| 48 % & 12 89/2021 &£ 6 B/ ERE

305 S BLIOR: < P 5 9 5% 3
B BB, EET. HEA TRE, A OUFES

MR R TSRS TRERER, 7&K B 518055

T FEHLEOE S K ) B Y 7 HOF A 258 1 R TR S G O T 7R A5 B ALIBCR  BR B9 22 OO R /Y O
LIRS BURY o KB A TR ST A 5T iYL TV A B TR 0 R L R R T R B RN L 43 T A BRI O
BE AL A B WO B R i 4R S5 e M A5 2 R 45 ol JBE T AR DR 4 TS BE AL A B Y . RN TR
WAL O s B A SRR I 23 S04 8 T 1w S0 AR JEL S AR T AR R 5 S O T SR R B BIL O YT AT ST R . A
AE o 1% U ) 27 & S LRl AR TR I O A 2 36 RO BIF SN B R T I D S A R R I B S

KR MO BEMLBOR; WA ZERUT B
FESZES  0432.1; TN241 THERER A

1 5l B

POEAR I H T A FEAR S SR R R
FG £ A BT, S IR 1Y 4 A BT AR R UR
B o R I A G SR AE B 25 A T ok 1R 35 AS I b
R, e J5 T AR 8 BB PR . HIB IR I N B 1 45 K
THFERS R Gtk B (A S M 0. Hd ot
VSR IE A AL E T G/ O 1) e R 3 A R
fE R TERARNER . KRBt
PR S T OCHEE T . SR A X R — PO
BN T IR L R R DG 7R RO A B
22 TS 36 B R 08 1 38 25 0k ™ AR BOG IR RO
ar AR O AL B & . BEALIOG & o R R
P, H A5 I H PO T Y L IO R B B AN
[F] 2 5% W)t SR 06 A AR ORI 1

1968 4F M 2 Wi Bl Bt Letokhov™ ! MBEE | T
5 TEHC A B BEAL ORI AFTE . E B 1994 4F, 356
E R K Lawandy 2 H 530 nm A9 ik ot Hhiz
BA P FFI 640 e F TiO, 40K kL (4 H i i
W, WL 3] 55 0O 26 AL Y 78 A A SR 06 DTG 6k T
Letokhov 44 HY (% B L IS A 57 v A7 78 Bl BILB0OG 290
SIS, 1995 4F, Wiersma Ml Lagendijk™ iF =

doi: 10.3788/CJL202148.1201006

P BEHLEOE A BE & . 1999 4F, EEPEIL K 2% Cao
PR 33X ZnO AR SEAT OB L O 1L
A3 3L BT 2 B0 RE AR A I A A e, HL B IR A9 1
{E . BT RO x4 RUE M T BEHLEOL P A7
HA S A5E S 3B R 3 A A B o ZEATT 89 2%

BEDLBOE RIS 25 59 20 4F 5] A BHI6 ) 52 46 90 A7
T E R R L 3 BUAEATS R D o SUSCRT ¥ T 98 PR AL
SR RIS BEALEOE B 9 7 A BLEEDGRA R A
JE A — L8R R PR Y )RR A 2 — P R 5T
TE S0 77 T B2 AT 22T 48 Fh A5 R ) A0 K B4 6
e RS RE Y CGORURL T AR R
R B AR A R A BE AL O R S
B3 ) FH 4 T 40 DK UKL B Jrg 0 2 T 25 S T R B
o AT 280 e i B ALIOL B R BE L LA BE— 2P R A
{ELMI R 4 1% 2 98 . BB ML IO 4% A 1R 2 4 19 4
S AL AR A | ) A 07 8 A5 A B R T L s
L6138 5 A N 92 S T 348 o
MEW] R A R 7 TR AN 2 . AL BEALEOL AR 7R
TEBCBE AR B A TR A R gy
PTG AR U 2

TR AT S — Fof [ Bsf S HL D' 2 2% i S M ML 3l 1
(4 8k £ TG e 25 I XA 3 B VR T S AR ol

