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(57) Abstract: A method of cleaning thin glass substrates comprises applying a sequence of chemical washing steps as the thin glass
substrate is being conveyed in a conveyance direction. In addition, surfaces of the glass substrate may be treated to enhance electro -
static discharge properties of the glass substrates.
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METHOD OF CLEANING GLASS SUBSTRATES

PRIORITY
[0001] This application claims the benefit of priority under 35 U.S.C. § 119 of U.S.
Provisional Application Serial No. 61/817532 filed on April 30, 2013, the content of

which is relied upon and incorporated herein by reference in its entirety.

BACKGROUND
FIELD
[0002] This invention generally relates to cleaning of glass articles, and in particular
glass substrates used in the manufacture of high performance display panels.
TECHNICAL BACKGROUND
[0003] As the line widths of thin film transistors on glass substrates become thinner,
technology that removes submicron sized particles effectively so that the transistor is
not interrupted by the existence of these contaminants are increasingly in demand. The
same can be said for the color filter industry, as contaminants are known to adversely
affect black matrix adhesion and resulting RGB pixel integrity. For example, for the
color filter industry it is known that black matrix peeling events occur more frequently
with narrower line widths. Current industry information indicates the frequency of
peeling events are about 2.8% for 19 pm black matrix line widths and 0.3% for 27 um
line widths. It is expected these frequencies will increase with decreasing line width.
For thin film transistors, it is further expected that this trend will be the same, and
removal of increasingly smaller particulate contaminants will become more important.
Nevertheless, no industry standard exists for the display glass industry for submicron
particle removal, unlike that which exists for the semiconductor industry.
SUMMARY

[0004] Currently, the flat panel industry primarily utilizes detergent as the chemical
cleaning agent, coupled with one or more mechanical methods, e.g. ultrasonics,
megasonics, brushes, sprays etc., to clean glass. The types of detergent vary and may
include such commercial products as Semiclean KG, Parker 225x, or the like. These
detergents may be bases or acids, and may include chelators, surfactants, and other
proprictary (and therefore unknown) components. As detergents are known to leave

behind residues that can interfere with black matrix adhesion or result in higher
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concentrations of mobile ions that are detrimental to thin film transistor (TFT) devices,
improved cleaning solutions are needed that ¢liminate annoying residue problems or
higher mobile ion concentrations. In addition, existing cleaning process steps are not
optimized to remove different defect types (organic, adhered glass or metallic) or
varying particle size (submicron, micron or larger). Moreover, as various processing
steps may re-introduce contaminants, the ability to perform the cleaning process
generally at single location in the process timeline, for example as a sequence of
consecutive steps, can result in a glass substrate being substantially free of the major
contaminants, including organic, metallic and particulate contaminants.

[0005] Disclosed herein is a cleaning process for a glass substrate such that a pristine
surface (low particle density for particles having an effective diameter greater than
about 0.3 micron sizes, low levels of metallic contaminants and having improved
clectrostatic performance) is produced. The method is a chemically driven and
mechanically assisted process using multiple cleaning solutions combined with large
size LCD substrate cleaning and handling processes. The process utilizes an approach
wherein particles of progressively smaller effective diameter are removed from a
surface of the glass substrate by applying an in-line sequential treatment to the surface.
[0006] The process can be applied to any glass composition (aluminosilicates, soda
lime etc.), thickness (e.g. less than about 3 mm) and size (up to and including 3.2
meters X 3.6 meters). The process may include reducing or completely removing
various types of defects on or at the surface (e.g. within about 5 nm of the surface) of
the glass substrate such as glass particles, metallic contamination, organic
contamination etc. It can also remove defects having sizes ranging from about 0.3 um
to about 200 pm using a combination of chemical and mechanical methods. The
process optimizes the glass surface chemistry and physical properties of the glass, such
as roughness, to ensure superior performance during downstream processes, including
deposition processes for oxide TFT, LTPS, and organic light emitting diodes (OLEDs).
An exemplary process sequence can be described according to the following sequence
of steps and in reference to FIG. 1.

[0007] In accordance with the process sequence illustrated in FIG. 1, in a first pre-clean
step 100, a high pressure liquid discharge (e.g. deionized water) may be used to remove
large and loose particles disposed on a surface of the glass substrate. Ozonated water

can be added to the liquid discharge if an organic layer exists on at least a portion of
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one or both major surfaces of the glass substrate. Alternatively, a detergent may be
employed with or without water, as a substitute for water, or before or after the use of
water in step 100.

[0008] In a second step 110, large glass particles (>1um) and organic contamination are
removed with a first base solution, for example an SC1 solution (NHsOH+H>0,+H>0).
Ultrasonic agitation of the first base solution can be used to provide a mechanical assist
action. The mechanical assist can also be via brushes, either used independently or in
combination with ultrasonic agitation of the first base solution.

[0009] In a third step 120, submicron particle removal (e.g. particles having an
effective diameter in a range from about 0.3 to about 1.0 pm) is performed with a
second base solution, such as an SC1, administered as a high pressure liquid discharge,
and wherein particle removal may be optionally assisted by megasonic agitation of the
second base solution.

[0010] In an optional fourth step 130, surface treatment for better clectro static
discharge (ESD) characteristics of the glass substrate is performed. In this step the
glass substrate is exposed to the liquid discharge of an acid solution, for example an
acid solution comprising hydrofluoric acid (HF), to increase a roughness of the glass
substrate surface to which the acid solution is applied.

