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Study of wavelength-dependent birefringence in CaF, single crystals
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Abstract CaF, (calcium fluoride) single crystal is in increasing demand as an objective lens for semiconductor lithography
equipment with deep ultraviolet (DUV) light source. High crystallinity, excellent and homogeneous optical properties, and
low birefringence value are required to be used as a material for UV lens. In this study, <111> CaF, single crystals were
grown via czochralski growing method. Growth direction, single crystallinity, high purity and high optical transmittance of
CaF, crystal were confirmed. In addition, the crystal shows average refractive index of 1.437124, 1.433864, and 1.43248
according to 486.1 nm, 587.6 nm, and 656.3 nm wavelengths, respectively. Calculated uniformity of refractive index was
17.4 ppm, 10.5 ppm, and 10.5 ppm, which shows excellent optical homogeneity. Moreover, residual stress was analyzed
through comparing birefringence at 193 nm and 570 nm wavelength. CaF, single crystal shows average birefringence of
1.021 nm/cm under 193 nm light source, while 0.788 nm/cm at 570 nm source. Considerable changes of birefringence
pattern according to light source wavelength were not observed. Conclusively, we confirmed that our as-grown CaF, single
crystal has remarkable optical and structural properties such as uniform refractive index and low birefringence.
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Zaluf, MEBH ZEHY, YD, LI, UME

9 FEA=A zﬂ@;w B, &5, 61007
ik ﬂm}lﬁw, 3, 61186

3
o
1
ol
N
iy

(20243 99 24U HALR)
(20243 109 42 AANEA)

2 ¥ CaF(E3z%) @248 AR A (Deep Ultraviolet, DUV) 39 =373 &A1 =28 A2 47 242 a7}
F7ketal e FetaiAoltt. Aoz & AR 2 %Qﬂ M e =2 AR, st 83 FEEA ] a7H
1= ] < AHE3tY CaF, 78;_ ’“Z} stttk A4St CaF, 242 <111> 4% W)

%@Xé*é, =2 £ 9 5% %??Jr%% TR e Aoz FFn). E3 486 1 nm, 587.6 nm, 656.3 nm, Al 7}A] 1}
E %A% H Atk ol o] 2HE #2d%= 242 17.4 ppm, 10.5 ppm,
ol& &4% otttk o yobzk, 193 nmet 570 nm FLolAe] 24 vlu=

3T 193 nmoll A= 1.021 nm/cm, 570 nmo| A& 0.788 nm/cm&] E=4
o] & Wste #AFHA Fokrh webA, & AolA A CaF, ©4A%
Fget Bl AR ELE 7S AEsih

T= To

o
=2
R
N
N
—
.h
(U8]
N
=
[\]
B
-
~
(O8]
W
o0
N
S
—_
=
(9%)
[\ ]
=
o0

r 1o
o,
e
i)

10.5 pme_EMi’ uj) & ‘E(‘X]ﬂ' JJ-Q-‘_E, ExL
AL E3 CaF, H2F A8 U #RLEL B4
B %S ult 29 4P me B2y Ay
o e 2R FUED W 47

*Corresponding author
E-mail: shkim@kopti.re.kr



196

=

[

1. M

=
=

o] Fe

CaF,(E3skd4) ©AAS sk ¢
AR A~A LA G ol2= Y
FHEE sl tpeket FshE
|5o] oi[1-3]. A8F=7F A o]
o] AAA FsF d
oy Bt EHFES
2tH4,5]. CaF, &4
T PSS Bl e, 53] 28] WHeRE
A CaF, B2 3 244354
W FEEALS 7XIT6]. olHgh -4
of 2AYLY] WP R AJHAZ CaF,
Qe ZF, A= T A2 &8y
3] Hole wheA] =384 W 193 nm ArF QA
oA A= DAZHN AREEHE JTH7]. A A=
& AR EA ARRET] fEiME =2 AR 44
Els o Bod 193 nm FYoMe] 1T