Wi HES: 2021-02-18; 1B HHA: 2021-03-24; RABH: 2021-04-12
HE&£WB.:. BXARBFE4 (62075093), WY B84 %I (JCYJ20170817111349280, JCYJ20180305180635082,
GJHZ20180928155207206) . Fg Ji Bt K2R IE sh i H (Y01236124) . RS Bl K2 #kWi H (Y01051951)

“E-mail: yjliu@sustech. edu. cn

1201006-1



E48% F 12 81/2021 £ 6 A/HEMNA

Vi B AL O 4 B A J5 5 [ B 9 ] D3 3 22 e
75 AT I B 5 MR O 45 IR I ) DA TG {88 Y 43
THES BA KBA T 7380 W 5+ W HES 6 mT
DL L it in 22 #h A 3 RO R A SR BEAT
il o BRI K 1 25 B4 BHS 2270 W AR b
3 W1 25 T AR B R S RE S AR 4 b X BE L IEOE
HEAT IR HEZ AT DA & OG AR 7R R AE T BE ALK
JEHNAH T BEALIEOE Z W) VT4 . T 2 PR o Wt B AL 33
B ARG A5 B 2 AT R VR B AL IO ik T K
A FETT RS T T B R R L AR SO A B AL IO
i Y A D 3R 3 SR AR 50 0 TR AN T — S A H 4 AR
G . i B A AR ST O VR B ATL RO 45 Y B
A BN T, FH Xz SR W5 A LA E
BSH MR REM.
2 WA BENLEOE
2.1 BEMIHCRESRE

1968 4F k% B B2 B% Letokhov' BRI | 5
5V TEREPLIG 55 A B BEALBOGRIAETE . iAot
THEZ HEU A B i AL — R AL T E L 2L
TR AR B ORI A BB 3 . 46 TR 4R A
HATERS AT A — o BIME AR 5| 32 R S
PR ZADGT . ORI RS 1O AR B
6 Y B AR L 6 A T 5 B R 2 T R B G O, Ok
TATE R BRAE 5 & A 52 VO S BT 0 R A ]
TG AE B RN A BT 277 AR5 A, 1Y
it T A S A A A e M L A 3 ORI i K A
16 EA 58 G AR A w] DL i — 20 Ok iR T A
WOGIE X PR A ARSI . AT LA 1 FERE
BUHCR A BT B9 B A8 5 ik RS A T 0L 9 BE
TR £ 3 25 5 AR R E b B RE S SR RS R
PRHAEAE — A Wi SRR e S0 25 KT AR . ik
)1 FR TR O 1 BE 1 % i il £ Bl & I ) AR R
SEFRBOE N 3K — 55 R RO I S AR A AR S AR AR
TE— 5 4538 SCFE T, Sebbah™ I 4 Hi Kt 33 AN 45 0 Bk
HEFH”, BT Letokhov W5 A % 1E 3| 51
[0 i S T 2 @ VAR P s o Nt £ S Y = SR R
A I AL

1994 4E,Pradhan F1 Kumar ' #F 5% 7 BE LA
RO ) R Ak, B S Jiang 2577 Fl Vanneste
250 X 2 (46 SR AR AT BFGE . 1999 4F, Cao
S ko OGS ZnO MR L H BT 2R OE R I
RIS  IF 2 75 2% Jm A X AT T AR, BE L
B A I e 0 6 B 2 — g mT LR g S A

