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What is optical fabrication?

The objective of optical fabrication is to manufacture an optical
element (e.qg., lense, flat, mirror, active optic) which is often made of
glass

Key Requirements

1) Surface Figure (affects wavefront)

2) Surface Quality (affects scatter and laser damage resistance)
a) Roughness
b) Sub-surface damage (scratch/dig)
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- Matter
- Temperature >108 K

~ Radiation
Temperature >3.5 x 106 K

Densities  >103 g/cm3
Pressures >1011 atm
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NIF contains >7000 large (0.5 m scale), high precision optics

Laser Phosphate Glass

Fused Silica

S | |

_ 1) Stringent optical requirements

2) High laser damage resistance
3) Manufacturability to 0.5 m size scale

-
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An example of specifying the requirements of an optic

Power Spectral Density for Optic Surface High Level Requirements?

1w Spectral Half-angle (prad)
s 101 102 108 104 10°
10 1 Ilillll: Illlll: T T Illllll: T T IIIIII|: I T LI
100 b 1 o PSD-1spec: PSD-2 spec:* . _ Roughness* _|
: 1.8 nm rms 1.1 nm rms spec: 0.7 nm
108 |\ phase phase i_rms phase |
£ 102 A - ---------------------- .| A not-to-exceed line
£ I : i | is plotted for the
o 101 | rmsgradient N N i | power spectral density | |
E spec: 7nm/cm ' i .
5'100 ~ :
Data for
% 107 typical optics -
102 '
103
10.4 L I-l-lli ...1I L 1 -.....i i L ||||||i
0.01 0.1 Freq (mm)-' 1 10 100
Leeee s T [ Lo o |
100 10 1 0.1 0.01
Spatial “wavelength” of the phase error (mm)

Surface
Peak-to-Valley 211 nm (A/3)
Gradient <7 nm/cm
PSD1 1.8 nm
PSD2 1.1 nm
Roughness 4-10 Ang
Scratch/Dig? 20/10
Bulk
Homogeniety <5 ppm
Inclusions(>5um) O
Lenslets 0

IFor typical 3w NIF optics; ?2Post-etch with number of scratches (width>8um) <12-50
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Typical steps of an optical fabrication process

Intermediate! ~.|  Final L> Small tool
Polish Polish - Polish

A

Shaping Ir“> Grinding bEgggog“';:dp
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Examples of grinding techniques
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Examples of polishing techniques
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The complexities of polishing has made is difficult to
scientifically design, optimize a process for a given material

Phenomena affecting Surface Quality

Mechanical

Structural

Herteran Trailing Induct Lateral & radial
crack c crack Deformation

crack
f / /y T T
5um /s
| Fused Silica
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Other:
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+ Non-bridging oxygen
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Plastic Deformation I

Densification
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Friction at interface i Pressure Distributi

Lap
Polishing particle
P

pP1 P2 uP3 Py
Optic Surface Optic Surface

Phenomena affecting Surface Figure

Applied Load Elastic Lap
P(x) ag=P/A
i1 4
[Iorkiecel]

(IR
n(X)E i f uml i |

Viscoelastic/Viscoplastic

alx)

afx) / alx)
X

15TIS/MIm « NIF-0911

22990521

OH o Ce

—

Bielby Layer

Momam:nma p Reaponse » isma oH Ce
2 R g™ -

Ensemble Hertzian Gap

Bielby Layer Mechanical
Properties vs Depth

(EHG) Model

Redeposition

Removal function
(Plastic, Chemical,
dissolution)

Slurry Properties
{n, pH, hydrodynamic)

Particle Size
Distribution

Particle Composition

Pad Roughness
Pad Mechanical Prop.
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There are numerous mechanical, structural and chemical effects
on the glass surface during grinding and polishing

Hertzian Trajling Induct Lateral & racliaID Iilastlc
crack crack crack eformation

/\/77 """"""""" R

Fused Silica
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There are numerous mechanical, structural and chemical effects
on the glass surface during grinding and polishing

____ Mechanical g Stuotral

Hertzian Trailing Induct  Lateral & radial _ |, 2°1C Plastic Deformation n

- .
crack crack crack Deformation

1/\/77 """"""""" el

Fused Silica

Plastic Deformation

Six member
Si-0-Si ring

O~

Low Densification
No bond breaking

el

High Densification

Bond breaking

P <:>___<><

Chemical shift
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There are numerous mechanical, structural and chemical effects
on the glass surface during grinding and polishing

VT

Plastic Plastic Deformation
Deformation i

Hertzian Trajling Induct  Lateral & radial
crack crack crack

s%m/\/7 e~

Fused Silica

C hemlcal Plastic Deformation

1013 1017 1018 1019 1020 Ss|x0-m§rn?er

100A[F T T T T T o= I- 1 ring
- Fe .
200A |- Fe Ce 4 —_—
300A - Bielby layer H:°
Ce
400A Fa . .
Low Densification
No bond breaking

O~

R VA sl
. : . Si S ;
Si Si Si Si SiNMR q,
1IN ZINZIN /\ ZINZIN High Densification
Q, Q, Q, Q, Bond breaking

isolated vicinal gelm"naI siloxane Qs Qs
silanol silanol silanol >
Other:

- Oxygen vacancies
» Non-bridging oxygen Chemical shift
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The load/particle determines the removal mechanism

_ Br_ittle Removal _ Plastic Removal Chemical removal
Grinding or scratching Ductile Polishing Chemical Polishing

pm

i 10 nm
p > . LN : +—>
Removed v Pa"“:"\*' tool Removed .
materlal\ \_,mtﬂﬂl & Polishing / %,
\ 2a o Rarticle 0’9
B N E 0 '
N— b "I \77 ° E o o
I = 0 nw_ @

Pcrit>0-1 N PCI’it> 5X1O-5 N Pcrit< 5X1O_5 N
= Material within lateral = Portion of deformed = Removal at the
cracks are removed material removed molecular level (Si(OH),)

by condensation &
hydrolysis

@fineling [FeeEss) = Leads to plastic

= | eads to scratches scratches or sleeks

: = Creates smooth surface
= Determined removal

amount ~1 nm = Determined removal
amount ~0.04 nm
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Approach for the management of sub-surface fractures (i.e.
scratches/digs)

Schematic of material removal during = Removal at each step is
various steps of the grinding/polishing process aimed at removal of
illustrating surface fracture removal deepest damage
decreasing it to the level of
Blank surface deepest damage expected

at current step
(most economical design)

———————— = Note each subsequent step
Subsurface
has much lower removal

| A onen _ Final rate
I A Y A polish
e _____Glass_ - £ f"n\

NP = This approach has been
generally followed for
hundreds of years

*Preston (1921), Aleinikov (1957), Edwards & Hed (1987), Brown (1980), Lambropoulos (1996)
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There are five major areas of effort that have aided in managing
sub-surface fractures

GRINDING POLISHING CHEMICAL ETCHING

A: Sand blast

B: 120 grit Generator

C: 320 grit Generator
+ D:15pmloose abrasive
< E 15 pnfixed abrasive
» F:9pmloose abrasive
G: 7 pm fixed abrasive

vvvvvvv

Obscuration
= =

10%4 \F
'
'
i

10°

vvvvvvvvvv

0 10 20 30 40 50 60 70 80 90 100110
Crack Depth (um)

1. Developed fracture mechanics 2. Identified/characterized 3. Established techniques using
understanding of sub-surface behavior of rogue particles etching to reveal and remove
fracture distributions causing sub-surface fractures subsurface fractures

Edge-lit image of an polished 14 cm optic Edge-lit image of same optlc
with SSD after SSD removal

4 pm
—
4. Developed quantitative rules 5. Showed link between sub-
for post-diagnosis of cause of surface fracture removal &

surface fractures improved laser resistance
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There are five major areas of effort that have aided in managing
sub-surface fractures

