one irradiation subunit preferably chosen from UV
irradiation subunit 1734, visible irradiation subunit 1736 or IR irradiation subunit 1738. In
preferred embodiments, at two of UV irradiation subunit 1734, visible irradiation subunit 1736
or IR irradiation subunit 1738 are used and most preferably all three irradiation subunits. At
least one of the wavelength, intensity and duration of illumination can be varied in at least
one of the irradiation subunits, preferably two of the irradiation units and most preferably ali

three irradiation units..

[00181] The coating apparatus used in the system is the coating apparatus described aabove.
it comprises a first gimbal connected to a first mechanism to rotate the first gimbal about a

first axis; a second gimbal connected {o the first gimbal to allow rotation about a second axis;
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a second mechanism connected to the second gimbal to rotate the second gimbal about the
second axis; and an object holder connected to the second gimbal. When so configured the
object holder and the object in the object holder is rotatable around or about the first and

second axes.

{00182} In another embodiment, the coating apparatus comprisesa first gimbal connected to a
first mechanism to rotate the first gimbal about a first axis; a second gimbal connected to
the first gimbal to allow rotation about a second axis; a third gimbal connected to the second
gimbal to allow rotation about a third axis; a second mechanism connected to the second
gimbal to rotate the second gimbal about the second axis; a third mechanism connected to
the third gimbal to rotate the third gimbal around or about the third axis; and an object
holder connected to the third gimbal. This configuration provides for rotation of the holder
and the object around or about the first, second and third axes

[60183] The system can also include a second processing unit and a second post-treatment
unit in an independent possessing module 1840 as shown in figure 18. Components of the
embodiment shown in figure 17 and 18 that are the same are designated with numbers
where the last two digits are the same. The system in figure 17 can be considered to be a
first processing module. The second processing unit 1842 is configured to receive the
coating apparatus from the first post-treatment unit 1808 and the second post-treatment unit
1844 is configured to receive the coating apparatus 1810 from the second processing unit
1842. In this embodiment tracks 1846 and 1848 are added to the system to connect the
processing module 1840 to the first processing module of figure 17 to form a transport circuit
for the coating apparatus 1810 between the first processing section 1800 and the second
processing module 1840. These tracks are preferable contained with closed passages (not
shown) to prevent contamination and to control temperature and the composition of the

atmosphere in the system as needed.

[00184] The coating apparatus 1810 can be transported from the pretreatment unit 1804 to the
second post-treatment unit 1844 and from the second post-treatment unit 1844 to the
pretreatment unit 1804 (not shown), the transfer unit 1814 or directly to the first processing
unit 1816 (not shown). The system can have an exit port 1850 after the second post
treatment unit 1844.

[00185] The embodiment in Figure 18 is a dual process configuration where an object can be
coated in processing unit 1806 of the first processing module followed by post treatment in
unit 1808 in the second processing module 184Q. Thereafter it can be transported to
processing module 1840 for post treatment in units 1842 and 1844. The object can then be
transported back to the first processing unit 1806 or the second processing unit 1842 in the

first processing module for additional coating.
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[80186] Additional processing modules can be incorporated into the coating system to increase
the flexibility of the system such as to provide different coating solutions or to increase the
capacity of the system to use additional coating apparatus. The system in figure 18 shows
module 1840 in a parallel arrangement with the first module. These modules however can be

configured linearly or in any other configuration.

{00187] Figure 19 is a top view of a dual process coating system where the processing
modules of figure 18 are contained within a single enclosure.

[00188] The process for coating an object comprises pre-treating one or more surfaces of an
object, immersing all or part of the object into a coating fluid along a first vertical axis,
optionally rotating the object around or about the first vertical axis while immersed in the
coating fluid, optionally rotating the object around cr about a second axis while immersed in
the coating fluid, withdrawing the object from the coating fluid to form a coated object,
rotating the coated object around or about the vertical axis after the withdrawing, rotating the
coated object around or about said second axis after said withdrawing, and post-treating the

coated object.

[00188] In some embodiments, after withdrawal from the coating fluid, the coated object is
rotated around or about the vertical axis and rotation around or about the second axis occurs
at the same time. Alternatively, the rotation around or about the vertical axis and rotation

around or about the second axis occur at different times.

[06190] in another embaodiment, the coated object is rotated around or about first, second

and/or a third axis at the same or different times.

[00191] The process can include pre-treating the object by exposing all or part of the surface of

said object to an activating solution or a plasma.

[00192] The process can also include post-treating the coated object by exposing all or part of
the surface of the coated object to at least one of UV radiation, visible radiation and IR
radiation. In these embodiments, at least one of the wavelength, intensity and duration of
the exposure can be varied.

[006183] In some process embodiments, the coating fluid is a solution derived nanocomposite
(SDN) sol-gel precursor solution.

[00184] All references are expressly incorporated herein.
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Throughout this specification and the claims which follow, unless the context requires
otherwise, the word "comprise", and variations such as "comprises" and "comprising", will
be understood to imply the inclusion of a stated integer or step or group of integers or steps

but not the exclusion of any other integer or step or group of integers or steps.