[0011] In a fifth step 140, metallic contamination removal is achieved using a dilute
hydrochloric acid (HCI) solution. Megasonic agitation may optionally be applied to the
solution.

[0012] In a sixth step 150, the glass substrate is dried with a gas discharge knife system
and the surface of the glass substrate is conditioned for inspection and packaging. As
used herein, a gas discharge knife system refers to a gas discharge system wherein a gas
is discharged from a narrow slot or slit in a discharge head at high velocity. The gas
may be, for example air, although any suitable inert gas may be employed, including
without limitation nitrogen, argon, krypton, helium, neon and combinations thercof.
Nitrogen is a cost effective alternative to air if air cannot be used for any reason. The
glass substrate may optionally be treated with an ESD ionizer to neutralize static
charge.

[0013] The above process sequence can provide a pristine surface on a glass substrate
that may then be subsequently inspected, packaged and shipped to customers, or, if the

process is performed in a facility where additional processing may occur, such as the
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deposition of the aforementioned layers, the glass substrate may move to additional
stations for further processing.

[0014] Accordingly, disclosed herein is an in-line method of removing contaminants
from a surface of a glass substrate comprising the steps of conveying the glass substrate
with a conveying device along a conveyance direction, wherein during the conveying at
least one surface of the glass substrate is subjected to a surface treatment comprising,
sequentially: a) exposing the at least one surface of the glass substrate to a liquid
discharge comprising ozonated water; b) exposing the at least one surface of the glass
substrate to a liquid discharge of a first base solution; c¢) exposing the at least one
surface of the glass substrate to a liquid discharge of a second base solution; d)
exposing the at least one surface of the glass substrate to a liquid discharge of a first
acid solution to remove metallic ions from the at least one surface of the glass substrate,
wherein the first acid solution comprises HCI; and ¢) drying the at least one surface of
the glass substrate. The method may further comprise exposing the glass substrate to a
liquid discharge of a second acid solution after step c¢) but before step e).

[0015] In some embodiments the second acid solution comprises HF. In other
embodiments the second acid solution comprises an ammonium bifluoride solution
having a molar concentration in a range from about 0.2 M to about 2 M.

[0016] An average surface roughness Ra of the glass substrate after step ¢) may be in a
range from equal to or greater than about (0.2 nm to about 0.8 nm.

[0017] The first base solution may, for example, comprise NHsOH:H»0,:H,0 having a
mixture ratio in a range from about 1:1:5 to about 1:2:200 by volume, and be at a
temperature in a range from about 40°C to about 80°C. The glass substrate can be
exposed to the first base solution for a time in a range from about 1 minute to about 30
minutes. A pH of the first base solution is typically greater than about 10.

[0018] The method may further comprise applying ultrasonic energy to the first base
solution at a frequency in a range from about 20 kHz to about 200 kHz.

[0019] The method may further comprise applying megasonic energy to the second
base solution at a frequency in a range from about 850 kHz to about 1.2 MHz.

[0020] The glass substrate typically comprises less than 1.6x10'* atoms/cm® of Na, K,
Fe, Cu and Zn within 5 nm of the at least one surface after step ¢).

[0021] The at least one surface of the glass substrate typically comprises less than 0.02

particles/cm’ having an effective diameter greater than 0.3 microns after step ).
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[0022] In another embodiment an in-line method of removing contaminants from a
surface of a glass substrate comprising the steps of conveying the glass substrate with a
conveying device along a conveyance direction, wherein during the conveying at least
one surface of the glass substrate is subjected to a surface treatment comprising,
sequentially: a) exposing the at least one surface of the glass substrate to a liquid
discharge comprising ozonated water; b) exposing the at least one surface of the glass
substrate to a liquid discharge of a first base solution; c) exposing the at least one
surface of the glass substrate to a liquid discharge of a second base solution; d)
exposing the at least one surface of the glass substrate to a liquid discharge of a first
acid solution to remove metallic ions from the at least one surface of the glass substrate,
wherein the first acid solution comprises HCI; ¢) drying the at least one surface of the
glass substrate; and wherein the glass substrate is exposed to a liquid discharge of a
second acid solution prior to step e).
[0023] The liquid discharge of the second acid solution may be performed before or
after step c).
[0024] The second acid solution may comprise HF, or, alternatively, the second acid
solution may comprise an ammonium bifluoride solution having a molar concentration
in a range from about 0.2 M to about 2 M.
[0025] The glass substrate typically comprises less than 1.6x10'? atoms/cm” of Na, K,
Fe, Cu and Zn within 10 nm of the at least one surface after step e).
[0026] The at least one surface of the glass substrate typically comprises less than 0.02
particles/cm” having an effective diameter greater than 0.3 microns after step ¢).
[0027] It is to be understood that both the foregoing general description and the
following detailed description are merely exemplary of the invention, and are intended
to provide an overview or framework for understanding the nature and character of the
invention as it is claimed. The accompanying drawings are included to provide a
further understanding of the invention, and are incorporated in and constitute a part of
this specification. The drawings illustrate various embodiments of the invention and
together with the description serve to explain the principles and operation of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0028] FIG. 1 is a diagrammatic depiction of a process for cleaning a glass substrate

product in accordance with an embodiment of the present disclosure;
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[0029] FIG. 2 is an elevational schematic drawing of the process of FIG. 1;
[0030] FIG. 3 is a schematic drawing of a moving liquid discharge device for applying
a liquid to a surface of the glass substrate according to an embodiment described
herein;
[0031] FIG. 4 is a plot showing the normalized intensity of sodium and potassium ions
at the surface of a glass substrate as a function of time during after exposure to a
aqueous HCI solution; and
[0032] FIG. 5 is a cross sectional view of a portion of a conveying device used to
convey a glass substrate through the process of FIGS. 1 and 2.

