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ABSTRACT

Photostabilization of UV -curable Optical Resins and
Optimization of UV -curing Process Conditions using
Taguchi method

Kwon-Seok, Kim

Advisor : Prof. Jin—-Who, Hong Ph.D.
Department of Polymer Science &
Engineering, Graduate School,

Chosun University

(1) Wafer-scale UV embossing process technique is wuseful for fabricating
mobile-phone camera module. In this study, the fabrication process of
UV-embossed microlenses on the basis of wafer—scale-replica processing has been
optimized using Taguchi method. Sensitivity analysis was performed using UV
dosage, process temperature, applied pressure and degree of vacuum as the
parameters. The experimental results showed that the conditions such as 3500
m]/cm2 UV dosage, 30 TCtemperature, 0.1 Mpa pressure, and 80 Torr degree of
vacuum gave the best result. This work demonstrates the effectiveness of
wafer—scale-replica processing technique in fabricating wafer—-scale UV-embossed

microlenses.



(2) The photostabilization and cure kinetics of UV-curable optical resins containing
various formulations of photostabilizers have been investigated to determine the
system with the highest cure conversion and durability. Photo-DSC analysis
revealed that increasing the concentration of a UV absorber(UVA) decreased both
the crosslink density and the cure rate due to competition for the incident photons
between the photoinitiator and the UV A, whereas including a hindered amine light
stabilizer (HALS) hardly affected either the cure conversion or the cure rate due to
its absorption being very low at 365nm. This result was confirmed by FTIR-ATR
spectroscopy and UV-visible spectroscopy analysis. QUV ageing experiments
showed that the cure conversion and durability were highest for the formulation

with UVA and HALS at a ratio of 1:2, which is due to their synergistic action.
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Fig. 1.1. Experimental setup of UV-embossing equipment.



A34d g5 e oled 49

L QA 2 53 A4

UV embossing &AM 71

Hoh o3 o RS JFE AFHL

Al
s
H
RN
lo
K o
Ho
s
)
o2
rob
rO
2
il
=2
lo
%
it
ol

deo 2 HE FAE A ATl Y5k SNH](signal to noise ratio)E A}

5 ote AoRE s gdg 3 FEol
Fe 9T P vEEA YEdY. S, 474 241 SNHIE AA vh=
= #e Faol diske] A,

SNHl= 524 &, 5 SAA o) 2 A7k @A Hed SAA= H

—

E (normal is best), W2 (smaller is better) ¥ "o (larger is better)E 4 0.2 1}
Holzoh, 2 AFelA A& w2 WEAF(number of bubbles)v &4 5
F3dlo] AgsR e HE(Vickers

—?—_& U]—)\E/H O]Ei UP_/J'\__‘_ET/KJ o] 9
S5 Fonw oA Falo ds

[ [¢] A ]

A
hardness)®} ¥ 3} % (transmittance)= =

s A% SNE e RSl

A (12)M n& SARS 75 dehla, e AT SA%S dehda ZIda

- 2
€rﬂfﬁP%@.ﬂwwlﬁ$$%%:néMQJZ@ﬂQAE" olth. wela



S\I = _1OIO - —2
Nz Y, (1.3)

o
S
i
)
N
N
%0
3
o
Y oo o
L
o
wm
Z
=
2y
o

Sl oA @ FES MAGAT o8 Table L1o] VFERAATH A=A o] o

S nAE QAE UV ZAFEH(UV dosage), 34 2% (temperature), &= (pressure)



Table 1.1. Levels of selected factors

Level
Factor
1 2 3
A UV dosage (mJ/cm?) 1500 2500 3500
B: Temperature () 30 5 70
C: Pressure (MPa) 0.01 0.1 0.2
D: Degree of vacuum (Torr) AP. 2 80 155

* Atmospheric pressure



Table 1.29} 1.3°] Z+Z} Optical resin A9} Optical resin Be] UV ZAM =, &34
=, 4 B AT AAES AL /Y FEel dHE dES Aot
of eI o™ Tables 1.2—1.39] 1€ UV ZAFF(A), 2€0 342%=(B), 34
of 4=E(C), 48l NF=(D)E sttt 24 2] dape= AA/IF L EH
el Itk Vickers hardness® Fig. 1.30] YeEldl Ble} o] F iAo HHgk
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Ak Htgkolth. Bubble v A3 Y dAF A7) HE o o=
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Table 1.2. Table of orthogonal arrays and experimental results for Optical

resin A

Exp. Yickers Transmittance  Number of
No. A B < D hardness (MPa) @ 550 nm (%) bubbles

