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USE OF CMP FOR ALUMINUM MIRROR AND SOLAR CELL FABRICATION
FIELD OF THE INVENTION
[0001] This invention pertains to a method of polishing a surface of a substrate
comprising aluminum.
BACKGROUND OF THE INVENTION

[0002] Metallic mirrors have numerous applications in the field of optics. Typically,
mirror surfaces are formed by applying a metallic coating to a substrate composed of
another metal or of another material such as glass. When subjected to temperature
variations, such as in various space and military applications, differential rates of expansion
and of contraction of the mirror components lead to dimensional instability of the mirror
surface. One solution has been to polish the surface of substrates composed of a single
metal or metal alloy which obviates problems caused by differences in thermal properties
and provides the substrate with the mechanical strength and rigidity of metals. Aluminum is
a preferred metal due to its lightness, low cost, and compatibility with conventional surface
forming processes. The performance of such mirrors in optics applications depends
strongly on the surface needing to be highly uniform to minimize light scattering caused by
surface irregularities.
[0003] Surface roughness parameters relevant to optical performance include not only
average surface roughness (R,) or root mean square surface roughness (Ry), but also
importantly parameters including Rmax and/or R,. Rpmax is the largest peak-to-valley height
in a given sampling region wherein the peak represents a high spot on the surface and the
valley represents the depth of a scratch on the surface. R is an average value for Ryax
measured in several distinct sampling regions. Not only must average surface roughness be
low for good optical performance, but also R;, Ruax Or related parameters must be low to
minimize light scattering.
[0004] Existing methods for mirror fabrication attempt to remedy the drawbacks
resulting from imperfectly formed metal surfaces by electroplating a layer of electroless
nickel onto the mirror substrate and then using optical techniques to polish the second metal
layer to provide surfaces exhibiting reduced light scattering. However, because again such
mirrors consist of different metals, bimetallic stresses at temperatures differing from room
temperature compromise mechanical and optical stability of the mirrors. Further,
fabrication of the second metal layer adds significant complexity and expense to the
manufacturing process.
[0005]  Highly polished aluminum surfaces have additional applications in the field of
solar cell fabrication. Mirror arrays are frequently used to concentrate solar radiation onto
photovoltaic solar cells to improve conversion efficiency. Since diffraction of light by
surface irregularities on the mirror surfaces results in lowered efficiencies in conversion of
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incident solar radiation to electric power, improved methods for economically producing
highly reflective surfaces composed of aluminum can facilitate development of solar cell
technology.

[0006] Two methods are commonly used to polish aluminum surfaces. In the field of
optics, single-point diamond turning has been used for many years to produce aluminum
mitrors useful for reflecting infrared (e.g., long wavelength) light. In single-point diamond
turning, an aluminum substrate is rotated while in contact with a precisely positioned
diamond cutting tool. The diamond cutting tool “peels” a very thin layer of aluminum from
the surface of the substrate to form a surface having a precisely defined geometry.
However, the diamond cutting tool produces microscopic grooves which compromise
optical performance due to light scattering, particularly at shorter wavelengths. Further, ‘
single-point diamond turning is an expensive and highly time-consuming process suitable
only for low volume production of specialized optical components.

[0007] The most commonly used process for polishing aluminum substrates is lapping.
In lapping, a slurry of abrasive particles—typically aluminum oxide or silicon carbide in a
carrier of water or an oil—is used to polish an aluminum surface by moving a polishing
surface known as a lapp relative to the aluminum surface with the abrasive slurry
therebetween, to abrade the surface by mechanical action of the abrasive. However, lapping
generates shavings of aluminum which tend to produce microscratches on the polished
surface, leading to unacceptable surface defectivity for optical applications.

[0008] Chemical-mechanical polishing or planarization (CMP) has long been used in
the electronics industry to polish or planarize the surface of memory or rigid disks.
Typically, memory or rigid disks comprise an aluminum substrate coated with a first layer
of nickel-phosphorus. The nickel-phosphorus layer is frequently planarized by a CMP
process to reduce surface waviness and roughness prior to coating with a magnetic layer,
such as cobalt-phosphorus. The nickel-phosphorus layer has a highly homogeneous
microstructure and a particular chemistry which differs considerably from aluminum and
aluminum alloys, which have a different surface chemistry than nickel-phosphorus and an
inhomogeneous microstructure comprising crystallites dispersed throughout a matrix.
Further, CMP produces microscratches and leaves imbedded abrasive particles on the
substrate surface, which defects cannot be tolerated in optical applications.