DETAILED DESCRIPTION
[0033] Reference will now be made in detail to exemplary embodiments of the present
disclosure, examples of which are illustrated in the accompanying drawings. Wherever
possible, the same reference numbers will be used throughout the drawings to refer to
the same or like parts.
[0034] An exemplary process for manufacturing a glass substrate, and in particular a
thin glass substrate suitable for the manufacture of liquid crystal or other type displays,
can involve the following steps: (i) forming a thin ribbon of glass, (ii) cutting the thin
ribbon of glass into individual glass substrates (iii) removing areas of non-uniform
thickness, ¢.g. “beads”, that may have developed along the edges of the thin glass
ribbon during the forming process, (iv) sizing the glass substrate to required
dimensions, (v) peeling of any protective film that may have been attached to the glass
substrate, such as for ease in handling, (vi) grinding & polishing edge portions of the
glass substrate, such as edge portions remaining from the removal of areas of non-
uniform thickness, (vii) washing the glass substrate, (viii) inspection of the glass
substrate, and (ix) packaging. Each step has a bearing on the type, size and nature of
contamination that may be found on the glass substrate. Although measures are taken
to prevent and control contamination throughout the manufacturing process, it is the
cleaning step that is expected to remove all of the contamination the glass substrate
may have accumulated during manufacturing and to provide a surface quality to the
glass substrate that meets or exceeds customer expectations. Accordingly, a method of
cleaning a glass substrate is disclosed herein that can be used to remove both organic
and inorganic contamination from glass substrates. In addition, the cleaning process

described herein can be beneficial in removing unwanted ions in a surface layer of the
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glass substrate that may interfere with the operation of electronic components
subsequently deposited on the glass substrate. Such ions may include ions that form a
portion of the glass composition.

[0035] Glass substrates that may benefit from the methods described herein can have a
thickness in a range from about 100 pm to about 3 mm, for example in a range from
about 100 um to about 1 mm, or from about 100 pm to about 500 pm. However, in
some embodiments the thickness of the glass substrate can be thinner than about 100
um, for example in a range from about 50 pm to about 100 pm. The glass substrate
may be a flat glass sheet having substantially parallel major surfaces. An area of one
major surface of the glass sheet may be in a range from less than 1 square meter (m?) to
about 12 square meters. However, the methods described herein can be particularly
useful for glass substrates having a single surface area (length times width of the glass
substrate) equal to or greater than 4 square meters, for example, in a range from about 4
square meters to about 12 square meters. It should be understood that the methods
disclosed herein are not limited by the size of the glass substrate. The glass substrate
may be formed by any suitable method for producing sheets of glass, including without
limitation float processes, up-draw and down-draw processes, and slot draw processes,
which processes are well-known in the art and will not be described further herein.
[0036] Glass substrates resulting from the methods described herein may be used in any
number of downstream processes, but are particularly well-suited for use in the
manufacturing of electronic devices. For example, glass substrates resulting from the
methods described herein may be used in the manufacture of visual display panels as
may be used for liquid crystal displays (LCD) or light emitting diode (e.g. organic light
emitting diode, OLED) displays. Such visual display panels may be used in a variety
of electronic devices, including without limitation mobile communication devices (e.g.
cell phones), portable computers (e.g. tablets, notebook computers and laptop
computers), desktop computers, televisions, and even large-format displays that may
cover all or a portion of a wall.

[0037] The following steps, illustrated in FIGS. 1 and 2, describe an exemplary process
90 for cleaning a glass substrate in accordance with the present disclosure. In a first
step 100, large particles (having a size greater than about 1 pm) and organic
contamination can be removed with a cleaning liquid using a moving liquid discharge

device 200. The primary function of moving liquid discharge device 200 is to remove
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large glass particles from the surface of the glass substrate 202 with the force generated
by the cleaning liquid 204 impinging against the surface of the glass substrate. FIG. 2
depicts a plurality of glass substrates 202 being conveyed in process 90 in a conveyance
direction 206. Often, such large glass particles are the result of previous cutting
processes, where large glass substrates are cut into smaller glass substrates. Referring
to FIG. 3, the force may be imparted to the cleaning liquid spray both by a nozzle 207
that increases the flow velocity of the water and the mechanical swing action imparted
to a nozzle bar 208 that includes the nozzle. The mechanical swing action may be
imparted to the nozzle bar, for example, by a motor and levers, gears, drive chains, ¢tc.,
(not shown) that provide a reciprocating angular motion to the nozzle bar so that the
nozzle bar rotates about an axis 210. For example, nozzle bar 208 may swing through
an arc of about + 5 degrees to about £ 90 degrees relative to a normal to the plane of the
glass substrate, from about £ 10 degrees to about = 80 degrees, or from about + 15
degrees to about + 60 degrees. In some embodiments the cleaning liquid 204 can be
water, for example deionized water. The moving liquid discharge device 200 can also
use ozonated deionized water as the cleaning liquid 204, which helps in removing
organic contamination. The oxidation potential for ozonated deionized water (DIO3) is
high, so organic material disposed on a surface of the glass substrate is converted into
CO», Hx0, etc. As used herein, DIOs represents deionized (DI) water comprising
ozone (i.e. ozonated water), for example where ozone has been bubbled through the DI
water prior to use. In some embodiments, a detergent may be used in combination with
water (e.g. DI water or DIOs3), and may be used either before the water, after the water,
or simultancously with the water. In other embodiments, detergent may be substituted
for the water.