1 1 1 1 1 2.40 84.0 10

pa 1 2 2 pa 2.7 82.8 6

3 1 3 3 3 3.04 79.7 6

1 2 1 2 3 2.85 84.1 11

5 2 2 3 1 3.00 83.1 16

6 2 3 1 pa 3.29 79.2 3

7 3 1 3 2 2.94 84.0 )

8 3 2 1 3 3.09 82.9 11

9 3 3 2 1 3.56 79.2 4




Table 1.3. Table of orthogonal arrays and experimental results for Optical

resin B

Exp. Vickers Transmittance Number of
No. A B ¢ D hardness (MPa) @ 550 nm (%) bubbles

1 1 1 1 1 9.12 80.3 17

2 1 2 2 2 11.67 78.8 7

3 1 3 3 3 12.13 759.3 12

4 2 1 2 3 11.12 80.2 20

5 pa pa 3 1 12.31 78.7 25

6 pa 3 1 2 12.59 759.3 4

7 3 1 3 2 11.95 79.3 7

8 3 2 1 3 12.40 78.0 12

9 3 3 2 1 12.95 76.1 12

_10_



Fig. 1.2. Reflection optical micrograph of a residual Vickers indentation

impression in a optical resin.
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el A ZHE Ao ZHE MINITABS #83 th4x By o& Optical
resin A%} B2l SNH|E ZA4bste] Table 1.4—1.50 ZH7F yepg et 4oz SN
H & o] &3ste] Z A FFY EHRE T7E F A dF E°], Vickers
hardnessol A A=A}, 45 19 &3 A2 APHET 1239 dgds == SNH| 9
o7 vga o] ALtdn

_ 7.60+8.66 +9.66 _

(

=
N

g9} e MHoR BE AXe FEel 1 BHE ALY F Atk B, FEA
(deviation)= Q1zbe] & &} HAuigts HAxghe Aol E3m 7ol
4 Seael ol oF wEgm Jedd, og 2

vl

rlo

(percentage contribution)
o] AArg oz W 9 T IE Optical resin AE Table 1.6—1.8°, Optical

resin B Table 1.9—1.110] Zt7 v At}
A A3ZS 29 B Optical resin A9} Optical resin B =5 7)ol &o] 713 =
< A= BYS & F Aal ole BAAY o]l xwwb wpylo]: Adgle] Z
S Fve AL 9n . Optical resin A9l A% Table 1.6—1.8°4 2z <
b8 o ZIE vluste] HAHo A FES oW A3 Bl, C2, D271 #
th. =, A3, Bl, C2, D29 #Ax7o=Z S JAZ o FFol st ¥t
= 29SS 48 F 9SS ¢ 4 Uy Optical resin B9 4%+ Table 1.9—
L11el A 2k b 5o &35 nlusto] HA o Qad &5 Fow A3
Bl, C3, D27} &t} =
A

FAsta sk
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Table 1.4. SN ratio of the results for Optical resin A

Exp. NO. Vickers Transmittance Number of
hardness (MPa) (%) bubbles
1 7.60 38.45 ~20.00
2 8.66 38.36 -15.b6
3 9.66 38.03 -15.b6
4 9.10 38.50 -20.83
5 9.54 38.39 -24.08
6 10.34 37.97 -9.54
7 9.37 38.49 ~13.98
8 9.80 38.37 -20.83

9 11.03 37.97 -12.04

_13_



Table 1.5. SN ratio of the results for Optical resin B

RUN Vickers Transmittance Number of

hardness (MPa) (%) bubbles
1 19.20 38.09 -24.61
2 21.34 37.93 -16.90
3 21.68 37.54 -21.58
. 20.92 38.08 -26.02
b 21.81 37.92 -27.96
B 22.00 37.54 -12.04
i 21.5b 37.99 -16.90
8 21.87 37.84 -21.58
9 22.25 37.63 -21.58