[0009] Thus, there remains a need for efficient and economical methods of polishing
aluminum surfaces to exacting standards of surface roughness suitable for diffraction-free
reflectance of light in the visible and uliraviolet ranges. The invention provides such a
method. These and other advantages of the invention, as well as additional inventive
features, will be apparent from the description of the invention provided herein.
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BRIEF SUMMARY OF THE INVENTION
[0010] The invention provides a method of polishing a surface of a substrate comprising
aluminum, which method comprises (i) providing a substrate comprising aluminum, (ii)
providing a polishing pad, (iii) providing a polishing composition comprising (a) an
abrasive selected from the group consisting of silica, ceria, and zirconia, (b) an agent that
oxidizes aluminum, and (c) a liquid carrier, wherein the abrasive is in particulate form and
is suspended in the liquid carrier, (iv) contacting a surface of the substrate with the
polishing pad and the polishing composition, and (v) abrading at least a portion of the
surface of the substrate to remove at least some aluminum from the substrate and to polish
the surface of the substrate.
[0011] The invention further provides a method of polishing a surface of a substrate
comprising aluminum, which method comprises (i) providing a substrate comprising
aluminum, (ii) providing a polishing pad comprising (A) a resilient subpad and (B) a
polymeric polishing film substantially coextensive with the resilient subpad, wherein the
polymeric polishing film comprises a polishing surface and a back surface releasably
associated with the resilient subpad, (iii) providing a polishing composition comprising (a)
an abrasive selected from the group consisting of silica, ceria, and zirconia, (b) an agent that
oxidizes aluminum, and (c) a liquid carrier, wherein the abrasive is in particulate form and
is suspended in the liquid carrier, (iv) contacting a surface of the substrate with the
polishing surface of the polishing pad and the polishing composition, and (v) abrading at
least a portion of the surface of the substrate to remove at least some aluminum from the
substrate and to polish the surface of the substrate.

DETAILED DESCRIPTION OF THE INVENTION
[0012] The invention provides a method of polishing a surface of a substrate comprising
aluminum. The method comprises (i) providing a substrate comprising aluminum, (ii)
providing a polishing pad, (iif) providing a polishing composition, (iv) contacting a surface
of the substrate with the polishing pad and the polishing composition, and (v) abrading at
least a portion of the surface of the substrate to remove at least some aluminum from the
substrate and to polish the surface of the substrate. The polishing composition comprises
(a) an abrasive selected from the group consisting of silica, ceria, and zirconia, (b) an agent
that oxidizes aluminum, and (c) a liquid carrier, wherein the abrasive is in particulate form
and is suspended in the liquid carrier.
[0013] The substrate comprises aluminum. The substrate can comprise pure aluminum
or an aluminum alloy. Numerous aluminum alloys are commercially available which are
individually characterized by the presence of various elements in addition to aluminum and
by the particular processes used in their production. Aluminum alloys are further
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subdivided into foundry alloys and wrought alloys, wherein foundry alloys are intended for
use in molding processes employing the molten alloys, and wrought alloys are intended for
use in mechanical shaping processes of the solid alloys. Wrought alloys are often further
heat-treated to modify mechanical properties (e.g., hardness) of the alloys. Any aluminum
alloy is suitable for use in the inventive method. Preferably, the substrate comprises an
aluminum alloy of the 6000 series, wherein the term “6000 series™ refers to the Aluminum
Association designation of a particular group of aluminum alloys. More preferably, the
aluminum alloy is 6061 T6 aluminum alloy, which additionally comprises minor amounts
of silicon, iron, copper, manganese, magnesium, chromium, zinc, and titanium.

[0014] The polishing pad (e.g., polishing surface) can be any suitable polishing pad,
many of which are known in the art. The polishing pad can be a conventional one-piece
polishing pad, wherein a surface of the polishing pad makes contact with the surface of the
substrate being polished. Suitable polishing pads include, for example, woven and non-
woven polishing pads. Moreover, suitable polishing pads can comprise any suitable
polymer of varying density, hardness, thickness, compressibility, ability to rebound upon
compression, and compression modulus. Preferably, the polishing pad consists of a
polymer resin selected from the group consisting of thermoplastic elastomers, thermoplastic
polyurethanes, thermoplastic polyolefins, polycarbonates, polyvinyl alcohols, nylons,
elastomeric rubbers, elastomeric polyethylenes, polytetrafluoroethylene,
polyethyleneteraphthalate, polyimides, polyaramides, polyarylenes, polystyrenes,
polymethylmethacrylates, copolymers thereof, and mixtures thereof. More preferably, the
polishing pad consists of thermoplastic polyurethane.

[0015] The choice of any particular polishing pad will depend in part upon the specific
application in which it is used. For example, polishing a surface having a curvature may
require the use of a polishing pad with a lower hardness rating than might be suitable for
polishing a more planar surface.

