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Abstract The development status of vacuum-ultraviolet (VUV) solid-state 193-nm laser sources is reviewed in this
paper, including the related nonlinear crystals (e.g., BBO, LBO, CLBO, KBBF) and their characteristics, the
development of 193-nm band continuous solid-state laser and pulsed solid-state laser in recent tens of years, the
combinations of fundamental lasers used for generation of 193-nm solid laser, and their merits and drawbacks. The
two-photon absorption phenomenon is described, which has influence on the transmission of the nonlinear crystals
and the output power of ultraviolet laser. The effect of laser induced contamination in deep ultraviolet lasers is
discussed, and some possible ways to avoid or alleviate this effect are also given. Finally, the difficulties and

challenges of realizing high repetition rate deep ultraviolet lasers are evaluated.
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Fig. 1 Analysis and comparisons of characteristics of BBO, LBO, and CLBO crystals used for generating 193 nm laser by

sum frequency. (a) Phase matching angle; (b) effective nonlinear coefficient; (c) acceptance angle; (d) walk-off angle
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TR LR W RS SRR AR T B
TEMY 193, 4 nm 1Y 3% 220G 1 % £ F A BE AT
T AN AL GG RAR B ELL
WM — BB WO, LT &L
193. 4 nm BOGH Y POy 2 3% 22306, I U TR
ML 2= Rl 20 Y ), (B2, a0 SR R RE Y 5 58 T Bk
OGN T 5 TR £ B OGBS Z A R 2P ),

i AR TR T T & R 375 o0 38 AR 457 G T AR 114 5% i
W E SRR, B 24 BBO Sk B #24E IR
FEM 295 K R#EMEE] 91 K BF, HAE 193, 4 nm I K Ab
AT RN 1,39 em ' BH/NE] 0,29 em LK —
D7 AT DA FE 193, 4 nm OGRS —JF
Tt AT DA AR A K (A 186 nm) Ak Y i R
5 I K 1 B 50 I TR A S B R T RE
XFF CLBO faifk, iy 1 fE % 1 & 75 -IE e 5t A8 £ T
Jic 2% 4 F 5 Hufdi B 1064 nm OGRS 236. 3 nm
WO A AL A S BLECIE A9 193, 4 nm 306 1) 06 250
# CLBO RS #13) — 185 °C DL ik 2 37 5 2 0 45
f I o DT S B S i 2 A 467 DE FE G ok 56 F b i
R 7 2 AR A ESE 193 nm BOEAE R A L W] L
SR /N O BE SR AL O 220 W S B AN ) 5 4n LK 3

PREFAE Z IR, SO DR 2 IR I 5 A8 67 DT AC 2% 1F
T} 2R 3 ek T A A B (AL R AL SR SR
PO 8 A 120 °C BF, A, = 1110 nm, A, =
234.6 nm; iR JE N 170 TR, A, = 1107 nm, A, =
234. 3 nm) , M 3% 28 4 IF AN 2 RO 2 09 i
e X AR [ R BE (9 KBBF & 4, (% i 32
T (T 45 o VA W ST Ak DR K B O Y R R R R
FE L H AT DUR F 7= A o 48 K (167, 5 nm) Y 3% 4;
Hos Ao Y,

4 FRITTER LA SANEO IR i 41

Hup. i Lk, BRARC 2 AMEZ A X 193 nm
e Be B2 B2 A G IR 1Y SCRR I8 L B 7R MO 4 1 3%
L BRI PR S S 193 nm I B E a5 R ANE TR
IR AR, X B AR T 5 S
i SHUE O, U 2% . 3R 4 AT LLE L
B LATEE EE L H A 3, WO 07 25 T A4 [
EHZ a3 HH P R E Toptica 2wl A
DAPRAEIESE 193 nm BKRBOGH . 51 2R LKA H
(477 it A A Tk b o o 32 31 52008 AL+ b 2%
L+ IEBR LA

F 4 WY EAEE NI 193 nm FRBOLE

Table 4 Partial commercially available solid-state 193-nm lasers

Country Company Parameter Reference
) Wavelength is 193. 368 nm, power is 10 mW, pulse width is ~10 ns,
Xiton - ) [72]
) and repetition frequency is 1-15 kHz
Germany . L )
Toptica Continuous wave with wavelength of 193 nm and power of about 1 mW [73]
A.P.E Wavelength is 192—215 nm, and repetition frequency is 80 MHz [74]
) Wavelength is 193. 4 nm, power is 100 mW. pulse width is 1.5 ns.,
Japan Nikon o ] N [75]
repetition frequency is 400 kHz, and mass factor M~ <Z2.5
o Wavelength is 188 nm, and pulse energy is 2m]
Actinix . . C . [76]
A . Wavelength is 193 nm, power is 35 mW, and repetition frequency is 5 kHz
merica
Wavelength is 193—210 nm, pulse width is 6 ns, repetition frequency is 20 Hz,
Opotek [77]

and pulse energy is 0. 1-0. 8 m]

5 XOLT WML

Xt T O C IR L 2R A AR E 1 A )
TARVERE SR AR B H B — T br . BARR]ZE SN0
fir o FE U RAGE Mk — T7 11 52 B O IR AR E PR A R
W, 7 — 775 ThI At 52 1) A 4 P A0 30 A8 4 5t AR B9 R W

TE R R SNHOC R AR Lt ™ At R v, AR &
P AR R O 7 ISR 7 — o R B e A 5
SO R BRI AR E R FL AL, XU T IR
e 2 i 0 i ] R I AP A D' I 1] o RE R BR A 9
e e A B 5 55 AR R OB T A P ASOE T i

RS A, RS A SORE A 5 BUE L, 8
T =B vz .