_14_



Table 1.6. Factors affecting the Vickers hardness for Optical resin A

Effect

Factor Deviation PC a(%)
1 2 3
A 8.64 9.66 10.07 1.42 40.12
B 8.69 9.33 10.34 1.65 46.58
C 9.25 9.60 9.52 0.35 9.74
D 9.39 9.46 9.52 0.13 3.55
Total 3.55 100

“ PC: percentage contribution

_15_



Table 1.7. Factors affecting the transmittance for Optical resin A

Factor Hftect Deviation PCa(%)
1 2 3
A 38.29 38.29 38.28 0.01 1.87
B 38.49  38.37 37.99 0.50 89.08
C 38.28 38.28 38.30 0.03 4.54
D 38.28 38.27 38.30 0.03 4.52
Total 0.56 100

* PC: percentage contribution
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Table 1.8. Factors affecting the number of bubbles for Optical resin A

Effect

Factor Deviation PCa(%)
1 2 3
A -17.04 -18.15 -15.62 2.53 14.01
B -18.27 -20.16 -12.38 7.78 42.99
C -16.79 -16.14 -17.87 1.73 9.57
D -18.71 -13.03 -19.07 6.04 33.42
Total 18.09 100

% PC: percentage contribution

_17_



Table 1.9. Factors affecting the Vickers hardness for Optical resin B

Factor Hftect Deviation PCa(%)
1 2 3
A 20.74 21.58 21.89 1.15 30.48
B 20.56 21.67 21.97 1.42 37.66
C 21.02 21.50 21.68 0.65 17.36
D 21.08 21.63 21.49 0.55 14.51
Total 3.77 100

* PC: percentage contribution

_18_



Table 1.10. Factors affecting the transmittance for Optical resin B

Factor HHect Deviation PCa(%)
1 2 3
A 37.85 37.85 37.82 0.04 5.39
B 38.05 37.90 37.57 0.49 74.69
C 37.82 37.88 37.81 0.07 10.25
D 37.88 37.82 37.82 0.06 9.67
Total 0.65 100

* PC: percentage contribution

_19_



Table 1.11. Factors affecting the number of bubbles for Optical resin B

Factor et Deviation PC a(%)
1 2 3
A -21.03 -22.01 -20.02 1.98 14.01
B -22.51 2215 -18.40 3.75 26.46
C -19.41 -21.560 -22.15 0.65 4.56
D -24.72 -15.28 -23.06 7.78 54.96
Total 14.16 100

? PC: percentage contribution

_20_
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1. 28 A= 43 54

A9\ 8 Ay B A

= ChemOpticsAte] UV-curable acrylate # ¢l
optical resin A(dE: 7 100 cps @ 25 C, =4 % : 1430 @ 1550nm)9} B(H &=

T 400 cps @ 25 C, 2AHE 1568 @ 1550nm)E Algdt gtk FeA AR Ciba
Specialty ChemicalsAl¢] UVA<? Tinuvin 328% HALS? Tinuvin 2927} A} &
Atk e 5452 AA glo] 2= AF&elom #kAA Y X+ Fig. 2.1.
of Yeldct vt ZE(bar coater)E AFE3le] ¥igAe FE=T FA4 100 um=
2 71 =Z"EE T AL E$7] oA metal halide lamp(EFOS UV
System)Z AL-g&3to] AsAZTh olu FFE 365 mol A 14 mW/em® % ot

2. photo—differential scanning calorimetry

Photo-DSC 238 & TA InstrumentsAte] TA 5000/DPC System 7171 & o] &3}
of gt FLL 200 W 2 F& Axolw FFL 365 mol A 14 mW/em®
Atk 2t AEE F 10 mg AEE AL B9V stedA AsHAT. 70 T B
HA A Aojxl WGFL 273 J/gel, ols & AstE FA A
Lroa) 22 7319 o Photo-DSC 2 € 2 3= TA Instruments SoftwareE ©] &
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Fig. 2.1. Chemical structures of the UVA (Tinuvin 328, a) and the HALS
(Tinuvin 292, b) used in this study.
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3. FTIR-ATR spectroscopy