[0016] In one embodiment, the polishing pad comprises a resilient subpad and a
polymeric polishing film substantially coextensive with the resilient subpad, wherein the
polymeric polishing film comprises a polishing surface and a back surface releasably
associated with the resilient subpad. The term “film” as used herein with respect to the
polishing film refers to material with a thickness of 0.5 mm or less. The polishing film is
considered to be “releasably associated” with the resilient subpad if it is associated in a
manner such that the removal of the polishing film from the resilient subpad does not
significantly alter any portion of the surface of the subpad that lies directly beneath a
portion of the polishing surface used during polishing. The polymeric polishing film can be
releasably associated with the resilient subpad with or without the use of an adhesive
compound. The term “adhesive” as used herein refers to any of the commonly k}nown class
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of adhesive materials such as glues, epoxies, hot-melt adhesives, pressure sensitive
adhesives, and the like. For example, the back surface of the polymeric polishing film can
be releasably associated with the resilient subpad by placing the polymeric polishing film on
the resilient subpad, wherein there is no intervening layer (e.g., no adhesive layer) between
the back surface of the polymeric polishing film and the surface of the resilient subpad. The
polymeric polishing film is held in place on the resilient subpad, for example, by friction or
electrostatic interaction. Alternatively, a vacuum can be applied through the resilient
subpad to hold the polymeric polishing film to the surface of the resilient subpad. The
vacuum can be applied through pores in the resilient subpad (e.g., by using a porous
subpad) or through channels formed in the resilient subpad. Other methods of releasably
associating the back surface of the polymeric polishing film with the resilient subpad will be
readily apparent to the skilled artisan.

[0017] The polishing pad can further comprise an adhesive compound positioned
between the back surface of the polymeric polishing film and the resilient subpad, provided
the adhesive desirably is positioned only on one or more areas of the subpad that are
disposed beneath one or more areas of the polishing surface that are not used during
polishing. For example, the adhesive compound can be positioned on the center portion of
the resilient subpad for applications in which the substrate contacts the polishing pad only
on the areas peripheral to the center of the polishing pad during polishing. Similarly, the
adhesive can be positioned on the peripheral portions of the resilient subpad for applications
in which only the central portion of the polishing pad contacts the substrate during
polishing. Preferred adhesives are those that facilitate easy removal of the polymeric
polishing film from the resilient subpad, such as known light-tack adhesives and double-
sided adhesive tapes.

[0018] The polymeric polishing film can have any suitable hardness. Generally, the
polymeric polishing film will have a hardness such that the film substantially conforms to
any global topology present on the surface of the substrate comprising aluminum, but does
not substantially conform to local defects in the global topology (e.g., depressions or
protrusions that otherwise disrupt a continuous topology). Preferably, the polymeric
polishing film comprises a material selected from the group consisting of polycarbonate,
polyester, nylon, polyvinyl chloride, and combinations thereof.

[0019] Any suitable subpad can be used in conjunction with the invention. The choice
of any particular subpad will depend in part upon the specific application in which it is used
(e.g., for polishing of planar or curved surfaces). Suitable subpad materials include one or
more of any of the polymers previously identified with respect to the polishing pad.
Typically, the subpad consists of thermoplastic polyurethane.
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[0020]  The resilient subpad can have any suitable thickness. Typically, the resilient
subpad has a thickness of 0.1 mm or more, such as 0.5 mm or more, or even 0.8 mm or
more (e.g., 1 mm or more). Thicker resilient subpads can also be used, such as subpads
having a thickness of 2 mm or more, such as 4 mm or more, or even 6 mm or more (e.g., 8
mm or more).

[0021] The polishing pad can be configured for use in conjunction with end-point
detection techniques by providing a pathway in the pad through which electromagnetic
radiation (e.g., visible or infrared light) can travel. For example, a portion of the subpad can
be removed to provide an aperture in the subpad for the passage of light to the polymeric
polishing film, or a portion of the subpad can be replaced with a material that is transparent
or translucent to light to provide a window in the subpad. Alternatively, the entire subpad
can be made from a material that is translucent or transparent to light. Similarly, the
polymeric polishing film can be made from a material that is translucent or transparent to
light in one or more areas corresponding to the window or aperture in the subpad, or the
entire polymeric polishing film can be made from a material that is translucent or
transparent to light. Techniques for inspecting and monitoring the polishing process by
analyzing light or other radiation reflected from a surface of a substrate being polished are
known in the art. Such methods are described, for example, in U.S. Patent 5,196,353, U.S.
Patent 5,433,651, U.S. Patent 5,609,511, U.S. Patent 5,643,046, U.S. Patent 5,658,183, U.S.
Patent 5,730,642, U.S. Patent 5,838,447, U.S. Patent 5,872,633, U.S. Patent 5,893,796, U.S.
Patent 5,949,927, and U.S. Patent 5,964,643. Desirably, the inspection or monitoring of the
progress of the polishing process with respect to a substrate being polished enables the
determination of the polishing end-point, i.e., the determination of when to terminate the
polishing process with respect to a particular substrate.

[0022] Although the polishing pad has been described herein with respect to the
polymeric polishing film and the resilient subpad, the polishing pad can be used in
conjunction with additional layers (e.g., additional subpads, backing layers, etc.) without
departing from the scope of the invention. Furthermore, the polishing pad can have any
suitable dimensions. The polishing pad desirably is a disc shape (as is used in rotary
polishing tools), but can be produced as a looped linear belt (as is used in linear polishing
tools) or have a rectangular shape (as is used in oscillating polishing tools).