LAERR R BACIEAT e . L2 TE R R WAL A Y = T
BB A B AR BT, 2 TR S a2 2
AR ZEH . RENLFIERD —ERE
I 22 S B O BT W T S R e — R
ANE X R B B AR R K Cao 2
T TE SR R £ B LR 22 U AT LA AR AR
T RAs . NI B0 . OLTRF A b G2
PR Al 48 22 (1] 28 5 1 g A 1 - X {ED 45 T B/ TR
B, O T BE 2 [a] 3 22 A S A HIOR A, T il —
AHIER . TR AR N A2 B £ R T AR
ST B R SR L H b P BR R BT O R 0 AR
H . Cao™ M T — R IV I H0 M BEHLHOE N A & 48
SR e B R AL B AT —E B A ZnO
3 AR 3 WOTE WO'G G BH R b, SR 5 1 532 nme 19 ik
OO FEAT A Ll AR R ZnO Ry AR Y AT DL
RO R Y A G R R 8 i s B A — A
{ELIN 34 25 335 2k S0k b 4 7% 0 I 1% 10 %o 7 1) o
HAT RABOERE . 21 J I O 0 8 4 2 1 Rk 3 5
A B E T b B S R AN B 1 R A 1 4
i KT HAE 1 4 ik 2k b oh 0 — 22 s SR 4k 23
RS 58 B2 L T LU 31 5E 22 B AR U6 , I IR A4 199 (X0 17
f 2 AR R O B X . Florescu 1 John™ i il
A RE A (R, BEALEOLE TS S e 5
HOL—FE R IR G . BEFLEOLE 78 2 AR
SR Cao %570 78 52 5 v I £, 33 F — 4538 UE 3
WHYIE M. 55 4b. Cao S5 38 i 388 A5 PR 22 4%
(FDTD) 3K ff 21 25 BEDLHUS A B b 9 Maxwell 75 7
IR T R A RIRL ST AT R 22 1 R OGS
R[50 W TR O B 2V A 72 3 o 1 @ i s 2

S IR R i B e ] DL i R BE AL O
5 A ) R N e A (EL AT RS Bl AL 38 O e S i
LN RA Nt B ST N St % s Ll BN e I
SRAL T B Toffe-Regel FI4E, B JC ¥ 1k 2 #k
kU1, Fori,1 Jptlkm ¥ A i R AR A BT Y
FEEE & SRR, 2002 4F, Apalkov %% 4 L 2 4y
B i kel TR 1 AT SR AT LA B B AL IO IR
W, 3 R A 3K 28 8 5 0 AN RO T Toffe-Regel H
. I Horh 22 F U B 00 4R R A AR AR & AN
K AT REA Gt s A 1 25 0k W6 R HOG I E . ik, i
T8 0 AT O 3 e, 3 A FRE I B B 1 A
L H B, O R RL AR L L[R]3 ORE AR AU R
2004 4F . Wiersma %55 | FH 52 45 % )5 3 0 Bk
TAENE 2 BEAL IR A B b s sh Bk, AR A T 4R
SSF 08 £ BE AR RS T BE BIL IO 99 (B R RS AR AR A

1201006-2



E48% F 12 81/2021 £ 6 A/HEMNA

M frT46 L FEBEDLECH A Brb Otk 2 i T 22 U
EIRBOEI . R ERK O R A R s
A R R G B T 2 RO T T AR, RS
e R B 38 25 0 10 R T U 1 4 O AR 0 L 3 06 1Y
WK AR I IR A R GHOEF MK . 2007 4F, 1
BV A SRR O ik AT O B AR B T
LAY 2538 . 2008 4F ., Tireci %5 223K 45 & WOt 2F
25 BB - BHOR OR 48— Hb g BERE HLIOE A8 1 AL
B, AN AN RO AR 2 22 18] 47 A 56 4, T 5 4K
RS 22 10 B4 A AR 2 55 ) Bt L 38006 79 01 36 i
MW . BT REYLEOL R e, 21 H
B 1R WA — N TN 58 4 19 B8 ] LA 58 4 fff B¢
BE BB I 45 PR R
2.2 HEMENHMAEHNFEE