The reference in this specification to any prior publication (or information derived from it),
or to any matter which is known, is not, and should not be taken as an acknowledgment or
admission or any form of suggestion that that prior publication (or information derived
from it) or known matter forms part of the common general knowledge in the field of

endeavour to which this specification relates.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

A coating apparatus comprising:
a first gimbal,
a second gimbal; and
two opposing object holders;

wherein the first gimbal is attached to a first shaft connected to a first
motor,

wherein the second gimbal is rotatably attached within the first gimbal
using a second shaft and a third shaft,

wherein the second shaft is connected to a second motor,

wherein the third shaft is connected to a third motor,

wherein the two opposing object holders are attached to the second gimbal,
and

wherein the two opposing object holders are configured to engage and hold
an object,

wherein the first shaft is configured to translate vertically downward when
the object is over at least one coating vessel to immerse the object into a coating
solution contained in the at least one coating vessel,

wherein the first shaft is configured to translate vertically upward to
withdraw the object out of the coating solution contained in the at least one coating
vessel, and

wherein after withdrawal of the object from the coating solution, the first
motor, the second motor, and the third motor are configured to rotate the object
around or about two or more axes for distribution of the coating solution on a
complex surface of the object using a multidirectional centrifugal force created by
rotation of the object around or about the two or more axes simultaneously,

wherein a first axis of the two or more axes is defined by the first shaft
attached to the first gimbal,

wherein a second axis of the two or more axes is defined by the second and

third shafts attached to the second gimbal within the first gimbal.
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The coating apparatus of claim 1, further comprising:
a third gimbal,

wherein the two opposing object holders are attached to the second
gimbal by the third gimbal,

wherein the third gimbal is rotatably attached within the second gimbal
using a fourth shaft and a fifth shaft,

wherein the fourth shaft is connected to a fourth motor,

wherein the fifth shaft is connected to a fifth motor,

wherein after withdrawal of the object from the coating solution, the first
motor, the second motor, the third motor, the fourth motor, and the fifth motor are
configured to rotate the object around or about the two or more axes for distribution
of the coating solution on the complex surface of the object using the
multidirectional centrifugal force created by rotation of the object around or about
the two or more axes simultaneously, and

wherein a third axis of the two or more axes is defined by the fourth and

fifth shafts attached to the third gimbal within the second gimbal.

The coating apparatus of claim 1, wherein at least a first portion of the first shaft is

immerseable into the coating solution; and

wherein at least a second portion of the two opposing object holders is immerseable

into the coating solution.

4.

The coating apparatus of claim 3, wherein each of at least the first portion of the

first shaft and at least the second portion of the two opposing object holders is covered

with an inert material.

5.

The coating apparatus of claim 1, wherein the first gimbal has a shape selected

from the group consisting of circular, semi-circular, quarter-circular, square, rectangular,

and octagonal.
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6. The coating apparatus of claim 1, wherein the first motor, the second motor, and
the third motor are configured to rotate the object around or about each of the two or more

axes at a rotation speed of between about 150-500 RPM.

7. The coating apparatus of claim 1, wherein a thickness and uniformity of the
coating solution is controlled by a speed of rotation of the object around or about each of

the two or more axes and a time progression of each of the two or more axes.

8. The coating apparatus of claim 1, wherein the coating apparatus is configured to
engage the object and rotate the object around or about the two or more axes while being

pretreated using a plasma head.

9. The coating apparatus of claim 1, wherein the first motor, the second motor, and
the third motor are configured to rotate the object around or about the two or more axes
when the object is immersed in the coating solution contained in the at least one coating

vessel.

10.  The coating apparatus of claim 2, wherein the first motor, the second motor, the
third motor, the fourth motor, and the fifth motor are configured to rotate the object around
or about the two or more axes when the object is immersed in the coating solution

contained in the at least one coating vessel.

11.  The coating apparatus of claim 9, wherein at least a first portion of the first shaft is
immerseable into the coating solution;

wherein at least a second portion of the two opposing object holders is immerseable
into the coating solution;

wherein at least a third portion of at least one of the first motor, the second motor,
or the third motor is immerseable into the coating solution; and

wherein an inert material covers each of

at least the first portion of the first shaft,

at least the second portion of the two opposing object holders, and
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at least the third portion of at least one of the first motor, the second

motor, or the third motor.

12. The coating apparatus of claim 11, wherein the inert material is

polytetrafluoroethylene (PTFE).

13.  The coating apparatus of claim 1, wherein the first axis of the two or more axes and

the second axis of the two or more axes intersect at the same point.

14.  The coating apparatus of claim 2, wherein at least two of the first axis, the second

axis, and the third axis of the two or more axes intersect at the same point.

15.  The coating apparatus of claim 14, wherein the first axis, the second axis, and the

third axis of the two or more axes intersect at the same point.

16. The coating apparatus of claim 1, wherein the first motor, the second motor, and
the third motor are configured to rotate the object at least 360° degrees around at least one

of the first axis and the second axis of the two or more axes.

17.  The coating apparatus of claim 1, wherein the first motor, the second motor, and
the third motor are configured to rotate the object at least 360 degrees around the first axis

and the second axis of the two or more axes.

18. The coating apparatus of claim 2, wherein the first motor, the second motor, the
third motor, the fourth motor, and the fifth motor are configured to rotate the object at least
360 degrees around at least three of the first axis, the second axis, and the third axis of the

two or more axes.

19.  The coating apparatus of claim 2, wherein the first motor, the second motor, the

third motor, the fourth motor, and the fifth motor are configured to rotate the object less
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than 360 degrees about at least one of the first axis, the second axis, and the third axis of

the two or more axes.

20.  The coating apparatus of claim 2, wherein the first motor, the second motor, the
third motor, the fourth motor, and the fifth motor are configured to rotate the object around

or about each of the two or more axes at a rotation speed of between about 150-500 RPM.
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Fig. 16
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