[0023] The polishing composition is a chemical-mechanical polishing composition.

The polishing composition comprises an abrasive selected from the group consisting of
fumed silica, precipitated silica, condensation polymerized silica, ceria, and zirconia,
wherein the abrasive is in particulate form and is suspended in the liquid carrier. Fumed
metal oxides, e.g., fumed silica, fumed ceria, and fumed zirconia, can be prepared from any
suitable volatile or nonvolatile precursor. Fumed metal oxides can be produced from



WO 2007/120163 PCT/US2006/024789

volatile precursors by hydrolysis and/or oxidation of the precursors (e.g., metal chloride) in
a high temperature flame (Hy/air or Hy/CHy/air) to produce the metal oxide of interest.
Fumed metal oxides can be prepared from nonvolatile precursors by dissolving or _
dispersing the precursor in a suitable solvent such as water, alcohol, or acid-based solvent.
The solution containing the precursor can be sprayed into a high temperature flame using a
droplet generator, and the metal oxide aggregate then can be collected. Typical droplet
generators include bi-fluid atomizers, high pressure spray nozzles, and ultrasonic atomizers.
[0024] Suitable colloidal silica in the context of the invention includes wet-process type
silica particles (e.g., condensation-polymerized silica particles) and precipitated silica.
Condensation-polymerized silica particles typically are prepared by condensing Si(OH), to
form colloidal particles, where colloidal is defined as particles having an average particle size
between 1 nm to 1000 nm (e.g., 5 nm to 800 nm, such as 10 nm to 500 nm, or 20 nm to 300
nm). Such abrasive particles can be prepared in accordance with U.S. Patent 5,230,833 or can
be obtained as any of various commercially available products, such as the Akzo-Nobel
Bindzil 50/80 product and the Nalco 1050, 2327, and 2329 products, as well as other similar
products available from DuPont, Bayer, Applied Research, Nissan Chemical, and Clariant.
[0025] Precipitated silica (precipitated silicon dioxide) is prepared by reacting an
alkaline silicate solution, such as sodium silicate (waterglass) with a mineral acid, such as
sulfuric acid. Silica is the major reaction product formed by precipitation. The silica thus
produced is filtered, washed, dried, and separated from residues of other reaction products,
all of which are standard techniques well known to those skilled in the art.

[0026] Ceria and zirconia useful in the inventive method can be prepared by a fuming
process, a precipitation process, or a hydrothermal process. In a hydrothermal process, a
metal salt (e.g., a metal nitrate) having the same oxidation level as the desired metal oxide is
dissolved in water, treated with a base (e.g., ammonium hydroxide), and subjected to
conditions of elevated temperature and pressure. The hydrothermal process results in the
conversion of the metal salt into the corresponding metal oxide.

[0027] The abrasive particles desirably have an average particle size (typically, average
diameter of the smallest spheres encompassing the particles) of at least 10 nm or more (e.g.,
25 nm or more, or 100 nm or more). Preferably, the abrasive particles have an average
particle size of 1000 nm or less (e.g., 800 nm or less, or 500 nm or less, or even 300 nm or
less). Of course, any of the above amounts expressed in terms of optional upper and lower
limits also can be expressed as ranges (e.g., 10 nm to 1000 nm, or 25 nm to 800 nm, or 100
nm to 500 nm).

[0028] Some abrasive particles, such as fumed metal oxide abrasive particles, comprise
small primary particles that are fused together to form larger, chain-like aggregate particles.
Considerable force is required to break these aggregate particles into primary particles. For
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example, the aggregate particles do not break down under normal dispersion forces. This
differentiates aggregate particles from agglomerate particles, which are formed by the
relatively loose association of aggregate particles with one another. When the abrasive
particles are provided by aggregate particles, such as fumed metal oxide particles, the
particle size referred to herein relates to the size of the aggregate particle, not the size of the
primary particles that are fused together to make up the aggregate. Thus, the average
particle size of a fumed metal oxide particle, for example, is the average diameter of the
smallest spheres encompassing the aggregate particles.

[0029] The abrasive can be present in the polishing composition in any suitable amount.
The amount of abrasive present in the polishing composition typically is 0.1 wt.% or more
(e.8., 0.25 wt.% or more, or 0.5 wt.% or more, or 1 wt.% or more) based on the total weight
of the polishing composition. The amount of abrasive present in the polishing composition
preferably is 20 wt.% or less (e.g., 15 wt.% or less, or 10 wt.% or less) based on the total
weight of the polishing composition. More preferably, the amount of abrasive present in the
polishing composition is 1 wt.% to 10 wt.% based on the total weight of the polishing
composition. Any of the above amounts expressed in terms of optional upper and lower
limits also can be expressed as ranges (e. g 0.1 wt.% to 20 wt.%, or 0.25 wt.% to 15 wt.%,
or 0.5 wt.% to 10 wt.%).