N
X
o
N
N,

m
NS A
[
N
X
"
o & 48 %x

o oo Hm © ox XN K

ok

= 957
=245 B¥,

-

e $o 24 WEAACk . 53 we 233
ghe A=z F8H] AsiME BEAe 270l ol
BAF P A7S0] QYT UTHs],

ey, CaF, @279 Az GG (DUV)PIA 2]
A Bad Aol At Ardas BA 92 AAol
T} CaF, @249 B=24d g2 sPHE Jolst ke
TIAIEE[9], 7B FHoe Atdoer e B
A gt Fallse 7RITh 2ol vjal] 2R dGelx=

Won Bae Sohn, Su Jong Jeon, Joon Hyuk Kang, Doo Gun Kim, Jin Hyeok Kim and Seon Hoon Kim

7hsetH, AAl Al FeA A8Ale] M=AeE T
g & 5 ok
B AP E 2IEAT]) WhHoR
CaF, @24< Aotk AT I3
T olo] AR FAEANS W 4
o GARS e AT =2 FHE, AAEE =
HAE X5 7He Ag I &3, 7R
(570 nm)z} AAF$1A1 (193 nm) FolAfe] BFHE H)
WSS AR FellA 1.021 nm/em®], 7HA
B GYolxd 0.788 nm/eme] EZH gro] FAE ],
o] AAaTFE - ol IS It
Alg W E2d g ARe8Y B du o & 9
W] o Zlo] AFEQITE B AFeA FaE
@GAgo] el o
AE3Art.

53 448 CaF,
7HA 2L

¢

B A E CaF, @A A% 2 Fe
171 918l A3 718 wle] SlHE
S ARgele] 2aSA7] FHOE CaF, ©2
IANFHT A AR 35 TS AA
H7P7F XY= At CaF, HEA 844 34 57
Ao ZEEE Fig. 190 #AAIBFATE.

CaF, @44 AL 98] Graphite =71l CaF, t}

re
-
ol

A A}

oL, oL

o oX
oX o

W
"

ol oX

AR w2 5FE gt 7 o] Belisel  AA £S5 ZoF, I9HE FXEIT =R Al
el Al5e] 9F] ¥ mAH EZE BEao] sigsith. <111> WS 7K CaF, EAE% (Seed)S 4ol <
upEbd, AR T Gele] B2 g & AR 9EA A B2 AlolE S8 2xE 1=
Aol ot H Bl gk siel WSt 9 Seo] A0 (High Vacuum System)E ©]-&3} 1A17F &<t g &

1. Raw material 2. Melting 3. Dipping 4. Growing 5. Cooling

6. Cutting 7. Sawing 8. Grinding 9. Lapping 10. Polishing

H H E ; ; g - |'%: === s r
""' ' i = L
R H Wy

Fig. 1. Schematic diagram of CaF, single crystal growth and post process.
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Fig. 2. Photograph of (left) czochralski furnace and (right) as-grown CaF, single crystal ingot.
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Fig. 3. (a) HRXRD spectrum and (b) FWHM measurement of
CaF, single crystal.
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Fig. 4. UV-VIS transmittance spectrum of CaF, single crystal.
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Impurity concentration of CaF, single crystal measured by ICP-MS
Element Mg Al K
Concentration (ppm) 6.63 1.88 522

4.01 0.16 0.83 19.2 0.13 0.23
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Table 2
Refractive index and uniformity measurement of CaF, single crystal
Refractive index measurements :
Wavelength Aver Std Dev Homogeneity
#1 #2 #3 #4 #5 (ppm)
486.1 nm 1.43713 1.43712 1.43709 1.43714 1.43714 1.43712 2.07364E-05 17.39596
587.6 nm 1.43388 1.43386 1.43384 1.43387 1.43387 1.43386 1.51658E-05 1046131
656.3 nm 1.43249 1.43247 1.43246 1.43249 1.43249 1.43248 1.41421E-05 10.47139
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Fig. 5. Birefringence map of the [111] CaF, disk at (a) 193 nm,
(b) 570 nm light sources.
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