TR AN L 25 5 A OG0 BOE 7 BE = R
266 nm A1 193 nm ¥ % 1Y B T 68 it 4 ik
4.66 eV 1 6.42 eV, BOETREE /350 9. 32 eV Al
12.84 V), JLF- K F Br A # U 3B 26 14 6 2% dn 1K
(BBO,LBO.CLBO.,KBBF %) [y fg 45 [ B2 (£ 5).,
TE RIS A1 S FE 28 1 A0 5 A fe ik B R, O T R T
FEPOR  BOR AR B 08 R 0 TR T X [
it A B 458 RO F- WSCTE N 1 = o Al 2 M A 0z 1)
AR T AR, # 5 WA T B A B E ARk
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S R AR A [ 5 AN AR B BOE T IR I R B, %2
) ' R 0k 5k A BR A ] — ol A TS [] 9
KA 9 UG T W SRR B A — g i 2
XU W A 2 K AR 2 R o 90 D/ T 328 ¥ 3
AR AL TR 5R AN B A RO 1 IR 2R B0 R T A
O P 2 P O AT 2R 2, A 0 P T R 5 T TR 5 M I B
WOCHT R G OR ) — N EE R, A
XU 7 M WA oA A9 AR 24 S0 TR R 22 51 1 1A it
JE SRR AT AT L BFSE R I ROE T IR ISR 1
ARl JEE A 2 2 /0 Sy W AT ) AR 3R A e A O ™ 2 3
JEE b HE B4 2 A% 5 L o Aol T IRF ] I il B R
PAN T N R e N R e (R i & O Y
AR AR A RO 9 G SR B A 5 () IR L A 2 50 A PR
22 TS AR B T EON A TE L ™ H R e R £ A

5

AT WIS R B FOR SR PR RS ik s
TR LB RS R B R RE A B XU T
W R BCFE SR T RUE R ESMEOE R XU T g i
WRT W W B A 58 1 AR MgF, | CaF,
A S 45 ) B4 BE A [ 5 T 4 A6 R 1 U R AT
IRATT 220

Xt T i DR TS SNG I RS B R BRSO
TS S B AR R AR T O AR RE A L EER
WO T A 77 0 A0 ) HE SR TR e . ) S 6 U
il RO Wty AR AR AR (Y AT AT 5 i 2 Al i e
R it A 59 X T I AR ) S R R
A 3 B T AR AR B AR Sl R AR AR B B O I AR
B0 538 3o WA O B B 4 U T R e
o 1 I 25 R T AT /N R B 5 o 4

7 Ta) 58 A A Ak B WU W2 WA 22

Table 5 TPA coefficient 8 at different ultraviolet wavelengths

TPA coefficient 8 /(ecm « GW ')

Item Material Bandgap /eV Reference
266 nm 248 nm 213 nm 193 nm
KBBF 8.4 — — — 1.3 [82]
CLBO 6.9 0.45 0.53 — 1.0 [82-84]
Crystal 0.5 (o),
BBO 6.56 0.93 2.43 — [85]
0.34 (e)
LBO 7.74 0.15 — 1.03 — [86]
MgF, 11.8 — 0.0013 0. 004 0.19 [87-88]
Substrate CaF, 10 — 0.0083 0.3 0.4 [87-88]
Fused silica 7.8 0.017 0. 045 0.5 0.3 [87-88]

6 WOCTE S T5 Uk b A T R

BT 0O T W RN O 5 15 3 (LIC) 2
I3 B — Rl BE 51 't~ i 1 3 5 R R B AN A B AL
] JE R XA SO S 5 A O B i K e
SR

HARH, LIC R TE A 5T O S U8 H
B 5 A AR 720 22 R a2 UL AR B i i
P2 LIC [ 7= 2R S R R R A (1 = e R L 5
BB A i 506 1 i i ) B 328 1T D6 2 e A
A B4R, JU S I R G K AR E . X2 H
AT B R ESNHOLA T 2T A HAS 35T TARRY 3
O o TR I ) — D i Ao i e 0 AT, G L i e T A
TR R OG5 W O BAT R R R A LAY T
BF 2 AE D2 o0 P 3R L SHOE 5 W o) 1 L A ]
HAE L 5y 45 W o i 2 B 5 7 D't 2 3 TS BB i
BB e 2T BT B R AR A 1R DA PR RE
XTI BARA BERF 4R HA M RAMEOL AT
S AR SR INHOC B K AR Sy e A U RO T

