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Figure 1 (Color online) The relationship among bandgap, NLO coeffi-
cient and birefringence
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Figure 2 (Color online) Ball-and-stick representation of KBBF
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Figure 3 (Color online) Ball-and-stick representation of NaBeB;Og
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Table 1 The comparison of optical properties of some beryllium
borate deep-UV NLO materials

Bk R

AL AT 55 %
(nm) (xKDP)

Na,Be,B,0;,** 171 1.3 -
Na,CsBesBs0,;5" <200 1.17 -
NaBeB;04"" <200 1.6 -
B-KBe,B;0,**! 187 0.75 -
v-KBe,B;0," 186 0.68 -
RbBe,BO;F,(RBBF)"*!! 160 1.15 6()9'2733fm
NaSr;Be;B;00F(NSBBF)P! 170 4 g&jg;%
CsBe,BO;F,(CBBF) 151 1.28 Pd?isn@m
NaCaBe;B,0sF" 190 0.33 —
RbBe,B;0,*" <200 0.79 -
NaCaBe,B,0F"" 190 0.33 -
YBe,B;0,,"* <200 1 -
GdBe,B;0,,"* <200 1 -
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Figure 4 (Color online) The structural evolution from KBe,BO;F, to
Rb3Ba3Li2A14B6020F
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Table 2 The comparison of optical properties of some beryllium-free
borate deep-UV NLO materials

[ AT Y e

i A UETTR
(nm)  (xKDP)

Li;Cs,B50,0'*" 175 0.5 -

LisSr(BO;),*" 186 2 0.056 @532 nm”
Ba,B;,0,F" 175 10 -

Ba;Bs0, R, <190 3 -

Sr3B40,, F,!*¥! <190 2.5 0.039 @1064 nm
BaMgBO,F™*”! 190 0.1 -
LigRbsB,,0,,""" 190 0.67 -

Li4Rb;B;0,,°" 190 067 -

Li 4Cs3B70,,°% 190 0.5 -
Rb;Al;B;0,,F*"! <200 1.2 -

K;Ba;Li, AlB¢OaF 190 1.5 0.052 @ 532 nm”
KZn,BO;Cl,*** 194 268 -

RbZn,BO;CL,>" 198 285 -
K;S13Li,A1B402F 190 1.7 0.0574 @ 1064 nm
Cs3ZnBy0,, %7 <200 3.3 -

K:BeO1oCl (KBOC)!*®! 180 4 ?égj?;:fdg.sgim)
Cs,B,4Si0,"7! 190 4.6 -

Bay(BO5)3(Si0,)-Ba;CIP® 190 1 -
Bay(BO5)3(Si0,)-Ba;Br!*® 190 1 -

Bay[Bs0o(OH),]™" 190 3 -
K,[B305(OH)s]"®"! <200 032 -
Ba;(ZnBs0,0)PO, 180 4 0.035@532 nm"
NH,Zn,BO,CL,*! 190 282 -
Rb;Ba;Liy Al,BOaoF#4 198 1.5 0.057@1064 nm
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Figure 5 (Color online) Ball-and-stick representation of K;B¢O;oCl
(KBOC)
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Figure 6 (Color online) Ball-and-stick representation of RbMgCO;F
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Table 3 The comparison of optical properties of some carbonate-
fluorides deep-UV NLO materials

Bk

LR TE 4

A A AL XA 5 2
(nm) (xKDP)

RbMgCO;F <190 4 -
Na;Lu(CO;),F, <200 4.21 -
NagLu,(CO;)6F,"! <200 4.29 -
KCaCO;F!*! <200 3.61 -
KSrCO;F!*! <200 3.33 ?ggﬁfgg[m]
RbCaCO;F'*”! <200 1.11 -
RbSrCO;F'®! <200 3.33 -
CsCaCO;F*! <200 1.11 -
Na,GdCO;F;™ <200 2 -
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Table 4 The comparison of optical properties of some phosphate
deep-UV NLO materials

BB kA AT AN PUCITE T
(nm) (xKDP) @1064 nm
LiCs,P0O,™ 174 2.6 -
Rb,Bas(P,0,), <200 0.3 -
Cs,Bas(P,0,),18" <176 55 -
Ba;P;0,,CI"*" 180 0.6 0.028"
Ba;P;0,(Br'®" <200 0.5 0.023”
BasPs0y"" 167 0.8 -
CsLa(PO;),"*” 167 0.5 -
KLa(PO5),®¥ 162 0.7 -
KPb,(PO;),*! 177 0.5 -
KBay(PO;)s™! 167 0.9 -
RbBa,(PO3)s 163 1.4 -
CsLiCdP,0,"* <200 1.5 -
K4Mg,(P,07),*"! 170 ~1.3 0.007%
Rb,Mg,(P,0,);% <200 1.4 0.009”
CsgMge(PO5) 5™ <190 0.1 -
RbNaMgP,0,”®! 185 0.9 -

a) “=" R R BA BARAGE; b) HHAAH
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C“P@Q‘ 40‘3‘ 4@0‘ 0
‘Pololol

L.