GRINDING

A Sand blast
10 g + B: 120grit Generator
% + C: 320 grit Generator

+ D:15pmloose abrasive

10" < E 15pmfixed abrasive
» F:9pmloose abrasive
10.21 P G: 7 pm fixed abrasive
=
s i
g10°] |
>
2 04 |
é 10* i

0 10 20 30 40 50 60 70 80 90 100110
Crack Depth (um)

1. Developed fracture mechanics
understanding of sub-surface
fracture distributions
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There are three basic types of cracks created by
static brittle indentation

Hertzian Cracks? (blunt) Radial Cracks! (sharp) Lateral Cracks? (sharp)

P P P

. v v
r
- Ce

Ch 2a c, 2a \/( \V

S K *
Initiation P =Ar P =g —¢ Pc = Pcz
(o c r H3
2/3 2/3 E 35 2/5
= P5/8 E .
Growth | [c, =(ZLPJ C, =(ij _ }“(H) ) _Z“[H) i
ch KIC 4 chl/ZH 1/8 ¢ = H 2
Leads to subsurface Leads to subsurface Leads to material
damage damage removal

1B. Lawn, “Fracture of Brittle Materials” (1993)
2|, Hutchings “Tribology:Friction and Wear of Engineering Materials” (1992)
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The fracture initiation and growth constants need to be known
to quantitatively use these relationships

Hertzian Cracks? (blunt) Radial Cracks! (sharp) Lateral Cracks? (sharp)

P . P P

v v

Ch 2a Cr 2a

A\ 4
Initiation P, :®r P, :@ KHIC3 7 =17

2/3 2/3 E 315 2/5
= P5/8 E .
Growth chz(@i] c - Pj b H) C Hj p

I Ic 4 chl/Z H 8 H 2
Leads to subsurface Leads to subsurface Leads to material
damage damage removal

1B. Lawn, “Fracture of Brittle Materials” (1993)
2|, Hutchings “Tribology:Friction and Wear of Engineering Materials” (1992)
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Friction strongly influences fracture initiation for
a sliding particle indentation (i.e. scratching)

Static Sphere! Sliding Sphere!?

P P

Location of
increased
stress

0.05

0
0.005~ 0.005

F Initiation | |P. = AT P —C—r2
¢ © (@+Bu)
ch 3/2 ch 3/2
Growth ||P = c P=
Xh Zh(l"',uz)z

1Lawn, Fracture of Brittle Solids (1993)
2Lawn, Indentation Fracture: Principles and Applications (1975)
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The effect of load on the fracture behavior
of scratches has been measured

Schematic description of fractures
associated with a scratch

= At low loads (P<0.1 N),
no cracking is observed
just a ductile track

= At intermediate loads
(0.1 N< P <5N), well defined
median and lateral cracks form

= At high loads (P> 5N),
the plastically observed track
appears to shatter and the
median and lateral crack are
not as extending as in the higher
PR [ istic some end of the intermediate loads

I i
—~ median crack

Refs: Review: K. Li, Journal of Materials Processing Technology 57 (1996) 206
Review:M. Swain, Proc. R. Soc. London A, 366 (1979) 575
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* wedge or taper polishing™ technique was
developed to directly measure the SSD distribution

Finishing _ _

*J. Menapace, SPIE 2005, Boulder Damage Symposium;
Based on tapering technique used by Hed & Edwards (1987)
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GRINDING
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IEe lSSD depth distribution has been measured for
a series of standard grinding processes

Measured Crack Depth Distribution

A: Sand blast

B: 120 grit Generator

C: 320 grit Generator

D: 15 um loose abrasive
E: 15 um fixed abrasive
F: 9 umloose abrasive
G: 7 um fixed abrasive

v A ¢ » e =

Obscuration

=
Q
A

10-6 7 1 ! LI L 1 ! L 1 ! L 1 ! 1 ! 7
O 10 20 30 40 50 60 70 80 90 100110
Crack Depth um)

T QIIYnf\AIﬂ'Q’ INCS. 352 (’)ﬂﬂR) 5601

. . (28
b Lawrence Livermore National Laboratory NS
‘National Nuclear Security Administration




anrse Generator Grind (120 grit) (Sample B)

| !
10 | ' l '

0O 20 40 60 8 100

2(2006)"560%
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GRINDING
Viicroscope images of the fractures show

a unique size character for each grinding step

Sand blasted 120 Grit (125 pm) 150 Grit (100 um)

15 um loose abrasive 15 um fixed abrasive 9 um loose abrasive

W \ U
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GRINDING
Viicroscope images of the fractures show

a unique size character for each grinding step

Sand blasted 120 Grit (125 pum) 150 Grit (100 pm)

i

15 um loose abrasive 15 um fixed abrasive 9 um loose abrasive

8 The characteristic length is typically 15-30% of the
abrasive particle size during grinding

Wa

Lawre




* Erlttle fracture model has been successfully used
to explain the observed distribution of crack depth

and lengths
Schematic of Model*

Abra§ive Interface
particle lpT medium

d; $x
% Lateral
Optic / Workpiece Trailing Indent
PT - 2 PI Pi oC (di'X) oC di

The load on particle is proportional

to its vertical dimension

*T. Suratwala, JINCS 352 (2006) 5601.
*P. Miller, SPIE 5991 (2006).

. . (‘ '4[
b Lawrence Livermore National Laboratory N A‘S‘fi’i 28
‘National Nuclear Security Administration




GRINDING

We recommend using the '90’ rule for material removal
(Cou=0.9<L>) for isolated SSD observed on polished parts

Measured mean crack length vs SSD depth Probability of f_|nd|ng a crack of depth c for
a given crack length

_ 30— :: 10 I I I I I
E | ] > c._C 4
~— 251 ] = C 99 ~max
N ] § 0.8 90 1
L 20- . o ] -
< | . o 0.6 <C> .
o ]
S 154 ] = .
g - 2
X 1 c =28<>| 1 8 0.4 i
® 104 max ] X ]
S ] 8 ). .
=S ] o
NI ]
0 U T U T U T U T U T U T U T U T ] 00 T U I U I T
O 10 20 30 40 50 60 70 80 Crack Depth
Subsurface Damage Depth (um)
Coy =2.8<L> Cp, =09<L>

T QIII"::f\AI::'Q, INCS. 352 (’)ﬂﬂﬁ) 5601
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IEe addition of a small amount of 15 um particles in
a 9 um slurry results in a significant increase in SSD

Fractional distribution (um™)

Particle size distributions of the

alumina particles used

e

v
) -
1800, %1% % %%

. o
/ // |

10 100

Particle Size um)

Crack depth distributions:
Loose abrasive grinding with addition

of rogue particles

e 15T
4 9T +15T 100 cm? j

Obscuration
= = =
<L S

IS [

3 6 9 12 15 18 21 24
Crack Depth qum)

\ / o
NISH
=9
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The loaded particles are the largest particles in the abrasive
particle distribution

Abrasive size distribution for 9 um loose abrasive

dC ex10*——— J

Q0251 50" Particles
7 | 410" causing fracture
© 10%-
C C 0.20_ | =
O .g ] 2x10™+
3 3 8
L% g 0.15- 1x10™; 22 um |1
Q L 10 12 14 16 18 20 22 24|
% D 010— Abrasive size (um) ]
<  005- -

0.00 e —

0 5 10——15_____ 20—
Abrasive size (um)

T Qnr::hm::ln, INCS.354 (')nm:.) 2023
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There are five major areas of effort that have aided in managing
sub-surface fractures

POLISHING

OPtic Scratch length fracture

Vr v vy [

D QO Q QD O

2. Identified/characterized
behavior of rogue particles
causing sub-surface fractures
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Eogue particles of diamond were added to a ceria slurry during
polishing at various sizes & concentrations

Particle size distributions of

ceria and rogue diamonds
Base Particles

4-... A T

H§. 0.5 um Ceria

c 3 -
9

= _ ;
2 5 Rogue Particles
A A

T fg N\
S 1- g |
g =g g

i S8 9@

0.1 1 10 100
Particle Size (um)

T QIII"::f\AI::'Q, INCS. 354 (?nm:.) 2023
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POLISHING
ogue particles can cause multiple types of scratches

Plastic Mixed Brittle
Abrasive Wear Brittle fracture / Plastic Abrasive Wear Fracture

|
.
.
f
)
"
» " .
.
i
.
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The scratch length increases with rogue particle size

Cumulative scratch length distribution

10 .