[0038] Referring back to FIGS. 1 and 2, while moving liquid discharge device 200
represents a mechanical means of removing large particles by brute force, in a second
step generally referred to as step 110 in FIGS. 1 and 2, a chemical solution may be used
to lift particles from the surface of the glass substrate in sub-step 110a. In accordance
with some embodiments, the glass substrate may be exposed to a first base solution
212, such as an SC1 solution. SC1 is a high pH (> 10) solution of NH4OH and H»O»
(ammonium hydroxide and hydrogen peroxide) in water ((NH4OH:H,O,:H>O).
Ultrasonic agitation can be employed with the first base solution to assist in lifting

particles from the surface of the glass substrate. For example, an ultrasonic transducer
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can be affixed to a nozzle 214 arranged above or below the glass substrate, and wherein
the ultrasonic transducer is used to induce ultrasonic energy (i.c. vibrations) into the
first base solution as it exits the nozzle. A suitable frequency range for the ultrasonic
energy can be in the range from about 20 kHz to about 200 kHz. More than one nozzle
214 may be used to discharge first base solution 212.

[0039] Particle removal, especially the removal of adhered glass particulate, is
enhanced by performing an undercutting action where the applied chemical solution
slightly etches the boundary between the glass surface and the particle. The
undercutting action aids in breaking Van der Waals forces between the glass substrate
surface and the particulate, and lifts particles off the glass surface, after which the
particles need to be moved away from the glass substrate to avoid re-deposition
(recontamination). If the first base solution comprises SC1, the mixture ratio of the
SC1 solution can range from between about 1:1:5 to about 1:2:80 by volume (¢.g., 1
part NH,OH to 1 part H,O, to 5 parts H,O by volume). For example, suitable mixture
ratios within the foregoing range include without limitation 1:1:5, 1:2:20, 1:2:40, and
1:2:80, 1:2:200 or any range therebetween. Accordingly, suitable ranges may include a
range between about 1:1:5 and about 1:2:40, between about 1:1:5 and about 1:2:40, and
between about 1:2:20 and about 1:2:80. For example, a mixture ratio of about 1:2:40
has been shown to be particularly effective for particle removal. The exposure time of
the first base solution on the glass substrate surface can be varied depending on the size
and number of adhered glass particles. A typical exposure time may fall within a range
from about 1 min to about 30 min. The presence of hydrogen peroxide may also
provide an oxidation potential that can aid in the removal of organic contamination
(usually effective for the removal of light contamination by organic materials). A
temperature of the first base solution 212 may be in a range from about 25°C to about
80°C, for example, from about 40°C to about 75°C. Mechanical assistance, such as
brushes (not shown), can be used in combination with the first base solution to scrub
the surface of the glass substrate.

[0040] In a second sub-step 110b to step 110, the glass substrate can be rinsed with a
suitable rinsing liquid 216 applied to the glass substrate from nozzle 218 as a liquid
discharge to ensure that particles lifted from the surface of the glass substrate in sub-

step 110a are removed away from the surface of the glass substrate to prevent re-
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deposition of the particles onto the surface of the glass substrate. Rinsing liquid 216
can be deionized water.

[0041] Still referring to FIGS. 1 and 2, in a third step, designated generally as step 120,
submicron-sized particles less than about 1 pm in size are removed. To effectively
remove submicron-sized particles, the boundary layer between the submicron-sized
particles and the glass substrate must be reduced. This is achieved by exposing the
surface of the glass substrate to a liquid discharge of a second base solution 220 from a
nozzle 222 as represented by first sub-step 120a. The liquid discharge may optionally
be combined with megasonic agitation of the second base solution. For example, a
suitable second base solution may comprise SC1. If the second base solution comprises
SC1, the mixture ratio of the SC1 solution can range from about 1:1:5 to about 1:2:80
by volume (e.g. 1 part NH4OH to 1 part H>O» to 5 parts H>O by volume). For example,
suitable mixture ratios within the foregoing range include without limitation 1:1:5,
1:2:20, 1:2:40, 1:2:80, 1:2:200 or any range thercbetween. Accordingly, suitable
mixture ratio ranges may include a range from about 1:1:5 to about 1:2:40, from about
1:1:5 to about 1:2:40, and from about 1:2:20 to about 1:2:80. The megasonic agitation
may be provided, for example, by using a piezoelectric crystal array transducer (not
shown) coupled with nozzle 222, where electrical energy is converted into mechanical
energy by the transducer and transmitted by the transducer-coupled spray nozzle to the
second base solution 220. This energy transfers through the second base solution to the
glass substrate as acoustic waves with a frequency in a range from about 850 kHz to
about 1.2 MHz. The liquid discharge of the second base solution can be performed, for
example, by means of a curtain or shower of the liquid solution directed by nozzle 222
against one or both surfaces of the glass substrate 202. The liquid discharge may be
performed under pressure, for example.