B 7 (MU (0)LiCs,PO, 25 FA T
Figure 7 (Color online) Ball-and-stick representation of LiCs,PO4

(174 nm), 1 HEA KGR (2.6f5KDP), Ziz
ARy 1 TR £5 TR 28 AN NLOA A 2 rp 475 451 585 17 e
AL, [RIEE, LiCs,POLBERS SEEL 1064 nm T AH i
VCRL, ShiRZ A&, RIERAE b B AL 4R SR NLO & 4
Mok BRI THI & B A R R 25 4 Li0,-PO, 3k
P 1) A Ik e 300 3 42 7 XA R F O-2p B BREBILIE 1Y) 2 1)
HEB, 2w A 45 F SO ONLO R B A =L &,
MG LiCs, PO, S s H A8 K AR SRR N . 3k S 11T
B I 2 A LR T — B A 5 A A R 348 25 AL

EE T AT BERR R 2 5 TR 5 AN NLO S A i R AR I
SABRE U RE NI NN B SN WA €1 SN R AL

TR SRR v R UL A

2.5 gaALElERER

JEREARDE, S IR £ (I SRR N SR R ) R o)
R (1) AR RIE U4 8 P B T8, Tk
S )R- T, BT MR, TR IR £ 9
{1k (borate fluoride). 3% 44 HIKBBF ih AN J& T %28
e &, BT84, T8 RmR s, (2)
mn R R IR 7 5B R F B4 1, B R - S e
A] B K AL IR L (fluorooxoborate). BiB,O,FO & ix
—RAC R B W P B R A - S LA R R B R, AR
PR PV 5 OAE JE AR R R A B T NayBgOoF, i
A, B A2 MR (169 nm) FIEE A WAT R
(0.080@589.3 nm). JansenifAiZH & T 46 14~ #E LAk
T B2 b 4 R LiBeOGF™, Fifi J5 XA A T LioBOoF, " Al
Li,B;0,F;. A2 9V 5 O ax — R AR
NLOFFH#EAT TERAMGY, £ H HA B-FH A & 50
% b S T 45 1R 22 AN NLO f 1R b1 R B BAR IR 2R
HARBARBAE: (1) FITF LML R, mTRE
AR K ILE, B AMBREEARRE, itk
H&Rn R RS MEA, M TORT, #REuHR

1004

s B A E A [ 45 4 B9 BiB,O,FAIBiB,O4(OH)
PR LAY, FEs THURESLLUG, HEukh g T
2320 nm"™"; (2) FEA IR B T4E, A T
T AR 8 W 78 DT A ARk 7 A AT AR AL N 5 (3) FiR
F 5T DL B RE S Ju il A R 45 1) S, B8
Here A S, AR TR BTSRRI TR AR
B-FH# 1) AL MR 5, FEUC ORE % 11 13T 1) 2 fit 2
Hl: BO,  F.(x=1~3). FIHE—MEH T IEXSSIATE
BT HBOF)", (BOF,), (BOF;)” #:H1F1(BO,)™
W HEAT T 0 Fe i3, & BLIZ 2R3 3 A 1 (BO,) K
F14) R W A 2R R AR Ab 2R 45 ) S 1 (36 5). o i 2R A
TE SR EE R i A BREES, AT LA K A 8 ST S5
M S B IR 2R A AH 2 DT R . ok A, X Rl 3T
BO,_F, VU T 14 5 To R 19 35 KON T B R B SR e, RS
5 50 B G 58 YR JE AR G5 R 5 | A A S A AR K TR) R
A EEFRASTC 2 MR 2T PEARYNLO A .

H i i B A WF 58 10 5% 09 M Ok $6 LipBsOoF,
(LBOF)™ iy {4 . NH,B,O6F(ABF) "% /& H1CsB,OGF
(CBR)" A,

(i) Li;BeOgFo(LBOF)® iy {4 (1&18): % 44 K1
400 nmZEAT L X ) n,=1.5499, n,=1.4790, B 3T
FFRA0.0709; H3 AAT AT RN 3K 8 BH S AR 7E 532 nm
FEH U B SE 266 nm A AL VD, A5 45RN 5 BBO
FI2, A BRI BRSSO T .