ATR(attenuated total internal reflectance) crystal(ZnSe, 45°) 9o LA =g <

A2 ZX3 & gpot cure system(EFOS Lite, 50W metal halide lamp)2 AF-&3}
o ARE ASAFHY. ou FU} AEFH9 A= 10 o]y, FHFS 14

A
A

mW/cm*d . 4% Z9e ATR accessory (PIKE Technology Inc.)7} &=
FTIR spectrometer(Perkin-Elmer, Spectrum GX)& A}-&3to] Zzte] E34 =2 %

Astarh POV GERE AFE Qol(L)E e HORTE ANHI2

_ A
P 2m(nZ sin? 9 - n2)Y/? (1)

o714 6= YAtZ ol mid noxE 247 reflection element®t Al &9 =4 & o]t}

4. UV-visible spectroscopy

FeA A (Tinuvin - 3287  Tinuvin 292)°] &4 2HEf2 Cary 3 Bio
UV-visible spectrophotometerE AF-83lo] dojHth. A5+ A3t vdal § oo
001 g/Le] == 34HAom Mg AZ o]gsto] FAHHJY

5. QUV w eatherometer

W34 A3 Q-Panel Lab ProductsAte] £z W34 Al@d7]E AFEsHSlT).
ZF wi g s oF 100 i FAR frE ZlAdd "I F ALl A ARE
GZugEg MZ Eyo mAA 7)1, UVB-313 fluorescent lampZS Al&3to] 294
o w=EAAY. WFA 28 F715 70 CTolA A3 Fot AJH ZA & 50 C
ol Al 4A1ZF <t <>

b FFAI7IE= x20 stell Al 20004 F7EA] S ek ol adEF

FobA Al UVASF HALSY FEHE €8 sle] 33 44 Optical resin A9}
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Table 2.1. Formulations of UV-curable optical resins containing photostabilizers

at various concentrations. Data values are weight percentages

Component Al Bl Cl D1 El Fl A2 B2 c2 D2 E2 F2

Optical

100 100 100 100 100 100 - - - - - -
resin A
Opt.,ll:al - - - - - - 100 100 100 100 100 100
resin B
UVA 0 1 0.67 05 033 0 0 1 0.67 05 033 0
HALS 0 0 033 05 0.67 1 0 0 033 05 0.67 1

? ChemOnptics.
P UVA (Ciba Specialty Chemicals).
“ HALS (Ciba Specialty Chemicals).
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Fig. 2.2.

optical resin formulations Al—F1 at 30 C. Sample weight:

intensity: 35 mW/cm® at 365 nm.
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Fig. 2.3.

optical resin formulations A2—F2 at 30 C. Sample weight:

intensity: 35 mW/cm® at 365 nm.
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Table 2.2. Exotherm data obtained by photo—-DSC on the photopolymerization

of the formulations listed in Table.

Formulation AH (J/g) Conversion (%) Peak maximum (min)
Al 240 g8 0.163
B1 199 74 0.190
Optical C1 207 76 0.186
resin Al D1 218 20 0.176
El 229 84 0.169
F1 235 87 0.163
A2 296 80 0.074
B2 256 69 0.093
Optical C2 263 71 0.086
resin BZ D2 272 74 0.084
E2 281 76 0.080
F2 291 79 0.074

" The total heat (AH) for the fully cured optical resin A was 273 J/g.
> The total heat (AZya) for the fully cured optical resin B was 371 J/g.
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Fig. 2.4. Absorption spectra of Tinuvin 328 (the UVA) and Tinuvin 292 (the
HALS).
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Fig. 25. FTIR-ATR spectra of formulation Al according to the UV curing
time. Sample thickness: 100 um, light intensity: 14 mW/cm” at 365 nm.
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Fig. 2.6. FTIR-ATR spectra of formulation A2 according to the UV curing
time. Sample thickness: 100 um, light intensity: 14 mW/cm” at 365 nm.
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Fig. 2.7. FTIR-ATR relative intensity ratios of formulations Al1—F1 after 60

s of UV curing.
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Fig. 2.8. FTIR-ATR relative intensity ratios of formulations A2—F2 after 60

s of UV curing.
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Fig. 2.9. Changes in the yellowing index of formulations Al1—F1 subject to
QUV ageing.
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Fig. 2.10. Changes in the yellowing index of formulations A2—F2 subject to
QUV ageing.
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