H UL P YRR 25 TT R 43 S [ B0 A LS AR L B S
LA BP S AR AR 1 HES O XS5 B0/
AR ARZ B ORI Rt . B o & AR
IR AR 51 2 AR 5 18] P47 F 4 Bl B 47 455
SRERH 2 T A 0 T T TRl A T S R A 2
F RS RIR n, . HEZZ(An=n,—n,) Bl R
(2 45 1) S L A I R R R M R AR L FE AN AR
G ER T RS 1 T RA AR RS
BT AEE TR IGL N T R . U, TR
oy FAERE AR R 2 3R L 0 D 5 . 4 T
BT T R S VR ) OSUT S R S I O B
7 Ay 4% ) () 1 TR S SRR O YR T AR . A
VR LT S AT 0845 1 A 50RO B L
WO RS LR A 2 N S 5

2004 4F, Yamilov 255 @ i 115515 H N R 4
FEFE— A Fe 1 T )7 B o] DU SO 1) Q 3k 3 i
B, 2006 4F, X S A% A AT S i FDTD 5 BB 5%
T2 A 4k R G b S RO A BT A% XU S AR X
BEMLIOCAE A RE M . A AT 2 [ O A 9T Y 25 ]
(7B BEATLHE S A BT e, 2R S5 AT 5 A Bk
P TSR Ge=n,/n ) KR TFRIE, X
TR (0, >0 ) BiE ¢ N1 ZBHHE R, RE T
JP P e SR i A 5 R G I 8 RS B AR
Ja ik 5 ESEBRAE O EOR A R s TR
/N FVER ) #8 J2 B BIL 1 o R L 2R 6 ) I S R O S
RS A S5 1 235 18] G 7 1 R B 1 G 1) SR 7R R
AT TP RS T W 2 55 S 265 I o 25 o o 300
BLIEOE . 76 55 B SA O RS TR WA 2 2wk
A BABROBUNSREE . >4 5 e 1 8 2 A A
23 B I BEALIEOEAT . R R AT H SRR

AR ER GO SR A ok B G AR R IO AR Y,
WA T R e T DL A 22 RO SR A X RS
WF TN B3 AT LUF) W ok I8 49 3R 48 i ) 1, i T
PEEHOLN Q fH.
3 I HAH W b REALEOG
3.1 @54 % & BE L

B A (NLO) 4> F 2R, KR TP, |
KB WA T, 7 2 B m T E— 5 s,
BB 1 U ) 1, 07 B B . 2006 4F, Strangi
LI g% B 3 T ek B 24 ) 51 M (DD-NLC)
(R BEHLBOE 977 A L 3% R S8 T DL R — G i
MO R . Z 5. Ye %5 %) DD-NLC 9 B HL 3%
R RGHAT T, MM Q BOE# Nd = YAG
FOEEZ B IR Y % (OPO) X RE 5 #4706 7 2 0, H:
1 OPO Mk w22 i) (8] 24 5~ 7 ns, B2 MK H
10 Hz, W S EARZA N 20 pm, S &A1
JiR .

Nd:YAG Laser |:|
!
OPO :
Aperture —ill—
|}
~
Glan Prisms { 1
=
]
| ¢ O«- () mi7
Q

Collimation Lens

1 DD-NLC B L3625 3 5 46 00 2% B R 35 | 0
Fig. 1 Experimental setup for random laser pumping

and detection device of DD-NLC “*

Bl 2Ca) ME 2 (b)) R T 2 £ 38 4 B A
(OMA) £ A 7] 22 i Be & F W 15 19 & 4 o 3%,
Kl 2 (o) 2y & i B RN 2 1 42 5 (FWHMD 5 21 fig
W R, Hob, MR R B4R 10 p)/pulse,
S S R S R R s 2RI B LA . eAb,
K3 R T PRGN 0 R 6. RN,
K A RS CASE) J6 i 46 /N 2Z 115 3T 43 B
7ERIE

m b prk , BEALEOC IR T 2 EE . A HE
H (R v R 1A A P 3R T A S
AR HE B 43 A AR O T EE 45 O 1) 23 A — 2 D 22 . X

1201006-3



FE48%E £ 12 #1/2021 £ 6 A/HEH

(©) T T 50
ok —A—FWHM
-~ —=— Emission Intensity
2 \ / 40
= A, .4 /
£ 30 £
= £
2 30
£ / 1"
= =
P 2x10°[ / zn§
] / - =
E a0 _u 110
.
AL
Ly eall N N N
540 560 580 600 620 640 640 (B0 (60600 620 1640 Q@o L 15 18 21 0
Wavelength (nm) Wavelength (nm) Q‘,é‘ Pump Energy (nJ/pulse)