0.8-
c
9
5
= 0.6-
@
a
o = P3:4um
-.c:‘s 0.4_ PY P6 6m =
= + P7:10pum | |
% v P8 15um
3 02- P9: 20 um |

0.0 Tv T T T T T T T T T T T

0 500 1000 1500 2000 2500 3000
Scratch Lengths (um)

T QIII"::f\AI::'Q, INCS. 354 (?nm:.) 2023
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iﬂe observed scratch lengths can be explained by the
viscoelastic penetration of a rogue particle

t= tg
P, = Load on rogue particle

Optic movement

Polishing
particlie
particie

Viscoelastic Lap

This behavior has been modeled using hard sphere

penetration into a linear viscoelastic lap at large penetration

T QIII"QT\AIQ'Q’ INCS. 354 (?nnn) 2023
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iﬂe observed scratch lengths can be explained by the
viscoelastic penetration of a rogue particle

t= tI
P, = Load on rogue particle

scratch

Optic movement

Polishing
particle
particle

Viscoelastic Lap

This behavior has been modeled using hard sphere

penetration into a linear viscoelastic lap at large penetration

T QIII":If\AIQlQ’ INCS. 354 (?nnn) 2023
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iﬂe observed scratch lengths can be explained by the
viscoelastic penetration of a rogue particle

t= tg
P, = Load on rogue particle

scratch

Optic movement

Polishing
particlie
particle

Viscoelastic Lap

This behavior has been modeled using hard sphere

penetration into a linear viscoelastic lap at large penetration

T QIII":If\AIQlQ’ INCS. 354 (?nnn) 2023
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iﬂe observed scratch lengths can be explained by the
viscoelastic penetration of a rogue particle

t= t3
P; = Load on rogue particle

scratch

Optic movement

Polishing
particlie
particie

Viscoelastic Lap

This behavior has been modeled using hard sphere

penetration into a linear viscoelastic lap at large penetration

T QIII":If\AIQlQ’ INCS. 354 (?nnn) 2023
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iﬂe observed scratch lengths can be explained by the
viscoelastic penetration of a rogue particle

t= t4
P, = Load on rogue particle

scratch

Optic movement

Polishing
particle
particle

Viscoelastic Lap

This behavior has been modeled using hard sphere

penetration into a linear viscoelastic lap at large penetration

T QIII":If\AIQlQ’ INCS. 354 (?nnn) 2023
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iﬂe observed scratch lengths can be explained by the
viscoelastic penetration of a rogue particle

t= t5
P = Load on all particles

scratch

Optic movement

Optic . Scratch length fracture =
Ll

Polishing
particle Hogue
particie

Viscoelastic Lap

This behavior has been modeled using hard sphere

penetration into a linear viscoelastic lap at large penetration

T QIII"QT\AIQ'Q’ INCS. 354 (?nnn) 2023
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iﬂe scratch length correlates with viscoelastic model wrt rogue
particle size, pressure, lap viscosity, and lap temperature

Scratch length as a fn of various process parameters

24007
2100
1800
1500
1200

Average Scratch Length (um)

o 5 1 15 2 2
Diamond Particle Size* (um)

00 02 04 06 08 10 12 14

Applied Pressureb (psi)

R | 100
Lap Material Viscosity” (P0|se)
2 24 2% 28 2
Lap Temperature® (°C)

008).12

ep
"""
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There are five major areas of effort that have aided in managing
sub-surface fractures

CHEMICAL ETCHING

3. Established techniques using
etching to reveal and remove
subsurface fractures

b Lawrence Livermore National Laboratory N A' ﬁfo
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HE:'\IHJ etching of fused silica glass allows for removing the
Bielby layer and visually observing surface cracks

Sleek on fused silica optic
before etch

Cross section view of cracks before etching

T

Bielby layer
50-100 nm

n=146

< 2.37 mm —————

Sleek on fused silica optic
(after etch)

n=146

| \I\Inng, JINCS.355 (onno) 7907
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ETCHING
HF Etching exposes sub-surface fractures allowing detection

= Polished Optic (14 cm x 14 cm) viewed off axis by side lighting

Before etching After etching

Preston reported this behavior in 1921

b Lawrence Livermore National Laboratory



HE etching can be used after grinding to remove subsurface
fracture because it annihilates
neighboring cracks

Etching a scratch Etchlng ground surface Simple Geometric Model

W 80 hrs
s
182 hrs

-‘“‘/W“_}A\_ o 2a0hrs

308 hrs

Surface Profile

Surface Profile (um)

=]
=1
=
=3
? *
<

0 400 800 1200 1600 2000 0 200 400 600 800 1000
Position (um) Position (um)

| \I\Inng, JINCS.355 (onno) 7907
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There are five major areas of effort that have aided in managing
sub-surface fractures

= A Sand blast

. B: 120 grit Generator
+ C: 320 grit Generator

D: 15 pm loose abrasive

E: 15 um fixed abrasive Optic Secratch length fracture
F: 9 pm loose abrasive B
G: 7 pm fixed abrasive 2

Obscuration

10°

0 10 20 30 40 50 60 70 80 90 100110
Crack Depth (um)

1. Developed fracture mechanics 2. ldentified/characterized 3. Established techniques using
understanding of sub-surface behavior of rogue particles etching to reveal and remove
fracture distributions causing sub-surface fractures subsurface fractures

SCRATCH FORENSICS

Edge-lit image of an polished 14 cm optic Edge-lit image of same optic

5. Showed link between sub-
surface fracture removal &
improved laser resistance
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Our studies have provided new rules that Opticians use to
diagnose the cause of or to mitigate scratches

Property of scratch What can it tell you? Rule / Example
1. Scratch width or - Size of rogue particle (d) For grinding
trailing indent length (L) - Size distribution of Rogue Particles 0.15d < L _S 0.3 d
- Process step For polishing
0.3d<L<05d
- Depth of fracture (Cgy O Cpyay)
Sample <L>
2. Number density - Rogue particle concentration A: Sandblast 27.1 pm
3. Scratch length (Lgcaen) - Lap properties and rogue particle size ik b il ol
C: 320 grit 14.9 um
4. Scratch type (plastic, - Load during fracture D: 15 ym loose | 4.6 um
brittle, mixed) - Sharpness of particle Sibmniney) |40
F: 9 um loose 1.9 pm
5. Orientation and - Particle movement direction G: 7 um fixed 8.4 um
pattern of trailing indent - Particle rotation €, =09<L> ¢, =28<L>
- Stick slip behavior P ~0.001-0.1 N Plastic only
6. Curvature - Pathway of indenting particle P~0.1-5N Plastic & Brittle
or scratch pattern - Shape of tool P >5N Plastic & rubble
: _ 2
- Handling vs polishing L. =89 V.77 R
7. Location on optic - Material removal and surface figure

N 4(2006)-20

. . e
@ Lawrence Livermore National Laboratory N A‘S‘f-% 48
National Nuclear Security Administration




xample of scratch forensics

) 12

‘ Lawrence Livermore National Laboratory N “S‘i"% 49

National Nuclear Security Adminis}



xample of scratch forensics

) 12
7
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Strategy for reducing the scratch density on optical surfaces