(ii ) NH,B,OsF(ABF) ) fh iR (E19): {52 KBBF i
B ZE R FRAE, @t DINHY ALK, (BOSF)* 2L
(BeOsF) "y L [R] BA0 5 sk BT & W T ABF A, %
PR HE R R A 5 AR (156 nm), BRAEI
Z R (3XKDP)FIITE H 4 AT 5 3R 68 % 1l 2 78 2 4 A
A7 VL (e A Ve B i K- 158 nm). [AIRF, 5 KBBFAH L,

£5 (BO:P", (BOF)™, (BOFy)”, (BF) EH 5B0.)™, (BO)™
ER R . 8RR, HUMO-LUMOSE By i+ B 45tk
Table 5 Calculated properties of [BOF] groups and of (BOs)*™ and

(BO4)™, such as dipole moment, hyperpolarizability (|fu|), and
HUMO-LUMO gap (E,)

B e . ﬁifé”%f e
(BOsF)* 17.7,19.1, 19.2 Sn=39.5 9.7
(BO,F,)* 14.6, 17.5, 18.0 P...=—82.6 9.2
(BOF;3)* 14.1,11.6, 11.6 Le=—30.9 9.5
(BF,) 10.7, 10.7, 10.7 Bow=—5.1 15.7
(BO,)™ 20.2, 20.2, 20.2 Bo=—4.1 10.7
(BO3)* 21.1,21.1, 14.0 Sn=10.8 8.5
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Figure 8 (Color online) Ball-and-stick representation of Li,BsOgF,

B9 (MEZEhU f2)NH,B,OGF(ABF) 25 F 15
Figure 9 (Color online) Ball-and-stick representation of NH4B4OcF
(ABF)

ABFIW SRS/ T Nk, 2 RIMEH ) g i as, M
M BE TR ST M, 348 T 2= K m fik. it
Ab, MR ECRN & R B T R, HL A AN 2
KBBF 1 2.51%, FIJH T IR 4SO I6 IR AR A5 T 5 1)

(iii) CsB4OGF(CBF)®7 §h{A (1&10): 3 33 A1 %} &4
P TTE A 3T ELEE, KBBO Y 1 B30s T 5| A
gh g, [A] B 5] A BOsF 3 o€ % 1 KBBF il 7 1)
BeOsF, it 1 T CBF. % & A 8 4 48 1k i1 35 %)
155 nm, {400 J 1.9 KDP(KBBE N 1.21%), HA
KA %, e a AR DE L P K i35 %] 171 nm,
HEA B my#daie vk, 1z ik [R5 m ik &
Y, oK KRSk, 985 A0 IR %5
NLO#H{A.

BT PHE A5 R s, A S A
I — Z G B 4 e R £ 4 1 2 S AR R
RbB,O4F(RBF), CsKBsO,F,(CKBF), CsRbB4O,,F,

B 10 (MR (2)CsBOF(CBR)ZE 415 AY
Figure 10 (Color online) Ball-and-stick representation of CsB4Og¢F
(CBF)

(CRBF). H: v f 4K 45 #4 43 17 48 75 T RBF, CKBF #ll
CRBF &5 F FEAHI R, 35 — 2 2R E5 49 1 [B4O6F]
B 5 5 (A1 FN 2 B S 78 A9 BH 25 2L AR 3K 30 A4 k)N
ABF, CBF—#¥, [AlJ& T AB,OcFJ% (A= 1 4 J& BH 25
FIRGIMRE. E—XF R B, BHE F X [B4OsF1RH
5 35 AT X R R A 5 g 48 v o 4 T LA
FIVE. TR GE 4B, kS i pb AR EL A JE 5 46 1 4%
AN (<190 nm), - HL Ry A AT RN Sk wi kAR
KDPH K} 10.8~1.91%,  [R] i 42 18 (1) AB4OGF [F] % s
PR —FEAH AR IR L SN MG 2R AR R Horp,
CKBF /& R J& T 5l i, AR 28 44 m A bb T At [
AL GRS, LA tEReiL.