Pl 2 JELEE N 185 pm HYRLSH &9 K SIS Y L (o) (b) FEAS R S 3 Al 1 T 1A R S OI61% 5 (o) %% S VA B 588 8 DI 1 FWHM
Wi 25 1 RE 1 Y 72 Ak

1% . (a), (b) Emission spectra at different pump energies; (c) emission peak

Fig. 2 Emission spectra of 185 pm-thick cel

intensity and FWHM of spectra as a function of pumping energies

T W SEIR E E X BE ML AR B R

2.0x10° =

)

k] WA 12 m F1 185 pm B ES F 43 514 A B 55 5

L BB R £ 4 R IR 597 (PM597)

voxte' 2 B 43 B0k 0. 33% ., 95K LLBE K K 532 nm

soxto' 2 BRI Nd = YAG SO 28 05 61 4 58l , A5t

" d fk 207, SRR 1 p)/pulse. [ 4

s oF AR T RS 15 5 506 (L K 41875 SR 0 (1

4 18] B A it J5J8E R RS . 25 B

T S E A S W (R K £T RS 249 10 nm . 1 AB 7 2R 168 1
Y4180 B /N, E— A T 5 2 W M M

8RB B R BALIEOE L 100 pum AL 300 pam L S0 S % 5 10 6 1
Fig. 3 Random laser spectra under different pump K20 4.5 nm. WAL b % & JE A8 Ak i 2T % 7T
energies Al 2 1 2 90 0 T 5 A 0L T LR T

SECT B HES A AR AT XA BLRTE e LSO b L S A R A 8 4 A T
BRI PO ) L AN AR B R 185 pm py g

MO . PRI G A R RO AN U T A 3l L a8 U 25 Lin Z0O B9 T Yekb 35 24 H1 il 1) %) AR
R B BRI S 2 5 T ARSI FHCDD-TNLC) 7 #2J1 £ o i 0 % Bt BL O 11
(a) T T T T T () 574 — T T T T T T T — 1.75
o T Peakaavaangn of s o |
————— 100pm
1.4x10" - :;(2)::: § 4125

1.2x10*

1.0x10°

Emission Intensity (a.u.)
Peak wavelength of the emission (nm)

8.0x10°

1 566 1 1 1 1 1 1 I 1 1 0.25
580 585 20 40 60 80 100 120 140 160 180

Average spacing of adjacent narrow spikes (nm)

5;0 5;5
Wavelength (nm) Pumping thickness of wedge sample(um)
P4 BF SR T BEHLEOE IO M S, Ca) AR BE T B9 & S35 5 (b)) % S5 A0 e {1 4K R R 40 78 2 g (1) 37 349 1] B 3 A2 9
R fit B JBE 1 AR
[36]

Fig. 4 Influences of sample thickness on random laser™™ . (a) Emission spectra with different thicknesses; (b) dependence

of emission peak wavelength and average spacing of adjacent narrow spikes on thickness of wedged sample

1201006-4



E48% F 12 81/2021 £ 6 A/HEMNA

b T4 0 i S O R 5 3O B Rk 1 HE B B T
JeY R HE B £ 57 1) I Bk (P B BE 88 ) 5
Mel o [R) B s ER T R A AL B B (TTO) 3 38 B Al 1Y
I 22 5 L BEAL IO /Y B 5 B AT L E o 9 4 A
Xt A S5 B 8 T 1) ) A T O R 1) 2R AT A
IEAh , DD-TNLC #0625 (0 R34 25 52 1038 B 5w, 76
25 °CHFRE ™ A5 H5e i 19 A 3 R0 R SR AR Y B . i
Bian 25 48 1 78 DD-NLC o, 6 #0800 23 3 80k
T R ST B 1 S A O A T A S -l e o L
R, 6 #4%% B % F DD-NLC B A] #5435 2
EH.