1. Measure the SSD at each step

2. Define proper removal rate at
each step such that all the
SSD from previous step is
removed

3. Can use etching as a means
to remove SSD just after
grinding

4. Ensure handling and cleaning
at each step does not let rogue
particles make contact
with surface

5. Remove all rogue particles
in polishers; Use scratch
forensics to determine source
6. Use etched scratch dig
inspections between steps
and at end of process

F|n|sh|ng .
MRE Taper FIF Etching MICresEoe

Obscuration

= A Sand blast
- B: 120 grit Generator

+  C: 320 grit Generator

+ D: 15 pm loose abrasive
<« E: 15 pmfixed abrasive
» F 9umloose abrasive
G: 7 umfixed abrasive

10_ u T I‘I u T u T U T U T U T U T U T U T U -
O 10 20 30 40 50 60 70 80 90 100110
Crack Depth q@m)
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Strategy for reducing the scratch density on optical surfaces

1. Measure the SSD at each step

2. Define proper removal rate at
each step such that all the
SSD from previous step is
removed Blank surface

3. Can use etching as a means
to remove SSD just after
grinding

4. Ensure handling and cleaning
at each step does not let rogue
particles make contact
with surface

5. Remove all rogue particles
in polishers; Use scratch
forensics to determine source
6. Use etched scratch dig
inspections between steps
and at end of process

- . ( "‘l
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Strategy for reducing the scratch density on optical surfaces

1. Measure the SSD at each step Schematic

2. Define proper removal rate at
each step such that all the
SSD from previous step is
removed

3. Can use etching as a means
to remove SSD just after
grinding

4. Ensure handling and cleaning
at each step does not let rogue
particles make contact
with surface

5. Remove all rogue particles
in polishers; Use scratch
forensics to determine source
6. Use etched scratch dig
inspections between steps
and at end of process ) 237 um
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Strategy for reducing the scratch density on optical surfaces

1. Measure the SSD at each step ~ Crack depth distributions: _
_ Loose abrasive grinding with addition of rogue particles
2. Define proper removal rate at
each step such that all the 10°; R
SSD from previous step is i) e 15T ;
removed 5 4+ 9T +15T 100 cm® |

3. Can use etching as a means
to remove SSD just after
grinding

Obscuration

4. Ensure handling and cleaning
at each step does not let rogue :
particles make contact vl
With surface 3 6 9 12 15 18 21 24

_ Crack Depth um)

5. Remove all rogue particles

in polishers; Use scratch

forensics to determine source Rogue particle sources
6. Use etched scratch dig 1) In slurry from foreign particle or agglomerates

inspections between steps
and at end of process

2) Dried slurry on components falling in
3) Contamination from polisher exterior
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Strategy for reducing the scratch density on optical surfaces

1. Measure the SSD at each step

2. Define proper removal rate at
each step such that all the
SSD from previous step is
removed

3. Can use etching as a means
to remove SSD just after
grinding

4. Ensure handling and cleaning
at each step does not let rogue
particles make contact
with surface

5. Remove all rogue particles
in polishers; Use scratch
forensics to determine source
6. Use etched scratch dig
inspections between steps
and at end of process

Etching provides a means of revealing
subsurface damage masked by hydrated silica

¥|I I
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There are five major areas of effort that have aided in managing
sub-surface fractures

LASER DAMAGE

Edge-lit image of an polis p

5. Showed link between sub-
surface fracture removal &
improved laser resistance

o
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LASER DAMAGE .
ree test optics have been fabricated such it does not laser

damage, supporting the “absorber-in-a-crack” theory

Edge-lit image of an polished 14 cm Edge-lit image of same optic
optic

Laser testing on a 14 cm x 14 cm test optic to 14 J/cm? (351 nm, 3 nS equiv)
resulted in the elimination of growing laser initiation site upon SSD removal
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AMP process significantly reduces laser damage initiation per
unit scratch length

Scratched

250 um | Laser
- —— Shots —
= : 12 O: \ =

Jlcm? 5(, ?'

" 2 (So, \ ) gf-; e
e , 3n s) ‘ g ,_

Y \® ¥-— .L g =

\ ¢ % \;' t ‘% L ¢ -

9, o = ; v,

J {5 3 % - ¢ ey (s - 4
;€ - ) & ~ =%

AL & B | 3% & 4 B Rh

b E ‘. Y o :

% ( BT 5 C B

T. Suratwala JACS 0/1(’7) (’)('\1 ﬁ) /I1R; P. Miller-US Patent-0079931 (’)('\1 1)

S
]
<
=
©
| -
3)
0p)
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The complexities of polishing has made is difficult to
scientifically design, optimize a process for a given material

Phenomena affecting Surface Quality

Herteran Trailing Induct Lateral & radial
crack crack crack Detormation

hm/\/;’ — T

Fused Silica

Chemical

lu ® 10" 10" 100107

Fe

1004
2004, Ce Ce
3004 Bielby layer H0
4004 Fa
5004
Surface Bond structure
H H H
H
II) O)‘ Ol O/ D,H /0\
S'!i SI SI \s."i Si Si
: y
SN SN I\ SINAIN
Q, Q, Q. Q,
isolated wvicinal geminal siloxane
silanol silanol silanol
Other:
+ Oxygen vacancies

+ Non-bridging oxygen

Applied Load Elastic Lap

Plastic Deformation

0.05 um

[ P

D (3, 3,0y =k, 13 3,0 v, (5,2,0) O, v, 1)
L | | W —

Friction at interface

Lap

Polishing particle
P,

6 on oH
si si si WPq uPy 1P3 1Py
Optic Surface Optic Surface

F’(xl) i
!!ﬁf i1 Eﬂ 2

n(X)E i f uml i |

ao=P/IA

afx) / alx)
X

im + NIF-0911-2299052¢1

OH o Ce

—

Bielby Layer
MomentForce | V1Scoslastic/Viscoplastic § ¢ 54icn ap nismatoh OH oy
p Reaponse Ce
- . OH oo
Vo anam

Phenomena affecting Surface Figure

Bielby Layer Mechanical

Ensemble Hertzian Gap i
Properties vs Depth

(EHG) Model

Redeposition

Removal function
(Plastic, Chemical,
dissolution)

Slurry Properties
{n, pH, hydrodynamic)

Particle Size
Distribution

Particle Composition

Pad (E;, v)

Pad Roughness
Pad Mechanical Prop.
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The surface figure of an optic is typically measured by
interferometry

Fizeau Interferometer

source
Measured Surface Figure
5¥5tem H -—
t¥ i
reference flat
test flat | ]
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Material removal on a workpiece is governed by a large

number of phenomena

dh
I (x, y,t) :kp w(x,y,t)v.(x,y,t)o(x,y,2,t)
H_JL . I\ - e v _J

Preston’s constant Friction at interface Pressure Distribution

Lap
Polishing particle

Hs 2

OgolX)

X

Si Si Si
Optic Surfacs

uP1 uP2 pP3 uPg
Optic Surface

IJAGS 3(1) 14-28 (2012); J. Am. Ceram. Soc., 97 [6] 1720-1727 (2014);
J. Am.-Ceram.-Soc.,-93[5].1326-1340-(2010)
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Material removal on a workpiece is governed by a large

number of phenomena

_(x’ y’t) =kp ﬂ(x, y’t) v,(x, y!t) G(x’ Y, Z’t)
- . e y i y J

Pclllshlng particle
P P P.
Si Si Si |.|F1 p.Pz |.LP3 uPa
Optic Surfacs Optic Surface

Applied Load U D D a ap

— sy

o(x)| ': f

X

-
c(,oﬁ |

X

T

o(X) ; o(X) ‘; ;
X

Vr

o
X

Preston’s constant Friction at interface Pressure Distribution

Ahg (0

Ground
Og surface

h

To
ﬁm}ff‘ahd@)
ng 00 _

pers - obal Pad Prop

T Pad
Go shrinkage

IJAGS 3(1) 14-28 (2012); J. Am. Ceram. Soc., 97 [6] 1720-1727 (2014);