[0030] The abrasive desirably is suspended in the polishing composition, more
specifically in the liquid carrier of the polishing composition. When the abrasive is
suspended in the polishing composition, the abrasive preferably is colloidally stable. The
term colloid refers to the suspension of abrasive particles in the liquid carrier. Colloidal
stability refers to the maintenance of that suspension over time. In the context of this
invention, an abrasive is considered colloidally stable if, when the abrasive is placed into a
100 ml graduated cylinder and allowed to stand unagitated for a time of 2 hours, the
difference between the concentration of particles in the bottom 50 ml of the graduated
cylinder ([B] in terms of g/ml) and the concentration of particles in the top 50 ml of the
graduated cylinder ([T] in terms of g/ml) divided by the initial concentration of particles in
the abrasive composition ([C] in terms of g/ml) is less than or equal to 0.5 (i.e., {[B] —
[TI}/[C} <0.5). The value of [B]-[T}/[C] desirably is less than or equal to 0.3, and
preferably is less than or equal to 0.1.

[0031]  The agent that oxidizes aluminum can be any suitable agent that oxidizes
aluminum. Preferably, the agent that oxidizes aluminum is selected from the group
consisting of ammonium persulfate, hydrogen peroxide, potassium hydrogen
peroxymonosulfate sulfate, and peracetic acid.

[0032]  The polishing composition can comprise any suitable amount of the agent that
oxidizes aluminum. Typically, the polishing composition comprises 0.01 wt.% to 10 wt.%
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(e.g., 0.05 wt.% to 5 wt.%, or 0.1 wt.% to 2 wt.%) of the agent that oxidizes aluminum,
based on the total weight of the polishing composition. )

[0033] The polishing composition optionally comprises an organic acid. Organic acids
useful in the polishing composition include monocarboxylic and dicarboxylic acids and
their salts. Preferably, the organic acid is selected from the group consisting of acetic acid,
propionic acid, butyric acid, benzoic acid, formic acid, malonic acid, succinic acid, oxalic
acid, lactic acid, tartaric acid, amino acid, derivatives thereof, salts thereof, and
combinations thereof. More preferably, the organic acid is succinic acid.

[0034] The polishing composition can comprise any suitable amount of the organic acid
and when present typically comprises 10 ppm or more (e.g., 10 to 1000 ppm). Preferably,
the amoui}t of organic acid present in the polishing composition will be 1000 ppm or less
(e.g., 800 ppm or less, or 600 ppm or less).

[0035] It will be appreciated that the aforementioned organic acids can exist in the form
of a salt (e.g., a metal salt, an ammonium salt, or the like), an acid, or as a partial salt
thereof. For example, succinates include succinic acid, as well as mono- and di-salts
thereof. Furthermore, organic acids including basic functional groups can exist in the form
of an acid salt of the basic functional group. For example, glycines include glycine, as well
as monoacid salts thereof.

[0036] The polishing composition can have any suitable pH. Typically, the polishing
composition will have a pH of 12 or less (e.g., 11 or less, or 10 or less). Preferably, the
polishing composition will have a pH of 1 or more (e.g., 2 or more, or 3 or more). More
preferably, the polishing composition will have a pH of 3 to.10.

[0037] The pH of the polishing composition can be achieved and/or maintained by any
suitable means. More specifically, the polishing composition can further comprise a pH
adjustor, a pH buffering agent, or a combination thereof. The pH adjustor can be any
suitable pH-adjusting compound. For example, the pH adjustor can be nitric acid,
potassium hydroxide, sodium hydroxide, ammonium hydroxide, or a combination thereof.
The pH buffering agent can be any suitable buffering agent, for example, phosphates,
acetates, borates, ammonium salts, and the like. The chemical-mechanical polishing
composition can comprise any suitable amount of a pH adjustor and/or a pH buffering
agent, provided such amount is sufficient to achieve and/or maintain the pH of the polishing
system within the ranges set forth herein.

[0038] The polishing composition optionally further comprises one or more other
additives. Such additives include any suitable surfactant and/or rheological control agent,
including viscosity enhancing agents and coagulants (e.g., polymeric rheological control
agents, such as, for example, urethane polymers), acrylates comprising one or more acrylic
subunits (e.g., vinyl acrylates and styrene acrylates), and polymers, copolymers, and
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oligomers thereof, and salts thereof. Suitable surfactants include, for example, cationic
surfactants, anionic surfactants, anionic polyelectrolytes, nonionic surfactants, amphoteric
surfactants, fluorinated surfactants, mixtures thereof, and the like. '

[0039] The polishing composition optionally further comprises an antifoaming agent.
The anti-foaming agent can be any suitable anti-foaming agent. Suitable antifoaming agents
include, but are not limited to, silicon-based and acetylenic diol-based antifoaming agents.
The amount of anti-foaming agent present in the polishing composition typically is 40 ppm
to 140 ppm. :

[0040]  The polishing composition optionally further comprises a biocide. The biocide
can be any suitable biocide, for example an isothiazolinone biocide. The amount of biocide
used in the polishing composition typically is 1 ppm to 500 ppm, and preferably is 10 ppm
to 200 ppm.