Dai 25V FI B — 98 2.4 (PVDF) il % % 1t
A LA A Y A B HIL 38O L 8 L T NLC A P
V5 T S BRSO 1 R A T R L A Y 3
Jin, PVDF-NLC & (% 8 {8 23 Se il /b J5 38 fm, 2 U7
T2 An Ak ke, Bl A S 1 R L 2R A A )
K575 T8 A 43 A Sl R ) A9 42 fof 1 a0 £ B
PN KGR R B R e ow WA R L A B DA PN
MF S8 30T BE M UG . 2R T, AR e Y ]

5 PDLC By T {E i)
Fig. 5 Working principle of PDLC™ . (a) OIf state; (b) on state

H T PDLC 2 — B 8 o #AH 09 JIU A 5T, B
ekl 8 24 (19 PDLC (DD-PDLC) [ H T B #l %
R B B BT B . 2006 4F L Lin %5 B
7 DD-PDLC FEHLEOG R R PE K 6 BoR T 75 A [F)
M AE R T B DD-PDLC Wy & S 63% . I 6 v X
BRI RE R T, AR B — A v & 3, 46
Y29k 40 nm, M AST AW RE R A 25 o B, &
ST 2 BB O . X SR TEZ N 1 nm,
FCEIE LT B9 ASE 269619 1/40 38/, 45 o &
HE— A, 25 B 2R B IY Ig  IX L B Y I
ST RE MEEUN S . 6 G R IR

Liquid crystal 4 e vV g

Incident light

R, £ AT 1 25 A o 0 2% B RIS, S BRI E T . B
U 80 ) A A B 02 1R VR o T I A T B R 25
A I 4 B 22 R B4 3 A DR E Y

2019 4E, Naruta 25" 6 7 Je BB 24 19 8w
1) 51 FH V8 (DD-FNLC) B B WL &% 38 i 55 16
(Z5 1 mT) BIAT #5 ) DD-FNLC = B HLIg0OE & 5t 59
SREE . [V, A SR DL — S5 e 41 61 Ry 23 T AT LA
3 5 T P RE 3 ) DD-ENLC 1 B HLISOE 59 R 5 .
3.2 BEVSER&EEIEL

BEA W4y BOR i (PDLO) 2 W i DL K 5040 0k
KHE X BERSYETPIERN . CREA
SR BN R WA & Dk 2 —, B NLC
AR M ARTR A Rl e 5 R B A . FEAR IR
BT MBS FIHEGSRE W H R AL,
PDLC 28BS, MAEM b — & s A o 35
Jei s VA AT F & A R B TR R T G % D i A% A
PDLC 248 i i BUIR A5 I & 5 BRI 4E %k,
PDLC % J& ik . C s S8 e - AL ast™ |
AL GE BT RE R R AR R S A,

v 3%

Polymer network 008 v L ]
v

(DX (WIS

ST RE 23R 01 3 22 i 28 5 (9 O A AT B — AN
IR AR . M G G AR RO A B0 3 S RE AT
AE 78 1 VR I 14 B 8% b i T DLR A O E T

K7 WoR T RBHCIEBER MR R, M
7R LLE L BEALEOE Y BIE 2 R 25 p)/pulse. fE
R T 59 1) 0K 252 T A o I Bl 25 2 Yl R A 1
ASE & S i B AR S, BI 25 AR A . = T EIE
i, 7E ASE BRI 452k 1 B0 T il 2 TR0 4l 1 iy
T A A T B A 2 TR AR R 0 B S AR B KL X
BER I B G IE S E N T 1 nm, FERMRER AN
55 pJ / pulse I . ASE & #f % i% 1 FWHM 2 )

1201006-5



E48% F 12 81/2021 £ 6 A/HEMNA

Intensity (a.u.)