. Am. Ceram.-Soc.,- 93 [R] 1326=1340 (9(’\1{'\)

Workpiece Surface

Slurry

Workpiece Surface

oD Sturry

Glass

Slurry Pore

it Pore,
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”1e optic/lap can have different modes of contact which
strongly influences the amount of material removal

ﬂlmmu L

R

H

o
=

Friction Coefficient ()

J. Lai, Thesis (2001); 107 106 105
J. Am. Ceram. Soc., 93 [5] 1326-1340 (2010) nvr/c (m)
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* geometric model is used to estimate the figure during
conventional grinding/polishing

. . The velocity vector at each point on the

Schematic of geometric model optic is the velocity relative to the optic
rotation minus the velocity relative to the
lap rotation

where the vectors are:
_J_Am. Ceram. Soc., 93[5] 1326-1340 (2010)
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Viscoelastic
!or a translating workpiece on a viscoelastic lap, stress is highest

at leading edge and lowest at end

Schematic of moving workpiece

on a viscoelastic lap

Effect of moment
on workpiece tilt

Workpiece

— \f
—

Viscoelastic

High Strain/
Low stress

Low Strain/
High stress

J. Am. Ceram. Soc., 93 [5] 1326-1340 (2010)

Optic Tilt, AH (um)

35

] "
30 < 17

1 Applied
25 4 Pressure 1 ?

4 & 2
20 - 411 7T

] =
15 Moment =

| i S Arm Distance e
10 - ’ & - 6 E’

1 Lap Rotation %)

5 Rate
0 <0
0 10 20 30 40 50 60
Moment arm distance, d (mm)
L) T L o m ¥ " = ] T
0:2 0.4 06 0.8 1.0 1.2
Applied pressure; o (psi)
I = ] o L] ” L ™ L] T
0 20 40 60 80 100

Lap rotation rate, Ry (rpm)
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alculated instantaneous stress distribution is qualitatively

similar to measured data

+Leading edge

Calculated instantaneous Measured removal on optic when it
Stress profile Is not rotated (Exp B)

High removal was observed at leading edge consistent with
viscoelastic mechanism for causing pressure distribution

'I I\m f‘nram an O’J [L'.] 1’.)’)&: 1’.)/1('\ (’)n1ﬂ)
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Rigid Punch
IHe pressure distribution across the workpiece can be predicted
using the rigid punch indentation model for contact mode

Rigid Flat Punch Model Calculated pressure/load distribution

o
oo

©
o

Y wafer

(P(C))(),N/m)

o
(N}

Load per unit length

0 I I I I I
—40 —20 0 20 40

Radial position on
workpiece (x, mm)

Papp=25N; f=0.1; v=0.1
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Our code SurF incorporates these phenomena & does a good job
at predicting surface

Experiment
@) y ._\‘“
f"/ d \

Simulation
“ AP

1000

J. Am. Ceram. Soc., 93 [5] 1326-1340 (2010) ~ * ~ S
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Lap Wear
'orkpiece polishing can cause non-uniform wear of the lap

Shape of lap after polishing workpiece
WOrkpieCe ammmV

T. Suratwala et. al., IJAGS 3(1) 14-28 (2012).
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A novel septum has been designed to counteract
non-uniform wear on the pad

Pad.wear v g .radius SIS T Determined shape of Septum
workpiece and engineered septum

6
5

Complimentary wear

due to designed septum

(Vorkpiece Lap

E
s
S 4
o
a4
5 3
= Wear due to Septum R
8 24 workpiece
o
1+ i Workpiece
0
0 20 40 60 80 100 120 140

Radial Distance on Lap (mm)

T. Suratwala et. al., IJAGS 3(1) 14-28 (2012).
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Temperature
‘emperature variations across workpiece can be minimized
using rotated workpiece and septum

Temperature on non-rotated Temperature variations vs

workpiece polishing configuration
Experiment Simulation 24, — T —
- 1l |—— Non-r.otating I\(Nc.)rkpiece
— R iece
8 21_ ::_—Rgg:zg m;kgiece+septum ]
9 1.8- -
2 1
g— 1.5 -
C§> 1.2—- / .
& 9 09_ ./ i
4 y 3 ] ]
T T T : T ; T T é 06_ / ]
] = 1 1
< 4 i
;6 19.5- \ ] 0.3 A/A/A
E 190— - 0.0 T T T T T T T T T T
= 1 0 20 40 60 80 100
g Ll - Lap rotation rate (rpm)
£ 18.0- i
2
Q 175- -
Q2
£ 17.0- .
g 16.5- / i
160- T T T T T T T T T T T
0 20 40 60 80 100
Radial Distance across Workpiece (mm) T. Suratwala et al JACS 97(6) (2014) 1720.
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Pitch (Stiff) Button Blocking (PBB) and Foam (Compliant) Button Blocking
(FBB) allows different workpiece response during polishing for High AR

workpieces

Pitch Button Blocking (PBB) Foam Button Blocking (FBB)

2113 Initial Workpiece
L —_— ]
104

Pitch

J Workpiece
= ww/vw

= Workpiece does not conform

to lap upon loading
= Allows for surface figure to
match lap figure

1/3 Initial Workpiece

[ —
104

Workpiece

= Workpiece conforms to

lap deform upon loading
Allows for uniform
removal on workpiece
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Without stiff blocking, thin workpiece deflects during polishing

Thick Workpiece (26 x 26 x 4 cm?3) Thin Workpiece (26 x 26 x 0.8 cm?)
FBB (Exp 1034) FBB (E1019)

PVq:O.42 um PVq:3.8 um

. . (‘Jql
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Workpiece Bending
I |tcH ! utton blocking (PBB) technique prevents workpiece from
bending during polishing

Model vs Experiment:

APV as fn of pitch button area fraction

265 mm (side) x 8 mm (thick)
Fused Silica PBB

1.64 T T T T T T T T T T T T ]
. Exp Model 1
144 o Fused silica PB1 .

1.2_‘ @ —— Phosphate PB1 ]

1.0-
0.84
0.64
0.4
0.2
0.0
0.2
000 005 010 015 020 025 030 035
Area Fraction

APV (um)

M. Feit et. al., Applied Optics 51(35) (2012) 8350-59
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Ine scale radial material non-uniformity is caused by local

islands of slurry on the pad

Schematic representation of islands Optical micrograph of grooves
of slurry on pad observed on non-rotated workpiece

dE i

‘f F
|

Lens Z100:X100

. Soc:, 97 6] 1720=1727(2014) T
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Ine scale radial material non-uniformity is caused by local

islands of slurry on the pad

Schematic representation of islands
of slurry on pad

Optical micrograph of grooves

observed on non-rotated workpiece

| Initial Surface |
-2- No Stroke
-4 i

_10_- angential Stroke]

DC + Tangential Stroke 1

Relative Height (um)
ﬁ’°

A e e s R2diE SiTOKe ]
-16 T T T T T T T

Distance (mm)

Radial stroke motion dramatically

reduces this non-uniformity

. Soc:, 97 6] 1720=1727(2014) T
. . V<
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Grinding Stress
l e5|! ual grinding stress causes a high aspect ratio workpiece to
bend

Surface Figure of S2 Surface Figure of S2
(Initial) (After Grinding S1)

PV,=-1.29 um PV,= 3.65 um PV = -1.16um

Surface Figure of S2
(After Grinding/Etching*)

Chemical etching can effectively remove the residual stress
and any complications to workpiece-lap mismatch

(201.2)
(eIt

- i)
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T ol

Convergent Polishing machine (CISR2) is ready for process trials fox
reducing GDS finishing cost
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Material removal on a workpiece is governed by a large
number of bphenomena

=——i(X, Y.t} :&\/Jt(x,y,t)nvr(x, y.t)o (x, y,z,t{

Preston’s constant

Friction at interface Kinematics

Pressure Distribution

H20

Lap

Polishing particle

Pi/ P2 P3 Py

Optic Surface

"wPq uP2 uP3 uPg

Optic Surface

To(X)

s
L.