[0042] In a second sub-step 120b to step 120, a deionized water rinse 224 can be
employed as a liquid discharge from nozzle 226 to remove any remaining traces of the
second base solution on the treated surfaces of the glass substrate. The deionized water
rinse can also be beneficial in removing loosened particles away from the glass
substrate surface.

[0043] In an optional fourth step, designated generally as step 130, a surface of the
glass substrate may be treated to produce a desired electro static discharge (ESD)

characteristic. The treatment may be applied to one or both surfaces of the glass
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substrate, depending on end user requirements. During downstream processing of glass
substrates by original equipment manufacturers (OEMs), such as the deposition of thin
film transistors, the glass substrate will usually be held to a support surface. If the glass
substrate and/or support surface builds up an electrostatic charge during further
processing, electrical shorts between components of a deposited thin film transistor
may occur that are harmful to the transistor. An accumulated electrostatic charge may
also make it difficult to remove the glass substrate from the support surface without
damage. Electrostatic charge is particularly problematic for very thin glass substrates,
e.g glass substrates less than a millimeter in thickness, as difficulty removing the thin
glass substrate from the support may result in breakage of the thin glass substrate.
Texturing or reducing the contact area of the glass surface that will be adjacent to the
support surface decreases electrostatic charging events during contact, conveyance,
handling, and separation of the glass substrate, while, additionally, improving customer
transfer equipment life-time by lowering the coefficient of friction between materials
and extending wear resistance. Electrostatic charging on a surface of a flat panel
display glass substrate that is supported by the support surface also creates issues on the
opposite surface, such as transistor gate damage via electrostatic discharge dielectric
breakdown. The more charge accumulated at a surface, the higher the surface voltage.
An electrostatic charge can also attract particles that contaminate the surface, which in
turn causes lower yields during the TFT-LCD manufacturing process.

[0044] To mitigate difficulties associates with ESD, a surface of the glass substrate that
will be supported by a support surface can optionally be treated to increase a surface
roughness of the glass substrate, thereby reducing contact between the glass substrate
and the support surface and electrostatic charging of these surfaces. A glass substrate
as treated herein may include a side having a surface roughness of about 0.2 nm, or
even about 0.15 nm for a 2 x 2 um atomic-force microscope (AFM) scan, and another
side having a surface roughness of from about 0.3 nm to about 1.3 nm. For example,
an average surface roughness (Ra) greater than (0.2 nm is attainable using the methods
described herein, and in most instances between 0.2 nm and 0.8 nm can be achieved.

Ra is calculated as:

Ro= V(s 32~ Z1) (1)
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where n is the number of points at which measurement occurs, Z is the height at each
point and Zbar is the average height collected at each point in the line scan. Ra is often
designated as “average” surface roughness.

[0045] To prepare the surface to have desired ESD properties a first acid solution 228
comprising hydrofluoric acid (HF), and/or other acids, may be applied through nozzle
230 during an optional sub-step 130a. The glass sheet may be treated with a treatment
solution to modify the ESD performance of the glass sheet. In some embodiments, the
treatment solution may be hydrochloric acid (HCl). The molarity (M, moles/liter) of
the HCl may be from about 0.15 M to about 0.35 M, or even from about 0.2 M to about
0.3 M, for example about 0.25 M. In some embodiments, the treatment solution may
be a mixture of sulfuric acid (H,SO4) and water. In some embodiments, the sulfuric
acid:water mixture may be a 1:4 mixture ratio, or even a 1:3 mixture ratio. In other
embodiments, the mixture of sulfuric acid and water may be a 1:2 mixture ratio. In
some embodiments, the treatment solution may be a dilute mixture of sodium fluoride
(NaF) and phosphoric acid (H;PO4). An exemplary mixture of NaF and H;PO, may be
a mixture of 0.2 moles/liter NaF and 1 mole/liter H;PO,, which may be diluted in water
in a 4:5 mixture. In yet other embodiments, the treatment solution may be a mixture of
HCI and hydrofluoric acid (HF). In these embodiments, the molarity of the HCl may
be from about 0.15 M to about 0.35 M, or even from about 0.2 M to about 0.3 M. HF
may be added to the HCl in concentrations from about 1 x 10° M to about 1 M, or even
from about 2 x 107 M to about 1 x 10™* M. In some embodiments 2.5 x 10~ M of HF
may be added to HCL It should be understood that other formulations of the treatment
solution may be possible. For example, other suitable acids include HNO;, ammonium
bifluoride, ammonium fluoride, HF:NH.F, HF:NH4sHF mixtures, or others.
Ammonium bifluoride (NHsHF») may be used to reduce the amount of metallic ions
that must be removed from the glass substrate in later steps, as NH4HF, does not
include sodium. The foregoing acids may be diluted with water, e.g. DI water. The
application of HF may be done, for example, by mixing two chemical compounds that
produce HF upon reaction. In some instances the mixture of these two acids may
contain metal ions. For example, NaF and H3PO4 can be mixed to form HF, such as for
example, 0.35 moles/liter NaF and 1 mole/liter H;PO4. Alternatively, an aqueous
solution of ammonium bifluoride having a molarity from about 0.2 M to about 2 M can

be used.
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[0046] The effect of an acid treatment with the first acid solution results in a
roughening of the glass substrate surface to which the acid is applied. The level of
roughening depends on the composition of the glass, concentration of the chemical
ingredients, time of exposure, temperature etc., and may be adjusted as necessary by
varying any of the foregoing parameters, such as the concentration of the first acid
solution. Exemplary exposure times can range from about 1 minute to about 60
minutes, with a temperature of the first acid solution in a range from about 25°C to
about 90°C, for example from about 40°C to about 65°C.