)
d)
©)
(b)
(a)

500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

Kl 6 DD-PDLC £ & 26 A 7] % 3 R & T 19 & OG5,
() WA N 20 pJ/pulse; (D) R RE= N 25 1)/
pulse; () ZE W HE & H 28 pJ/pulse; (D FE i g & N
35 pJ/pulse; (e) I AE LA 47 pJ/pulse, A T
1 43 &4 40 p]/pulse T # % # DD-PDLC £ §h By
K3 B R FIFE DD-PDLC A% i i 3o 2 3 HUH P i

I A 3R B AR B 7R T A
Fig. 6 Emission spectra of DD-PDLC sample with

different pump energies™”

. (a) Pump energy is
20 pJ/pulse; (b) pump energy is 25 pJ/pulse;
(c¢) pump energy is 28 pJ/pulse; (d) pump
energy is 35 pJ/pulse; (e) pump energy is 47 pJ/
pulse. Insets I and II are emission photo of DD-
PDLC sample excited at 40pJ/pulse and a
schematic diagram of a closed loop path of light
formed by multiple scattering in a DD-PDLC

sample, respectively

45
1.0
40
~ 084
g L35
-E‘os [0
] £
E =
'g 04 - 25
N
® 20
E 02-
o
2 L15
0.0+ —
T r r r . 10
10 20 30 40 50 60 70

Pumping Energy (uJ)

&l 7 DD-PDLC # fh ASE 6% i) i tH 58 B2 Al FWHM fE
O 0O/ 2 3 R 1Y R R
Fig. 7 Output intensity and FWHM of ASE spectra from

DD-PDLC sample as functions of laser pump energy™”

13 nm, Fifi 75 22 1 AE 0 10 385 i JL-F PR 2

2019 4F, Dai %5 3l 1 15 4% B Tk 99 K B T
(MNP) 528 T DD-PDLC [ HL % i 1% )8 3 . bl
& MNP (v B2 35 i, B HL IO (9 62 26 o0 52 908
. WAL, T B Tk S 0 B 5 AN R 3 1 7 [n]

Ak, HEEMM L. P50 5 R LD
JETG R RS O A R E RS . RIS, AT 5 )
T 7 9 A S i 2 L 3 BT 1) 1 3 W) O i R R
1fif Lee %75 2 i W42 i T —F ok # DD-PDLC B
PLIOL I Tk . il B2 R R D2, 24 IR A 3% 42
ZRESE A, D2 gkt o 3 s S~ i S i 1k, 5
B Tl A A N1 AR 7 5 T IR I 34 2 21 (Ot R
if . D2 Gkt 2 B0 — S SR A AR . T 2080 ik
A T NOARAS . TR, 20 IR G B 50 30T
5 R G YR I 5 A 2 22 00 AT R YT B K (5
P B V-1 Pl AR el /) IO 65 JRE L E T /)N B AL
PO L 5 T 21016 R S U 22 7 A AR R B ROCR . i —
A, Wang 555 il 4 T8 A Yo kHE 2= (1 PDLC %
EHEPLEOC A IR R T AR SIS .
4 JBE AR BEPLEOE

HEES AR (CLC) R 2 800 BH 5 s 1 77 2R
i F AT LA aF AE NLC o 3o T 48 24 500 ok i
£ Dt B R O T NLC 27 CLC i 4
TEJZ2 W & 1 FU AR HES BT — € J5 1) F 2 26 P17 HE
5 s FRAAR ZHER B R0 U0 A Bk ST | e
Jetk R B S . 5 — RO T S AR R R 2
CLC My B4k S5 A O B i R 254 56 il R
X B $R 06 B A e 5 R RS L BRI SO B KA
FHT BN CLC IEFME 5 A & 4 it
PEAR R O S T8 5 i 55 B 45 MRS T 1) AR S 19
FEEE L CLC Myt 8 2 56 i 5 308 498 A3 104 & St
EHEA=nP o n 2 CLC B F¥Hr i %, P R
CLC YRR . Wnl&l 8 Frzn B9 CLC 23 R 51 45 44 151
R B R AR AR MR RS M S — B
JE 0 A 1) O U T BT R ik O 1) B AR 2 22 1 1Y