Applied Load Distribution

Elastic Lap Response

Hydrodynamic Forces

P(x)

ripioc

0(X)| ‘: i
X

Moment Force

X

Viscoelastic/Viscoplastic
Lap Response

cra=PIA

ofx) ‘@ !

(D

Optic/Lap Mismatch

T. Suratwala et. al.

, IJAGS 3(1) 14-28 (2012)

M. Feit et. al., Appl. Opt. 51(35), 8350-8359 (2012)

R. Dylla-Spears et. al

., Colloids and Surfaces A (2014)

We developed a polishing
process which removed all

spatial material removal non-

uniformities except for
Workpiece Shape

- ) Workpiece Bending
Workpiece Shape Pad Wear/Deformation (Mechanical)
Agy (0 H

'ahgy (x)

Residual Grinding Stress Temperature Global Pad Prop
Ground d Pad
Og surface shrinkage
—=V,
SrkpISE ot () m a0
: [ p—— 7| -

Slurry Spatial Local Nonlinear
~ Distribution Materal Deposits
= Workpiece Surface Workpiece Surface
Slurry & Glass Product
Slurry Slurry Slurry
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Convergent Polishing works on the principle of time varying
pressure distribution due to workpiece-lap mismatch of
workpiece shape

------- A Convergent Polishing Concept

Material removal non-uniformity is due
only to workpiece-lap mismatch (i.e. gap)

-
N

o 3
o
-
~
=
@D
o
@D

|

Relative Height (um)
(-2}

)
Q.
)
=
7]
)
&
)
o
4
LS
2

1aa .
4l J9ap due to workpiece shape
2 Lap- : .
D = Higher pressures where gap is smallest,
0t T leading to greater removal rate
Lineout on Workpiece
e = Removal changes gap, reducing pressure
2 ]
= 3 201 _
o o EERR = Convergence reached when pressure is
e M~ . . .
== 0 151 1 uniform (workpiece & lap will have same
(Vp)] S
0 2 BN shape)
=g &
o .9
oY £ os
i
0+ 77— 71—

Lineout on Workpiece
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Lap Wear
l novel septum has been designed to counteract non-uniform
wear on the pad

Pad wear vs lap radius due to

Determined shape of Septum

workpiece and engineered septum

6% /// //// W
’E‘ 5- Complimentary wear
E i due to designed septum
S
g
o] ]
@
5 3
= Wear due to Septum R
3 24 workpiece
(o
1- _/r Workpiece
0
0 20 40 60 80 100 120 140

Radial Distance on Lap (mm)

T Suratwataetal; 1JAGS 3(1) 14-28(2012);
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Convergent Polishing converges workpiece (regardless of its
initial shape) to final shape in a single iteration without process

changes

Initial; PV ,=9.9 um

100 mm Round
Concave

e

100 mm Round
Convex

Initial; PV;=-4.8 um

@
Initial; PV,= 5.4 um

Pl
-

100 mm Square
Concave

100 mm Square
Convex

Initial; PV;=-7.0 um

US Patent Application, T.Suratwala et. al. “Method and system for convergent polishing”
WO 2012129244 A1 (September 27, 2012)
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Convergent Polishing can and has been applied to numerous
optic shapes, materials & sizes

e S A

Round, square, rectangular
10 cm 226 cm > 43 cm
10 cm >50 AR with PBB/EBB, 26.5 cm >50 AR with PBB/EBB
Fused silica, Phosphate, Borosilicate
Al2 for 100+ Workpieces (>800 hrs)

. . (_ "‘I
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The complexities of polishing has made is difficult to
scientifically design, optimize a process for a given material

Phenomena affecting Surface Quality

Hertcran Trailing Induet  Lateral & radial Plastic Deformation
crack crack crack Detormation

WAV .

0.05 um

Fused Silica Densification

Phenomena affecting Surface Figure

T - D (7,00 = ke, w063, v, (5, 2.0) 0.y, 1)
ol H.0 "ce - t L | N | VS —— |
oA / Bielby layer "0
A Friction at interface
4004 ] Fa =
5004 Polishing particle
P P,
Surface Bond structure )
il’ H H H n pPy Py yPy Py _' _o .
7 / A, Optic Surface Optic Surface ’ g
A SV SN Phenomena affecting Roughness
AN ANAN A 2N ian G y Lay g
Applied Load Elastic Lap Ensemble Hertzian (_,ap Bielby Layler Mechanical
" Q, Q, Q T Bulk Properties vs Depth

(EHG) Model

Redeposition
M h} =

Bielby Layer

-,
U T—
u(x)h

X

Q
isolated wvicinal geminal siloxane F’(xl) i
ilanol il 1 silanol i
k sitanol 7 other: [Woriiccel]
- Oxygen vacancies [T
+ Non-bridging oxygen
u(x)z i u(:)k J
3 <

Removal function

Viscoelastic/Viscoplastic

Moment Force Optic/Lap Mismatch (Plastic, Chemical,
= piRscpones 2 P dissolution)
" . s T aha)
Al . —
G o] g | o= -~
Slurry Properties
olx) alx) / {n, pH, hydrodynamic)
X X
15TISMIm « NIF-0911-2299052¢1 g \ Particle Size

Distribution

Particle Composition

Pad Roughness
Pad Mechanical Prop.

Pad (E;, v;)
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Schematic model of the parameters that affect roughness during
polishing

Ensemble Hertzian Mult-Gap Beilby Layer Properties

vs Depth

(EHMG) Model

PAl Redeposition

Workpiece

Bulk (E;, vy) Removal function

(Plastic, Chemical,
dissolution)

Slurry Stability &
Interface Interactions

Particle Size
Distribution

Particle Composition

Pad (E,, v,)

Pad Roughness

Pad Mechanical Prop.
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Polishing was conducted using the Convergent Polishing
Method (ceria or silica slurry on various glasses using a
polyurathane pad)

CISRO polisher CISR1 polisher

q ] [vXH
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SIMS measurements show Ce penetration into polished surface is
not due to diffusion & K penetration is consistent with diffusion

[Ce] profile on polished fused silica surface
as fn of polishing velocity

20 = V1: 40 rpm (1.00 um/hr)
10 e V2:20rpm (0.88 um/hr)
G 4 V3:10 rpm (0.45 um/hr)
51019 v V4:5rpm (0.09 um/hr)
»
£ .
= 10%4 *©
% . " dh/dt
O, 10" /K
v a n n A"
16
10 v ovov ¢ £ v v v ¢y e
[ ) [ ) [ ) [ ] o
1015I | T | T | T | U | U | U |
0 20 40 60 80 100 120 140
Depth (nm)

[K] profile on polished fused silica surface

[K] (atoms/cm®)

as fn of polishing velocity

1021 | T T T T T T
= V1: 40 rpm (1.00 um/hr)
1020 e V2:20rpm (0.88 pm/hr)| |
, A4 V3:10 rpm (0.45 pm/hr)| 3
\4 v V4:5rpm (0.09 um/hr)
1019 vv'v -
o, dh/dt
= wv""
a4 M
10" 4eee,, st vty _
®0cee, ALAAAA“ vw'v'vv
e M Ve
1017 | ...II.. . [ .:AA :AA.A“‘ WV ™ ]
. ...ll.. .:o % .: A QA v Vvvvv v
" e LN A A v
m g Y M. 4
[ N ] L | *.0* ° (LN r
10 — . SRR
0 200 400 . 0600, .= 800
Depth (nm) ‘
mEEEE mmm ®n

SIMS (note Si 2x1022 atom/cm?3)
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[Ce], increases with polishing removal rate & is weakly
dependent on other polishing parameters

[Ce] of polished surface layer for Correlation between [Ce], and

variety of polishing conditions removal rate (dh/dt)