[0041] The polishing composition can be prepared in any suitable manner. Generally,
the polishing composition can be prepared by combining and mixing the components
thereof in a batch or continuous process. Furthermore, the polishing composition can be
prepared in-whole or in-part prior to use, or each of the individual components of the
polishing composition can be separately stored and combined immediately prior to or
during use. When the polishing composition is prepared in-part prior to use, one or more
components of the polishing composition, such as an agent that oxidizes aluminum, can be
added to the polishing composition just before or during use (e.g., within 1 minute before
use, or within 1 hour before use, or within 7 days before use). When all or some of the
components of the polishing composition are separately stored and combined during use,
the components can be delivered to the surface of the substrate being polished, where the
components are combined and mixed to provide the polishing composition. The pH of the
polishing composition or any one or more of its components can be adjusted at any suitable
time.

[0042] The surface of the substrate can have any curvature. The surface of the substrate
can have substantially no curvature (e.g., the surface of the substrate can be substantially
planar), or the surface can have a curvature (e.g., the surface of the substrate can be convex
or concave). Surface curvature can be produced by a number of methods, all of which are
well known in the art.

[0043] The surface of the substrate comprising aluminum can be as-formed by any
suitable process used to produce the substrate. The surface of the substrate can be formed
by a mechanical working process (e.g., rolling, extrusion, and forging) or the surface of the
substrate can be produced by a casting process (e.g., sand casting, permanent mold casting,
and die casting).
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[0044] Alternatively, the surface of the substrate comprising aluminum can be pre-
polished prior to contacting the surface of the substrate with the polishing pad and the
polishing composition in accordance with the invention. The surface of the substrate can be
pre-polished, for example, by diamond turning. In diamond turning, a substrate is rotated
while being contacted with a diamond cutting tool under precisely controlled conditions to
remove material from the surface of the substrate by cutting microscopic slivers from the
surface of the substrate, thereby resulting in the production of a highly regular surface.
[0045] The surface of the substrate comprising aluminum can be pre-polished by
lapping. In lapping, a surface of a substrate is abraded by moving the substrate surface
relative to a lapping surface with a particulate abrasive (e.g., alumina or silicon carbide)
present between the substrate surface and the lapsing surface. The particulate abrasive is
typically suspended in a liquid carrier such as water or oil. Lapping can be performed with
a circular, linear, or oscillating motion. Generally, the lapping surface comprises a hard
material such as cast iron or brass. In the context of the invention, lapping generally refers
to any suitable technique resulting in dimensional changes principally limited to the
removal of high spots on the substrate surface, including but not limited to superfinishing,
buffing, honing, and the like.

[0046] The inventive method can be used to polish a surface of a substrate comprising
aluminum to provide a polished surface having a predetermined surface roughness.
Numerous measures of surface roughness are known in the art. For example, the surface
roughness can be measured mechanically by moving a stylus along a surface or by using
light scattering techniques. The American Society of Mechanical Engineers (ASME)
standard B46.1-2002 contains descriptions of methods used to measure and express surface
roughness. Thus, depending on the particular surface roughness desired for a substrate, the
inventive polishing method can be conducted for a duration sufficient to produce the desired
surface roughness. The polishing operation can be interrupted, and the surface roughness
determined. If the predetermined surface roughness has not been achieved, polishing can be
continued, until measurement indicates that the desired surface roughness has been
achieved. Alternatively, end-point detection techniques as described above can be used to
measure surface roughness in situ during polishing to allow for in-process monitoring of
surface roughness.

[0047] The surface of the substrate comprising aluminum can be polished by any
suitable technique. In a preferred method, the surface typically will be pressed against a
polishing pad in the presence of the polishing composition under controlled chemical,
pressure, velocity, and temperature conditions. A preferred method of polishing a surface is
particularly suited for use in conjunction with a chemical-mechanical polishing (CMP)
apparatus. Typically, the apparatus comprises a platen, which, when in use, is in motion
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and has a velocity that results from orbital, linear, or circular motion, a polishing pad in
contact with the platen and moving with the platen when in motion, and a carrier that holds
a substrate to be polished. The polishing of the substrate takes place by the surface being
placed in contact with the polishing pad and the polishing composition of the invention and
then the polishing pad moving relative to the surface (with the polishing composition
therebetween), so as to abrade at least a portion of the surface to polish the surface.