[0047] In a second sub-step 130b to step 130, a deionized water rinse 232 can be
applied from a nozzle 234 after the ESD treatment to ensure there is no residue of the
acid solution. In addition, the de-ionized water rinse can remove any particles or
precipitates that may have formed on the surface of the glass substrate. In some
embodiments, step 130 may be switched with step 120 so that surface treatment for
ESD is performed prior to treatment with the second base solution for submicron
particle removal.

[0048] In a fifth step 140, metallic contamination is removed from one or both surfaces
of the glass substrate. In accordance with a first sub-step 140a, the glass substrate may
be exposed to a second acid solution 236 comprising dilute HCl. An aqueous HCl
solution having a mixture ratio in a range from about 1:20 to about 1:200 (HCL:DI
water) may be used. Examples of suitable mixture ratios, without limitation, can be
from about 1:20 to about 1:80, from about 1:200 to about 1:80, from about 1:80 to
about 1:200, from about 1:80 to about 1:120 or from about 1:80 to about 1:140. The
second acid treatment may be performed with a liquid discharge from a nozzle 238, and
the second acid solution may be agitated with megasonic energy in a manner as
previously described. The second acid solution can, for example, be sprayed on one or
both surfaces of the glass substrate to initiate a reaction (redox reaction) with any
metallic contamination, such as metallic particulate. A temperature of the second acid
solution can be in a range from about 25°C to about 80°C.

[0049] In some embodiments, an SC2 solution (HCI:H»O,:H,O) may be used in
conjunction with, or as a substitute for, a dilute HCI solution.

[0050] To illustrate the effectiveness of exposure of a glass substrate to a dilute HCI
solution, in one example a surface of a glass substrate (Corning Incorporated Lotus

glass) was cleaned with Semiclean KG detergent, rinsed and then dried (Before Surface
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Treatment). The substrate surface was subsequently treated by exposing the surface to
a solution of HCI diluted in DI water at a ratio (HCI:DI water) of 1:200 by volume at a
temperature of 65°C for 5 minutes (After Surface Treatment). The results in Table 1
describe the total count for ions of the indicated elements in units of atoms/cm?, and
wherein ND indicates “not detectable”. The surface was characterized via drop scan

etch inductively coupled plasma mass spectroscopy.

Table 1
Element Before Surface Treatment After Surface Treatment
Aluminum (AL) 3.20E+14 1.1E+13
Calcium (Ca) 3.50E+13 1.50E+13
Chromium (Cr) ND ND
Cobalt (Co) 1.20E+10 ND
Copper (Cu) 4.00E+10 6.00E+10
Iron (Fe) 1.30E+12 3.20E+11
Lithium (Li) ND ND
Magnesium (Mg) 1.20E+13 4.50E+12
Manganese (Mn) 3.00E+10 ND
Molybdenum (Mo) ND ND
Nickel (Ni) ND ND
Potassium (K) 5.70E+12 1.60E+13
Sodium (Na) 1.10E+13 3.40E+13
Vanadium (V) * *
Zinc (Zn) 2.20E+11 2.00E+11
Total Concentration 3.80E+14 8.10E+13

[0051] A second experiment was also conducted on samples of Corning Lotus glass
using a number of different conditions, and the results for concentrations of five metal
ions — sodium, potassium, iron, copper and zinc — are presented in Table 2. Ion
concentrations are presented in atoms/cm” (in standard engineering notation, where, for
example, E+12 is equal to 1x10'%). All samples were treated in an aqueous solution of
dilute hydrochloric acid ({HCI). Baseline (before treatment) data are given for three
samples (S3, S6 and S9) as indicated by the suffix “Ba”. The column for Side indicates

the opposing major surfaces of the glass substrate samples, designated either as Side A
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or Side B. Baseline samples were washed in DI water at ambient temperature for 4
minutes. Conditions for the treated samples are given in Table 3. In Table 3, the
mixture ratio is the ratio of HCl to DI water, by volume, the temperature is the
temperature of the acid solution, and the time the glass substrate was exposed to the
acid solution. As indicated, the maximum post-treatment concentration of the five

metal fons is 15.1x10"" atoms/cm” (S4, Side B).