I ' I ' ! ' ! ' ] T T T T T T T T T T T T T
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The penetration of Ce into silica surface during polishing is
proposed to be a competition of hydrolysis reactions

Mechanism

Condensation 1) Removal rate increases

2) Interface temperature increases

—ci — — o — 3) Arrhenius increaseto r
=ol- + - = = ol-0O- = +
Si-OH + HO-Ce £ > = 35i-O-Ce H,0 4) Greater Ce surface deposition

glass particle

Silica Hydrolysis

ESi-*-Si-O-Ce-O-Ce = + H,O0 > = Si-OH + HO-Si-O-Ce-O-Ce =

Ceria Hydrolysis

ESi-O-Si-O-Ce-%}-CeE + H,O0 2 = Si-O-Si-O-Ce-OH + HO-Ce =

r =Ceria Hydrolysis rate/ Silica Hydrolysis rate
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K continues to diffuse into the workpiece even after polishing

Proposed Simulation vs Experiment
2-step diffusion model
Step 1: During polishing, K nie ‘g' 022 e i
- - : . Qo - m  B1(1.00 pm/hr) 3
diffuses into surface via moving 0 ~ . Step 1: Moving . 52088 tm/h:)
boundary diffusion E "N Boundary biffusion A B3(0.45 pm/hr)
% 10 N Y v B4 (0.09 um/hr) E
dh ~— \ \
dt €104 ' 3
C(x) = Csexp (— d%) 2 N Y v Step2: Simple Diffusion
@® \ \ Yy
510 \ \ v
C \ \ \
Step 2: After polishing, K S L \ —
continues to diffuse into fused 1073y, Vool ¢ oo
silica surface (has initial @) \ \ v T e Ea,
condition from step 1 and no ¥ 10" ‘\‘\ ‘\ \
moving boundary) W\ \ ‘\
d [ dC\ dcC 10"+
- D - e \\ 1 \ 10 100
dx dx dt 1 \ Depth (nm)
‘\\ \\ D=1.5x1016 cm?/sec Cs=1021cm'“ux

C,=0 atoms/cm?3 t=2 weeks
Suratwala et. al. J. Am. Cer. Soc. (5/2015)
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Schematic Model of the parameters that affect roughness during
polishing

Ensemble Hertzian Mult-Gap Beilby Layer Properties

vs Depth

(EHMG) Model

PAl Redeposition

/

Workpiece
Bulk (E;, v;)

Removal function

(Plastic, Chemical,
dissolution)

Slurry Stability &
Interface Interactions

Particle Size
Distribution

Particle Composition

Pad (E,, v,)

Pad Roughness

Pad Mechanical Prop.
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The removal volume for a single polishing particle was determined
from multi-pass nanoscratching to account densification effects

LHG-8 phosphate glass: scratches at 110 uN

Passes: 1 1 1 5 5 10 10

O nm

N. Shen et. al., J. Am. Cer. Soc (2016) 1-8
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Fused silica and BK7 show little load dependence on permanent
deformation; changes in Bielby layer of fused silica influences

depth

AFM images of nanoscratches on

different surfaces at various loads

20 puN

170 uN 150 pN 110pN 80puN 50 pN

Fused Silica f&
(uR20)

Fused Silica
(B2)

Cross-section of nanoscratches at

various loads on various substrates
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A detailed description of the removal function has been
determined for various glasses aiding to the prediction of
roughness

Determined removal function for single

particle on various glasses

« Removal occurs over two

10? g——rrr . . . .
{ [ Fusec siica | | | regimes during polishing
] Borosilicate glass (BK7) (mOIeCUIar and pIaStIC)
10" - Phosphate glass (LHG-8)

:  Fused silica and BK7 have
= similar removal functions
£ 10° 5
e r— .

o e Removal function for
()] . .
S end phosphate glass is higher
« Combining removal
107 function with load/particle
f distribution allows for
. predicting roughness
107 10 107 10° 10° 10* 10° 107
Load/particle (N)

N. Shen et. al., J. Am. Cer. Soc (2016) 1-8
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Schematic model of the parameters that affect roughness during
polishing

Ensemble Hertzian Mult-Gap Beilby Layer Properties

vs Depth

(EHMG) Model

PAl Redeposition

/

Workpiece
Bulk (E4, v,)

Removal function

(Plastic, Chemical,
dissolution)

Slurry Stability &
Interface Interactions

Particle Size
Distribution

Particle Composition

Pad (E,, v,)

Pad Roughness

Pad Mechanical Prop.
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Slurry’s PSD* strongly correlates with workpiece roughness and

removal rate

Measured PSD of ceria slurries

105 E 1 g T T T T T T T T T LI |
o Accuplane
J o E92 Stabilized Hastilite
104 | A E134 Unstabilized Hastilite
E133 Ultra-sol 3005
] E135 Ultra-sol 3030
pd |
€ 10°4
> ]
Q ]
@) |
(&)
5 10°
% ]
D- -
10" E
10°

Particle size, d (um)

The tail end of each slurry follows a
single exponential distribution

Exponent constant in PSD of slurry
vs RMS roughness of polished surface S

=
<

=
<
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Q
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Exponent Constant in PSD, d_ (um)
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RMS roughness (AFM 50 um), & (nm)

1 The slope of the slurry’s PSD

T. Suratwala et. al., J. Am. Cer. Soc 97(1) (2014) 81

*Particle size distribution

1 quantitatively scales with the rms

roughness
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Pad topography during polishing strongly influences
removal rate

MHN Pad Surface Topology (Confocal Microscope
Images) with various surface treatments Pad Height Histograms

T1: New MHN T2: Used MHN 1005 T
UM ]
e 10™
c ]
= ]
3
SR New MHN
- L 1075 (11
‘ g ]
= p 1 Used MHN
0.31 um/hr [ § 10°4
g . - 45 min DC
T3:45 min DC © (T3)

10 4 T T u T u T T T T
0 100 200 300 400 500
1000.0um Relative Heightf(um)

2.10 um/hr ;
1400 pm x 1000 pm

Tall pad asperities (100’'s um) are removed with diamond conditioning pad treatment

Removal rate increased from 0.08 um/hr to 2.10 um/hr; 26x increase
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EHMG (Esemble Hertzian Multi-Gap) polishing model accounts
for both slurry PSD & pad topology to determine RR and
roughness

EHMG Model Setup e Key Inputs: Slurry PSD & Pad Topology

P,,O » Using pad height histograms:

v  Pad asperities compress leading to
single value gap of pad (g,) based
on load balance

* Fraction of pad area making contact
is calculated

Pad (E,, v,)

P o  [Each asperity compresses by height (h;)
s 8 resulting in stress (o))

Workpiece (E,, v,)

* Using slurry PSD at each asperity land—
workpiece interface, slurry particles are
loaded with a unique gap (g;) following
load balance

Pad (E,, v,) s va)  Load/particle distribution is calculated

from summing all pad asperities

T. Suratwala et. al., J. Am. Cer. Soc (2016) accepted
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Experiment

EHMG Model

EHMG model compared with experiments expands our insight to

the diverse factors affecting material removal rate

Fraction of Active particles

Measured removal rate & EHMG model Comparison

Ceria Slurry PSD

S3

with plastic removal (fp)
o o o o o
o o o o =
N S (2] [e5] o

o
o
S

Active Particles (N ) (10%cm?)
Fraction of load on particles (f )

3.0

2.5

2.0+

1.54

1.04

Slurry Concentration

N5 N6

0.0
0

W WA A
o o wn

I e o
o o o vt o w
A

N
Q.

10 10
Areal # density of
Particles (N,) (cm?)