[0048] Advantageously, when the polishing pad comprises a polymeric polishing film
releasably associated with a resilient subpad, the polymeric polishing film can be easily and
economically replaced during or after use. During use, the polishing surface expetiences
degradation due to the action of the abrasive polishing slurry which can result in
degradation of polishing performance. Polishing surfaces can be renewed by conditioning,
for example by contacting the polishing surface with a fixed abrasive conditioning tool to
remove at least a portion of the polishing surface and to thereby produce a fresh polishing
surface. Alternatively, removing a first polymeric polishing film from the resilient subpad
and associating a second polymeric polishing film with the resilient subpad forms a
polishing pad having a new polishing surface. The second polymeric polishing film can be
the same as the first polymeric polishing film, or it can be different. In some embodiments,
the polymeric polishing film can be replaced during the polishing of a single substrate,
wherein the first and second polymeric polishing films have a different composition or
surface roughness and have different polishing characteristics.

[0049] The inventive method is particularly well-suited for the production of mirror
surfaces on substrates comprising aluminum. In this regard, the inventive polishing method
is capable of polishing lapped aluminum surfaces having an initial root mean square (RMS)
surface roughness of greater than 600 nm to provide aluminum surfaces having RMS
surface roughness of less than 10 nm in less than 1 hour of polishing time. By way of
contrast, single-point diamond turning of aluminum surfaces requires many hours to
produce surfaces having comparable surface roughness.

[0050] Finally, the inventive method is well-suited to production of polished aluminum
surfaces having any intermediate surface simply by controlling the duration of polishing. In
particular, production of aluminum mirror surfaces for use in solar cell assemblies can be
rapidly and economically achieved.

[0051] The following example further illustrates the invention but, of course, should not
be construed as in any way limiting its scope.

EXAMPLE
[0052] This example demonstrates the surface roughness achievable by the inventive
method in the polishing of a commercially available aluminum having a lapped surface.
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[0053] An 8 inch (20.3 cm) wafer consisting of 6061 T6 aluminum alloy and having a
surface lapped to a matte finish was subjected to a two-step polishing process. The first
polishing step comprised polishing with a polishing composition comprising 6 wt.% fumed
silica and 1 wt.% ammonium persulfate in water, and having a pH of 9. The wafer was
polished for 60 minutes with a downforce pressure of 27.6 kPa (4 psi) and then for 15
minutes with a downforce pressure of 20.7 kPa (3 psi), wherein the downforce pressure
refers to the pressure of the substrate against the polishing pad, using a commercially
available polishing apparatus equipped with a hard polyurethane polishing pad. After
polishing, each wafer was buffed during a second polishing step for 1 minute with a slurry
comprising 5 wt.% fumed silica and 0.03 wt.% of Delonic LF-60MOD surfactant (from
DeForest Enterprises, Boca Raton, FL) in water using a Politex pad at a downforce pressure
of 13.8 kPa (2 psi). The polishing parameters were 50 rpm platen speed and 50 rpm carrier
speed for all steps.

[0054]  Following polishing, the total amount of surface material removed was
determined, and the wafer was examined by atomic force microscopy (AFM) at 3 different
regions to determine average surface roughness. The results are set forth in the Table.

Table: Removal rate and surface roughness of polished 6061 T6 aluminum alloy

Total surface removed (A) Average surface roughness R, (nm)

168,178 1.58 (standard deviation = 0.23)

[0055]  The results of this example demonstrate that the inventive method produces an
aluminum surface having an average surface roughness comparable to that achievable by

single—point diamond turning.
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CLAIMS
1. A method of polishing a surface of a substrate comprising aluminum, which
method comprises:
@) providing a substrate comprising aluminum,

(ii)  providing a polishing pad,

(iii)  providing a polishing composition comprising:
() an abrasive selected from the group consisting of silica, ceria,

and zirconia,
(b) an agent that oxidizes aluminum, and
(c) a liquid carrier, wherein the abrasive is in particulate form and
} is suspended in the liquid carrier,

(iv)  contacting a surface of the substrate with the polishing pad and the
polishing composition, and

(v)  abrading at least a portion of the surface of the substrate to remove at
least some aluminum from the substrate and to polish the surface of

the substrate.

2. The method of claim 1, wherein the substrate consists of aluminum.

3. The method of claim 1, wherein the substrate consists of an aluminum alloy.

4. The method of claim 3, wherein the aluminum alloy is a 6000 series
aluminum alloy.

5. The method of claim 4, wherein the aluminum alloy is 6061 T6 aluminum
alloy.

6. The method of claim 1, wherein the polishing pad consists of a polymer resin

selected from the group consisting of thermoplastic elastomers, thermoplastic
polyurethanes, thermoplastic polyolefins, polycarbonates, polyvinylalcohols, nylons,
elastomeric rubbers, elastomeric polyethylenes, polytetrafluoroethylene,
polyethyleneteraphthalate, polyimides, polyaramides, polyarylenes, polystyrenes,
polymethylmethacrylates, copolymers thereof, and mixtures thereof.

7. The method of claim 6, wherein the polishing pad consists of thermoplastic
polyurethane.
8. The method of claim 1, wherein the abrasive is fumed silica, precipitated

silica, or condensation-polymerized silica.