BEAh, AL POVRT I T A 2 OO 3 0 4R
8 T SrB50;F5(SBOF)F1M,B,0,4F¢(M=Ca, Sr) (CBOF
FISBOF) 45 ik + 4> J JUI iR 55 TR 58 Hh JE 2 1 2% i
f&. HrASBOFH AL & B, 245 kHE i 2l i
FE 1) BUIA BsOoFy S A 14 S Ju it Ji, AT KAy LT
H2(0.07@1064 nm), A IT B K 0] 35 5] 180
nm, HEA R4 #FE M. CBOFHAISBOF M F ]
FSMER L, © AR 430 R 2. 35 KDPAI2.5
£ KDP, 3X 9 FlbF Bkl B A 4 4f 1 RS 1, 7
630 CHRAR BT E /A AE. X MR B AR OCHE RE B 25 7E
o,

3 BWEBUNLOSMARIBIH )ik

HRECHTRNLO SR B K 77 3Gl 7 LASE g6 0 .
B OB A W 7 1 LA A A R ROE AR
ARG B RITESE . AEGENLO RIS R BT A B AR
FERFHIF AR & B 250 e, HOB T S8 Ky
CEAIETSCE. XMOAPRIIE R D7 A, BRI R
TR M E A p Sc s A, 6 B i 9 N W A
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Table 6 The comparison of optical properties of some fluorooxobo-
rates deep-UV NLO materials

= " kil AR XA 3R
Fh AL
(nm) (xKDP) @1064 nm
Li;Bs0oF,*! <190 0.9 0.07
NH,B,O4F (ABF)*! 156 3 0.1171
KB(PO,)F!'! <200 1.21  0.044
CsB,OgF (CBF)""! 155 1.9 0.11372
[981
RbB,OsF(RBF) <190 0.8 _
CsKBsO,F2(CKBR)™ g 19 -
CsRbBsO,F,(CRBF)*® <190 1.1 -
<1801 1.6 0.07

SrB;s0;F3(SBOF) <2001 2.5 0.111@546.1 nm
Ca,B0014,F(CBOF)!' <200 2.3 0.105@546.1 nm

a) “— TR B ARNGE; b) THEMHE

B, o LLERIERE S 1S 2 AR (A1 KL, 201 14R6 H, 32
=R v = 7S E 1 R W LI B BU R £ v S L)
BT B FRE LA 5 0 T Be A AL 245 Gk Sk, AT
A H W BAT0 T SRR T & R DR M R
T S 2 D Re A R L B, D Re v T
I T 55— D B ) 85 4 T 7 9 © 2R T A Rk
b G P 4 BRI 5 R

Bifi 45 55 — MR B R R B, AT R T —ik
NLO i (4B Ak 9 388 B0 77 3, 4 28 HL i W) 44 45 4
B AR & B RS A . XSRS T
— BB G, HJE AN BB R I a2 R R R 4544 1
femm i e, ML SR by, Jf48 SR MR R
SCEA . 104K, AT 75 T4 — e 3y
SER T Jr ik, BRI B 22 0 Oy kA S Re T
1 TR RE E i/ DN IR ZE R, B, T se Ek
Y 2% #4 75 Il USPEX(Universal Structure Predictor:
Evolutionary Xtallography)4k 4110104 2 J5 {4 45 4 15
W) — A58 A 1 T B %207k © &R 54 1 i
WVFZMRE, NI . AR AR R
f REE EEARL . K P A F Tt A R A

PR 25 K4 00 () 77 2t ] DL TR BUNLO i 4
PR R TAE. 5T N 5138 i o] 56 (19 25 40 11 53 FnAsE 1
Petk, AT AT 25 22 fh 242 43 1 RS54, JFRERS
HER VA HENLOME i, MIMTs S ikt ~ — 25
B FERX T TAEC A —gew b2k, filn, &k
JUIRA ZH " R I bcdt A it A 2 ik, s DA Sk T
T AgGaS, FlILiAsSe, il S A4 (1 i AR S5, I X X 5
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A it A TSR B A JBT RN SIS 6 AR A A B R AT TR
Fo. ARG BR, TN ) b AR 5 4 AP 5T S SR B ) S
AR, TSR 7 B T 5 2 iy eI AT . R SCH
P2 VOO B 4 A S — R SRS, A30000 £ il
A B8 F4 7Y w0 8 Y BilnSs fh AR B3R AL Hi,
S5 4 18 AFFE BilnS i K 1Y Prma s [0) B 1 25 40 1 &
Hrp i — A A, Mt P2 3k 0 AR A AR
K BYNLO Z £ FE % 1 WU i, A 52 Bl oy 8 Y iy
TELTANNLOS AR, A PR OV Yoy 2 T A i
B CALYPSO(crystal structural analysis by parti-
cle swarm optimization) 5 7% 5| A 2|NLO f A+ L)
B2 4% 1 - Na-Be-B-OfK & H1 19 H i
RETHT, LG E TN T4 IRAE AU NaBeBOsZi 4. H:
i, 23 [l P6 19 NaBeBO; R A B BE, HH 18 11 H:
BUEIBTELT0 nmZ Ay, AL B 4T (5 KDPRY A% A3t
BN A ), AT HHEAE0.08Z&E 47, I HHI55 T 24k
AR IPE, R R EE AP NLO AR IR R 47 1Y #5341
B AR IR NI T A — M DR, S PR Y
4y F 35 3 IT B T BaB4OgF,, KB4OGF-1 Fl
KB4 O6F-11% 34~ 31 J7 ¢ 2 78 ML B AR 22 1 TR 25 4b
NLOM B, H o KB,OF-TTE Pk AE S g i, il i
AU BOF) G IT B N E, (iR EY
BAER VAR, HAEREI X ST R E
NLOYG24 1 fE JL P i KBBRER K. Lkl F N 5256
R B AL BNLO ah A RHE it T B R LS 45 7,
B2 B A SRR R B BUNLO S AR B9 — AR A W 111
KTy ) AV T B