Fraction Pad Contact Area (f,)

104

Pad Topology

Average Depth of
Plastic Removal (<d >)

2.5,
2.0 T2
1.5
1.0
C
0.5
T2
0.0 T . :
S > O (@)
() (4
<8 \)9 6\\00 (Q\QO
O
0.114
0.104
0.09 f,
0.08+
0.074
0.06+
0.05+
S > O O
() (4
<8 N 6\\00 (Q\QO
o

Glass Type
124
101 PL
84 B1
6
44
2,
F1
0 T T T
> @ ]
R & &
N O N
9 B R
Q QO
0\ Q‘(\
Q
1.6+
1.4
1.2
<d >
1.0 P
0.8+
0.6
0.4+
0.2
0.0 T T T
> @ ]
R & &
N O N
9 B R
Q QO
0\ Q‘(\
Q

dh
dt
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(F,(d,)2a,)+ f,.(d,)(2a,))

* Widening PSD
increases load/particle
& fraction of removal
by plastic removal (f))

* Increasing slurry conc
increases active
particles density (Nf,)
and fraction of load
carried by particle (f,)

* Increasing pad flatness
increases fraction of
pad area making
contact (f,)

* Change in glass type
change removal depth
by plastic removal (d,)
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Load/particle distribution calculated using EHMG model,
combined with measured removal function, gives the removal
amount for each slurry particle

Single particle removal function &

calculated load/particle distribution

10% 5

3 -Fused Silica

i Borosilicate glass (BK7)
10" - Phosphate glass (LHG-8)

Unstabilized E

ﬂime

Stabilized
Hastilite

100'5
1 colloida
{ Silica or

10" {4 NanoArc

Depth (nm) or
Fractional Distribution*100

107 =

109 10y g . -5 10

Load/particle (N)

10°

This can be now used to calculate both removal rate and roughness during polishing

P ; e 10
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Using the EHG model, polished surfaces using different PSDs
have been simulated over multiple spatial scale lengths

Unstabilized Hastilite PO Polished Surface Stabilized Hastilite PO Polished Surface

Measured Simulation Measured Simulation

50 pm X 50 pm
50 pm X 50 pm

5um x5 pum

o0c--97(1).2014
I LIES
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EHMG model also simultaneously simulates trends in observed

AFM roughness over a variety of polishing parameters

Fused Silica

Measured

EHMG Model

Borosilicate Glass Phosphate Glass
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Novel chemical slurry stabilization and engineered filtration has

resulted in improve slurry PSD

Slurry Particle

& .

Anionic
Surfactant %
Monomer %\ Anlonic A
e £ & Micelle &

Improved Particle Size
Distributions

T T T T T T T
. ] —=— Unstabilized Hastilite
10°5 e Stabilized Hastilite 3
] —a— 25 um filtered Stab. Hastilite | 3
| —vw— 5 umfiltered Stab. Hastilite
€ 10’5 .
§ ‘
o ]

2 1074
@ ] ]
a ]

10"+
. I — A AA?—-‘. A' Y AIM T FS .
0 2 4 6 8 10

Particle Size (um)

= Surfactant dramatically reduces agglomeration
without reducing removal rate
= Appropriate filtration further improves PSD
US Patent Application WO 2012129244 Al (September 27, 2012)

R. Dylla-Spears, Colloids & Surfaces A 447 (2014) 32
T. Suratwala, JACS 97 (2014) 81

b Lawrence Livermore National Laboratory

NYSE

r Security Administration



Schematic model of the parameters that affect roughness during

polishing

Ensemble Hertzian Mult-Gap Beilby Layer Properties

vs Depth

(EHMG) Model

Workpiece
Bulk (E,, v,)

Removal function

(Plastic, Chemical,
dissolution)

PAl Redeposition
z "
Slurry Stability &

Interface Interactions

o ~ H,O . :. = "w

g Q s . Particle Size
% — L 3
\___, -

Distribution

Particle Composition

Pad (E,, v,)

Pad Roughness

Pad Mechanical Prop.
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Probing roughness over different scale length: factors
affecting u-roughness are not necessarily the same as those
affecting AFM roughness

Power Spectra for various spatial

band on a typical fused silica optic
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Little change in AFM roughness suggests plastic removal function is
unaffected by pH; Large change in p-roughness suggest pH is
influencing slurry agglomeration at larger scale lengths

Surface roughness of Phosphate glass (LHG-8) polished with Stabilized Hastilite at different pHs

%)
%)
Q
c

=
o
S
o
T
3

Note same behavior observed with Stabilized & Unstabilized Hastilite for LHG-8
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The uniformity of slurry on the pad is greatly improved at
lower pH, likely leading to lower m-roughness

Confocal image of pad surface after polishing
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4 Slurry Height Distribution
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Impact of glass products on zeta potential is very different
depending on the nature of the glass product

Zeta Potential of Stabilized Hastilite
PO as a fn of pH and

Zeta Potential of Stabilized Hastilite

PO as a fn of pH and

60 L L L B AL B LA ERNLE B
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~ v — i _
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c ' X ~ G Q. i
L 0o TR e |f------- . 5 ] ]
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(al _10_ .E. ] % '10—_ —-
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pH P
Addition of glass product surrogate for phosphate glass Addition of glass product surrogate for silica glass
(K3PO,) make the zeta potential positive with little (Si(OH,)) has little impact to zeta potential
change in pH
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A model to determine the electrostatic double-layer
Interaction forces between the 3 components at the interface
(as a function of pH and glass products) has been developed

Force Calculation Results

(using measured zeta potential vs pH and glass product conc)
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Using the IDG model, simulated p-roughness compares well with
measured data suggesting that slurry spatial distribution is an
Important contributor to roughness

Comparison between measured and
simulated p-roughness

pH=2 Polish _ pH=13 Polish

Schematic of

‘Island’ Distribution Gap (IDG) Model

Le)
(]
)
=
(7]
©
= 7]
Workpiece (E,, v,) P E
P1 1 P p r
r
I
Slurry
“Islands” Pad
; Pore
Pad (E, v,)
1mm
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Increase in pressure resulted in expected removal rate
Increase and little change in roughness as predicted by the
EHMG model

Plot of measured removal rate &

roughness on Fused Silica

2.8 T T T T T T T T T
2.6 1 A B Slurry Series (S)
2.4 ] v Slurry Concentration Series (N)| s (N)
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£ 20
iE% 1.8—: .
© 1.6-_ 7
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® ]
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® g |
> 187 _c
Ld 06— 7 -
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0'8 ] /Inss TSS-s4 .I:Z.SZI . ‘TKT.W Nl. . “ |
0.0 0.2 0.4 0.6 0.8 1.0 12
rms AFM roughness (nm)

These results have large practical implications since it is largely believed that low

0.6 psi
20 rpm

1.9/2.5 psi
50 rpm

Tetls
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'

PSS

Ry, | Aﬂg o
i

3

Narrow PSD (S6) Flat Pad (T3)

roughness surface are only achieved at low removal rates
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Schematic model of the parameters that affect roughness during

polishing

Ensemble Hertzian Mult-Gap Beilby Layer Properties

vs Depth

(EHMG) Model

Workpiece
Bulk (E,, v,)

Removal function

(Plastic, Chemical,
dissolution)

PAl Redeposition
z "
Slurry Stability &

Interface Interactions

g Q — Particle Size
% e -
\____. e

Distribution

Particle Composition
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Pad Roughness

Pad Mechanical Prop.

e Lawrence Livermore National Laboratory

NS

National Nuclear Security Administration



Strategies to reduce roughness and Iincrease
removal rate during polishing

1) Establish a narrow load/particle distribution
 Use slurry with narrow particle size distribution
(especially at the tail)
« Use acompliant lap

2) Remove asperities from lap
« Example: Correctly diamond condition polyurethane
pad

3) Stay within molecular removal regime (avoid plastic regime)
 I.e., increase load up until plastic regime is reached

4) Control slurry chemistry such that slurry is uniformly
distributed at the interface
* e.g., pHcontrol and glass products removal

. - e 11
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The complexities of polishing has made is difficult to
scientifically design, optimize a process for a given material

Phenomena affecting Surface Quality
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