Table 2
Side Na K Fe CU Zn

S3-Ba A 8.3E+12 | 7.1E+12 | 1.1E+12 | 9.8E+09 | 1.1E+10
B 84E+12 | 8.7E+12 | 1.0E+12 | <QE+09 | 1.0E+10

S6-Ba A 9.4E+12 | 8.4E+12 | 1.2E+12 | 94E+09 | 1.2E+10
B 9.9E+12 | 1.0E+13 | 1.1E+12 | <8E+(09 | 9.8E+09

S9-Ba A 8.7E+12 | 7.7E+12 | 1.6E+12 | 8.4E+09 | 1.0E+10
B 9.8E+12 | 1.0E+13 | 1.6E+12 | <8E+(09 | 3.0E+10

S1 A 6E+11 7.7E+11 | 5.9E+10 | <QE+09 | <8E+H)9
B 74E+11 | 1.1E+11 | 1.4E+11 | <8E+(09 | 1.1E+10

) A 1.1E+12 | 1.6E+11 | 7.8E+10 | <8E+09 | <8E+09
B 8.3E+11 | 1.4E+11 | 5.9E+10 | <8E+09 | <8E+09

33 A 1.6E+12 | 3.6E+11 | 8.6E+10 | <8E+09 | <8E+09
B 1.7E+12 | 53E+11 | 1.1E+11 | <8E+(09 | <BE+09

S4 A 2.5E+12 | 93E+11 | 1.3E+11 | <8E+09 | <8E+09
B 3.0E+12 | 1.1E+12 | 1.5E+11 | <QE+(09 | 2.6E+11

S5 A 6.6E+11 | 9.8E+10 | 3.9E+10 | <QE+09 | <8E+H)9
B 6.5E+11 | 1.3E+11 | 4.7E+10 | <8E+09 | 1.1E+10

36 A 1.0E+12 | 2.3E+11 | 5.6E+10 | <8E+09 | <BE+09
B 1.0E+12 | 24E+11 | 6.3E+10 | <8E+09 | 1.2E+10

g7 A 1.6E+12 | 2.7E+11 | 8.8E+10 | <8E+(09 | 9.9E+09
B 1.5E+12 | 3.5E+11 | 8.3E+10 | <§E+(09 | 1.7E+10

S8 A 19E+12 | 5.1E+11 | 9.6E+10 | <8E+(09 | 9.9E+09
B 22E+12 | 7.0E+11 | 1.1E+11 | <8E+(09 | <8E+09

Table 3

Acid Concentration Temp. Time
S1 dHCl 1:20 65°C 2 min.
S2 dHCl 1:20 65°C 4 min.
S3 dHCl 1:200 40°C 2 min.
S4 dHCl 1:200 40°C 4 min.
S5 dHCl 1:200 65°C 2 min.
S6 dHCl 1:200 65°C 4 min.
S7 dHCl 1:20 40°C 2 min.
S8 dHCl 1:20 40°C 4 min.
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[0052] Referring to FIG. 4, a plot is shown depicting the normalized intensity of
several species of alkali metal ions (sodium and potassium) at the surface of a glass
substrate, as measured by time-of-flight secondary ion mass spectroscopy (TOF-SIMS),
as a function of time when exposed to different concentrations of an aqueous HCI
solution. Data are shown for normalized sodium intensity when the glass substrate is
exposed to an HCI:H,O solution at a concentration of 1:200 (diamond symbol) and
1:80 (circle symbol), and the normalized potassium intensity when the glass substrate is
exposed to a HCI:H,O solution at a concentration of 1:200 (square symbol) and 1:80
(plus symbol). The data show that the amount of alkali metal at the surface of the glass
substrate decreases rapidly for both concentrations of HCI, and both alkali metals, with
an approximate 400% drop in intensity over a span of only 100 seconds.

[0053] In accordance with embodiments disclosed herein, the second acid solution can
be maintained at a temperature in a range from about 50°C to about 80°C, and in some
embodiments in a range from about 60°C to about 70°C. An exposure time of the glass
substrate to the second acid solution can be in a range from about 0 minutes to about 10
minutes, for example in a range from about 30 seconds to about 5 minutes or in a range
from about 30 seconds to about 10 minutes.

[0054] In a second sub-step 140b to step 140 a deionized water rinse 240 can be
applied from a nozzle 242. This final rinse can be in the form of a high pressure liquid
discharge to provide a thorough rinse of the glass substrate surfaces and remove any
contaminants and/or chemical residue in preparation for a drying step, described next.
[0055] In a sixth step 150, the surfaces of the glass substrate are dried by a gas knife
device 244 that produces a gas discharge, configured as a thin, elongated stream of gas
246, that is directed at the glass substrate 202 at an angle « relative to a surface of the
glass substrate, for example from about 30 degrees to about 60 degrees, in a first sub-
step 150a. The gas directed against the surface of the glass substrate drives off any
water remaining from a final rinse step. Optionally, in a second sub-step 150b to step
150, one or both surfaces of the glass substrate may be treated with an ESD ionizer 247
to neutralize any accumulated static charge on the surface of the glass substrate.

[0056] Using the methods described herein, a glass substrate having a surface particle
density less than 0.02 particles per cm” can be achieved for particles having a size equal

to or greater than about 0.3 microns. Moreover, using the methods described herein, a
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metallic content of a surface layer of the glass substrate less than 10 nm in thickness
can be equal to or less than 1x10'° atoms/cm”.

[0057] As earlier described and as shown in FIG. 2, the process described above may
be implemented in an “in-line” process wherein the glass substrate to be treated is
conveyed continuously by a conveyance device 248 and the various preceding steps are
performed in a sequential manner as the glass travels in a conveyance direction 206.
For example, in one embodiment shown in FIG. 2, the conveyance device 248 may
comprise a plurality of rollers 250 that move the glass sheet along the conveyance
direction 206.

[0058] As depicted in FIG. 5 showing a cross sectional view of a typical roller 250
where the direction of conveyance is perpendicular to the paper, the roller 250 may
comprise resilient contact surfaces 252 that contact the glass substrate 202 while
minimizing marring of the contacted surface of the glass substrate. For example,
contact surfaces 252 may comprise “O-rings” formed from a suitable rubber-like
material. The O-rings may be positioned within grooves formed in the rollers that
prevent the O-rings from moving on the surface of the rollers. Such O-rings typically
have a circular cross sectional shape, and therefore produce a line contact with a
surface of the glass sheet. The rollers may include both driven rollers and non-driven
rollers, wherein the driven rollers are coupled to a power source (not shown) that
imparts rotational motion to the rollers. Such rotation exhibited by the driven rollers
moves the glass substrate along the conveyance direction 206. On the other hand, non-
driven rollers freely rotate, and serve primarily to support the glass substrate as the
glass substrate is moved along the conveyance direction by the driven rollers. In the
present embodiment, the glass substrate would be conveyed in a generally horizontal
orientation. Other method of conveyance may also be employed. For example, the
glass substrate may be conveyed in a substantially vertical orientation.