9. The method of claim 8, wherein the agent that oxidizes aluminum is selected
from the group consisting of ammonium persulfate, hydrogen peroxide, potassium hydrogen
peroxymonosulfate sulfate, and peracetic acid.
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10.  The method of claim 9, wherein the polishing composition further comprises
an organic acid.

11.  The method of claim 1, wherein the abrasive is present in the polishing
composition in the amount of 0.1 wt.% to 20 wt.% based on the total weight of the polishing
composition.

12.  The method of claim 11, wherein the abrasive is present present in the
polishing composition in the amount of 1 wt.% to 10 wt.% based on the total weight of the
polishing composition.

13.  The method of claim 1, wherein the agent that oxidizes aluminum is selected
from the group consisting of ammonium persulfate, hydrogen peroxide, potassium hydrogen
peroxymonosulfate sulfate, and peracetic acid.

14.  The method of claim 1, wherein the polishing composition further comprises
an organic acid.

15.  The method of claim 14, wherein the organic acid is succinic acid.

16.  The method of claim 1, further comprising the step of pre-polishing the
aluminum surface prior to contacting the surface of the substrate with the polishing pad and
the polishing composition.

17.  The method of claim 16, wherein the step of pre-polishing the surface of the
substrate is achieved by diamond turning of the surface.

18.  The method of claim 16, wherein the step of pre-polishing the surface of the
substrate is achieved by lapping.

19.  The method of claim 1, wherein the surface is polished to provide a polished
surface having a predetermined surface roughness.

20. The method of claim 1, wherein the surface is substantially planar.

21. A mirror produced according to the method of claim 1.

22. A method of polishing a surface of a substrate comprising aluminum, which
method comprises:

@) providing a substrate comprising aluminum,

(i)  providing a polishing pad comprising (A) a resilient subpad and (B) a
polymeric polishing film substantially coextensive with the resilient
subpad, wherein the polymeric polishing film comprises a polishing
surface and a back surface releasably associated with the resilient
subpad,

(iii)  providing a polishing composition comprising:

(a) an abrasive selected from the group consisting of silica, ceria,
and zirconia,

(b)  an agent that oxidizes aluminum, and
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(© a liquid carrier, wherein the abrasive is in particulate form and
is suspended in the liquid carrier,
(iv)  contacting a surface of the substrate with the polishing surface of the
polishing pad and the polishing composition, and
) abrading at least a portion of the surface of the substrate to remove at
least some aluminum from the substrate and to polish the surface of
the substrate.

23,  The method of claim 22, wherein the substrate consists of aluminum.

24. The method of claim 22, wherein the substrate consists of an aluminum
alloy.

25.  The method of claim 24, wherein the aluminum alloy is a 6000 series
aluminum alloy.

26.  The method of claim 25, wherein the aluminum alloy is 6061 T6 aluminum
alloy.

27.  The method of claim 22, wherein the resilient subpad consists of
thermoplastic polyurethane.

28.  The method of claim 22, wherein the polymeric polishing film comprises a
material selected from the group consisting of polycarbonate, polyester, nylon, polyvinyl
chloride, and combinations thereof.

29.  The method of claim 22, wherein the abrasive is fumed silica, precipitated
silica, or condensation-polymerized silica.

30.  The method of claim 29, wherein the agent that oxidizes aluminum is
selected from the group consisting of ammonium persulfate, hydrogen peroxide, potassium
hydrogen peroxymonosulfate sulfate, and peracetic acid.

31.  The method of claim 30, wherein the polishing composition further
comprises an organic acid.

32.  The method of claim 22, wherein the abrasive is present in the polishing
composition in the amount of 0.1 wt.% to 20 wt.% based on the total weight of the polishing
composition.

33.  The method of claim 32, wherein the abrasive is present present in the
polishing composition in the amount of 1 wt.% to 10 wt.% based on the total weight of the
polishing composition.

34.  The method of claim 22, wherein the agent that oxidizes aluminum is
selected from the group consisting of ammonium persulfate, hydrogen peroxide, potassium
hydrogen peroxymonosulfate sulfate, and peracetic acid.

35.  The method of claim 22, wherein the polishing composition further

comprises an organic acid.
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36.  The method of claim 35, wherein the organic acid is succinic acid.

37.  The method of claim 22, further comprising the step of pre-polishing the
aluminum surface prior to contacting the surface of the substrate with the polishing pad and
the polishing composition.

38.  The method of claim 37, wherein the step of pre-polishing the surface of the
substrate is achieved by diamond turning of the surface.

39.  The method of claim 37, wherein the step of pre-polishing the surface of the
substrate is achieved by lapping.

40.  The method of claim 22, wherein the surface is polished to provide a
polished surface having a predetermined surface roughness.

41.  The method of claim 22, wherein the surface is substantially planar.

42, The method of claim 22, wherein the surface is concave.

43, The method of claim 22, wherein the surface is convex.

44. A mirror produced according to the method of claim 22.
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