AE T v 9 R 5 A L s SR AN O . AR LIC i 72
T DT R A AR A 5 B L T AR R L
K _LEOCCRER AL E A LS TR IR T A Rl
A UM RHE B2 R BE b (3R R0 AR BOE M
TERR -y A A o 2 e A O 5 LAY 1 il o
o BOOL 8RBy A L R RO S A L T A
I3 A S A T 2R, DT DR R i 5 0l 2 3 T A
BHEAEFBA I AT BE M, e & S BO6 5 3R w1 DTS
Py A 0 A LIC [ RE 57 30 0% Bk 5 B
WOCHE R A PRI IR BT IR | R 5 A R
uﬁL% 95] .

FURTA 2ok 3 LIC, 2E 1 42 TH0OE 4% & g0t
PR S HE A 1 77 i ) 05 vk R EAPI2E Dl AE
HL2S PR CRE B PR T v e IR URRE /S B A LT R
s TCHLBE R S5 J5 3 o 10 O 2 2 T U AR Y 2R
2) 7E 1 U e e Ak R T A D0 R LA SE K H A A7
i AT BT VR OT E A SEAE- R TR L BK O
T U I S R T e A

R 7 B AT B0 6 1 RE B Y S AN O AL s
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S AN 7 A R R a R v T AR ) R L A
(10 s R BT VB LT 0 AR 1 45 R R Ok I
B O 11 3R G I P L A A 2 1T B T B R ) B
JE 20 5 DA K it A% i A 3 35 ) Ach B 56 3k BB R 2 T 4
o [H] 127 W 1F LIC Sk 52 mi 306 28 19 75 4y K 1
TAERE M. LBO.BBO fh 4 H A 4% Y 3 A 1
AR TAEARNE AL T, 2 P K ZE AR 5 fil
s VAR 8 41 ' 3 T A28 A5 RO, ™ B R ) o R Y o o R
R & T RNl Rl A R N
RUAE Y PR v BB A8 A 0 A 5 AN L TR
P 3% T B 7 ) i O B M, R A 000RE e A A A .
BB I T 20 8 2 m] DA S AR 7E 95 %6 1) 8 Wi 3 5%
THRE TAE 6 A H UL L 78 BRI B A 85 v L7 T
DA 22 6% V0 e o it A ke A9 B i) [ s I R 1) 45
Ui (6 5 & o A 0 T R 26 R 9 ik, X T
CLBO fh A, FLAE R 55 S R L 25 58 A0 U B ) 28 AR
REPL T LBO.BBO @ik, (HIZ S AR &) 3 fd . DT
Hom TR . RS (EE BL.CLBO 5
23 SR ZE A Rl B AT RT RE B b 2 08 ol O A AT T
Z4OADE A= K58 25 Ay CLBO F 44t JC s R % 3
S U CLBO S AR 1 J A J ) 2 b B s 44 55 7K
R E AR A D R AR T
B W0 &, DR N LS TR BE B T A T Bl A
AR AR [RGB AR R A 150 C A,
Wb 77 5 1 ) R T 2 B B B O R TR R A
BOAl R 1 BOCIFE AR T 200 . 53 A —Fh Oy vk 2 Al
T T s AT IR R 2 . B AR BORES T i (il
iz Mk 04 CLBO Sk, B &5 1751
A 20 W Y 266 nm [ EMHOGES I HSCH T8
i 10000 h R E B 55 .

74 1w
LA ELZS 240 193 nm % B A HOE 58 1

W AT T 2 LR , 8 25 A 46 32 2248 e b 14
(4 BBO,LBO,CLBO.KBBF %) fy P RE L8 KL T
FUA 7 = A% 45 7 30 193 nme [ 44 30O BF 5%
J'& i b bR R AR B A S AN OB IR 1 ) KR
7 AR B RO WSO L SO 5 TS G RN, DA
KRR R A . BRSOk, B AT G IS 2 ok A
W7 A 2 38 3 A A 7 =X BT e S R Y A e i 2
RIAE 1 W w0 N W A ERE . 1T FReig i
HERY 7 5 B L DI HEAE 0.1 Wi 2,

TE 193 nm I Br B 25 5250 B0 R R 1Y & e 24
o AR B4R T AR LM AR ORE 4 1 BE R AT R A5 R N

MR EH AR AR T A U B AR TR A S e %
1 5 B TH X A48T 00 5 el DAL ) A R R AH I il e
20 B R R PR B O B K AR e B
(AR B 5 SRy Tl 2 S ARG I R 3 2 0 I 75 5K A
BT R YR AR (=1 GHz) B 55N
G 2 % BLIs e 1 L S 20 A O O T Y B AR A
RS o T R IR Ty 23 1 i B 28 28 AR O IR R B A K
5 FEVE I SR BOETIOR 25 A 45 A TR & T 2 58
PR TR R G AR T i A R MO R
BER Ty 33O e 1) 52 A O6m T W — 2 3
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