[0059] In still another embodiment, the conveyance apparatus may comprise one or
more “air bearings” of a type that levitate the glass sheet on a cushion of gas, such as
air. Such air bearings may be arranged such that the glass sheet is conveyed in a
horizontal orientation, or at an angle relative to a horizontal plane. However, the use of
air bearings impedes access to both sides of the glass sheet, thereby limiting the ability

to apply the preceding process to both sides of the glass sheet simultaneously. Other
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forms of conveyance as are known in the art may also be employed, including without
limitation open link belts that provide access to both surfaces of the glass substrate.
[0060] It will be apparent to those skilled in the art that various modifications and
variations can be made to the present invention without departing from the scope of the
invention. Thus, it is intended that the present invention cover the modifications and
variations of this invention provided they come within the scope of the appended

claims and their equivalents.
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What is claimed is:

1. An in-line method of removing contaminants from a surface of a glass substrate
comprising the steps of:
conveying the glass substrate with a conveying device along a conveyance

direction, wherein during the conveying at least one surface of the glass substrate is
subjected to a surface treatment comprising, sequentially:

a) exposing the at least one surface of the glass substrate to a liquid
discharge comprising ozonated water;

b) exposing the at least one surface of the glass substrate to a liquid
discharge of a first base solution;

¢) exposing the at least one surface of the glass substrate to a liquid
discharge of'a second base solution;

d) exposing the at least one surface of the glass substrate to a liquid
discharge of a first acid solution to remove metallic ions from the at least one surface of
the glass substrate, wherein the first acid solution comprises HCl; and

¢) drying the at least one surface of the glass substrate.

2. The method according to claim 1, further comprising exposing the glass substrate to

a liquid discharge of a second acid solution after step c).

3. The method according to claim 2, wherein the second acid solution comprises HF.
4. The method according to claim 2, wherein the second acid solution comprises an
ammonium bifluoride solution having a molar concentration in a range from about 0.2
M to about 2 M.

5. The method according to claim 1, wherein an average surface roughness Ra of the

glass substrate after step ¢) is in a range from equal to or greater than about 0.2 nm to

about 0.8 nm.
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6. The method according to claim 1, wherein the first base solution comprises
NH.OH:H,0,:H,0 having a mixture ratio in a range from about 1:1:5 to about 1:2:80

by volume.

7. The method according to claim 1, wherein the first base solution is at a temperature
in a range from about 40°C to about 80°C and the glass substrate is exposed to the first

base solution for a time in a range from about 1 minute to about 30 minutes.

8. The method according to claim 1, wherein a pH of the first base solution is greater

than about 10.

9. The method according to claim 1, further comprising applying ultrasonic energy to

the first base solution at a frequency in a range from about 20 kHz to about 200 kHz.

10. The method according to claim 1, further comprising applying megasonic energy
to the second base solution at a frequency in a range from about 850 kHz to about 1.2

MHz.

11. The method according to claim 1, wherein the glass substrate comprises less than
1.6x10"* atoms/cm’ of Na, K, Fe, Cu and Zn within 5 nm of the at least one surface

after step e).

12. The method according to claim 1, wherein the at least one surface of the glass
substrate comprises less than 0.02 particles/cm® having an effective diameter greater

than 0.3 microns after step ¢).

13. An in-line method of removing contaminants from a surface of a glass substrate
comprising the steps of’
conveying the glass substrate with a conveying device along a conveyance
direction, wherein during the conveying at least one surface of the glass substrate is
subjected to a surface treatment comprising, sequentially:
a) exposing the at least one surface of the glass substrate to a liquid

discharge comprising ozonated water;
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b) exposing the at least one surface of the glass substrate to a liquid
discharge of a first base solution;

¢) exposing the at least one surface of the glass substrate to a liquid
discharge of'a second base solution;

d) exposing the at least one surface of the glass substrate to a liquid
discharge of a first acid solution to remove metallic ions from the at least one surface of
the glass substrate, wherein the first acid solution comprises HCI;

¢) drying the at least one surface of the glass substrate; and

wherein the glass substrate is exposed to a liquid discharge of a second acid

solution.

14. The method according to claim 13, wherein exposing the glass substrate to a liquid

discharge of a second acid solution is performed after step ¢).

15. The method according to claim 13, wherein exposing the glass substrate to a liquid

discharge of'a second acid solution is performed before step ¢).
16. The method according to claim 13, wherein the second acid solution comprises HF.

17. The method according to claim 13, wherein the second acid solution comprises an
ammonium bifluoride solution having a molar concentration in a range from about 0.2

M to about 2 M.

18. The method according to claim 1, wherein the glass substrate comprises less than
1.6x10"% atoms/cm’ of Na, K, Fe, Cu and Zn within 10 nm of the at least one surface

after step e).

19. The method according to claim 1, wherein the at least one surface of the glass
substrate comprises less than 0.02 particles/cm” having an effective diameter greater

than 0.3 microns after step ¢).
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