4 HEiERRR

H A 7R 5 SPNLO & R 4 B 2 R A SO C B F 5
AREAGTIR, B IOCAR . oG IR e AR
Al R IC AL AT S5 H AR W AN AT /0 ) S A A4 BE. NLOR
REE 2, REA K AR JE TR 58 A0 28 U B 27 4
ARAGPE RS, NIRRT, b2 M
B EE L A S 2 AU T 58 XA ST B B,
AT ) T T [ 7 12 S5 A AF 5T o i B 45 S b o
AR SRS T UL AR R TR L ANNLO AR & R i) — s X
FENE G AR, X A R B TR 28 AP NLO it A2 1
AL LI £ 5 R 5T 5 W AT BB 1Y & R ). {HLR T AL
BHRRE - TIEW IR, B4, KPMWALE TR,
) HRET R Ik, HEE LS NLOM BH R R AR T4
WIB B, M7 BR-NLO 2 B XU 5 5 1 il 2 6 2 451K
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With the rapid development of all-solid-state laser technology in the field of optical communication, optical pro-
cessing and optical storage, deep-ultraviolet (deep-UV, wavelengths below 200 nm) nonlinear optical (NLO) mate-
rials have become a hot topic at home and abroad. Coherent radiation in the deep-UV is possible with excimer la-
sers, e.g., F, excimer at 157 nm. However, solid-state lasers in these wavelength ranges are often preferred owing to
handling ease, narrow bandwidth, tunability, high energy density, and high peak power density. An excellent man-
ner to generate coherent deep-UV light is through solid-state lasers using cascaded frequency conversion with NLO
materials. Deep-UV NLO crystals, which can double the frequency of incident light to the deep-UV region, are es-
sential for all-solid-state laser. The prerequisites for deep-UV NLO crystals are crystallographically noncentro-
symmetric (NCS), wide optical transparency window, large second harmonic generation (SHG) response, phase-
matching capability, and easy growth of large (centimeter size) high quality single crystals. For years, there has
been a “200 nm wall”, that is, no material is available for deep-UV SHG. Over the past decades, great efforts have
been made on chemical design and synthesis of deep-UV NLO materials. Currently, only KBe,BO;F, (KBBF)
crystal is capable for generating deep-UV light through direct sixth harmonic generation of the Nd:YAG laser. The
infinite [Be,BOsF,]™ single layers in KBBF provide a relatively large SHG coefficient (d,,=0.47 pm/V) and a suf-
ficient birefringence (An=0.07@ 1064 nm). However, the KBBF crystals have insurmountable intrinsic defects, such
as the high toxicity of the beryllium oxide, and the serious layer growth habit, which greatly restrict its commer-
cialization and application process. Therefore, researchers are actively exploring the next generation of deep-UV
NLO materials. In this review, we will first briefly discuss the history of deep-UV NLO crystals. The main factors
that restrict the development of deep-UV NLO crystals were highlighted, emphasizing one of the greatest challeng-
es after the material is synthesized is its large single-crystal growth. In the second section, we will focus on progress
and trend of deep-UV NLO materials in recent ten years and divide them into different categories according to dif-
ferent material systems and structural features. Five groups of materials are given—beryllium borates, berylli-
um-free borates, carbonate-fluorides, phosphates and fluorooxoborates. The absorption edge, powder SHG effi-
ciency and birefringence of these materials are summarized in detail. In this section, the development of fluoroox-
oborates is discussed and the important achievements are reviewed systematically. In addition, the major contradic-
tions among bandgap, NLO coefficient and birefringence were discussed and the methods of theoretical structure
prediction algorithms for solving these problems were proposed in order to provide reference for discovering new
deep-UV NLO materials.

deep-ultraviolet, nonlinear optical crystal, KBBF, second harmonic generation effect
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