— —_——
T
P e G e

pitch

&l 8 CLC 4> FHEFI 2547 R
Fig. 8 Schematic diagram of CLC molecular

arrangement structure

1201006-6



E48% F 12 81/2021 £ 6 A/HEMNA

SR, CLC 38 5 X5 4 5 38 55 R 1 i 35 i
R AR L TR IR A [R) B4 A0 3 4 4 i B L L L
Y VA T E IR B (pH AR S5 0 S HE BRE AT AT
BRI &z T R

AR O Y R B 441 CLC(DD-CLO) 5] &2
TG AR Tz ST I R T 2 O R
LG, 7 FmA P, CLC 2 3B ek i )5 4k
FaniREi i T TFABEEAS W NE R, LT
HF R R O T 1 25 TR B 2% B R
RO YR Y K S 0 7 R T E A Bk L 0T LR
A R I OE & HE. BRT O R S
Ak, DD-CLC RFHLEE RS 2] T o, ZE L
Txb BE ML WO 7 R 5 R W AL e o
FEES T R ST O B R OB BCR L]
S Y [l B ) BE AL IO

FE CLC ", BRI RUBEAS 2 1 A0 B I i 2 41t
8, T 2 H BEAIL 53 A 76 A R A BT b O A R 1
IR A 5T 0T R A i B S A 1 R 6F B AL
JER A G E L, R R CLC B 53 U 45 M
SCHLTCHE W REML OGS R T 6. 2008 4, He
SESRI CLC #Y Z2 B R BLR L RO R & ok

(@) Low frequency ®)
EHDI, large domains

Intermediate frequency ©
Random, small domains

[ 7 JIEL 55 AR B B 454 19 5 XL 78 DD-CLC R4
Y ORI R 24 ST R ALY

W, BEHLEOE BT T 9 T8 T 25 R 5 S 0 IO
WO RS S AR R g, e CLC A R4l
BOCFNAT L HOC & — A A7 B9 N & B
FERER T, /T LLSEE CLC H i F o H 5 B
AR . 2012 4E ., Morris 2817 F I 41 hin v 37 45
YR ST BE LG 5 A IO R 2 B
SF. fE 9286 b, B NLC MLC-7029, F # #
BDH1281 DL K 64k PM597 20 i AR & ¥ 85 10
AR 47 W] 64 9 b & v T2 P T Ry CLC 4
F . s 9 FraR SN A R 10 Hz B, i T
HL A B AR E M (EHDD , CLC RS, ™~
A 2 ROk B AT, T S 2 BE ML B T AR
9Ca) 7 s M LI MR B 3 ] 560 Hz B, 2 CHK
SR R FEALEOE 2 > R Z M FEFH AR JE T
— WAL AR 9 (b)) BT 7R 5 1t 24 B 3 00 R
5 kHz B, i T A B A 200, CLC 52 307 1 48 E
AHEZ P AR A S B0 A S B 9 (o R,
I T 37 430 56 ] 1 TR R 2 5 Sy S BRAROK G
s By FHFRE T R R AR .

High frequency
Grandjean, standing helix

Random Iasing_;

o Photonic band-edge lasing

K9 it AR L3 T DD-CLC B S E 532 nm J62% 0k 10 15 — 1k & G160

wavelength (nm)

>
210 'z 1.0 £
7] = — 2
z g f=560Hz| & f=5kHz
£ 08 £ 08} £ 08 1
F 5 g
S 06 1% o6} 2 06
2 2 %
E o4 15 oaf £ o4
= B =)
g 02 1.8 o2} N 02
g 09 - g 0 g 0.0 J
g 0 550 600 6505 %300 550 600 6505 500 550 600 650
= wavelength (nm) = b=

wavelength (nm)

(a) 13 V/pm,10 Hz;(b) 13 V/pm,

560 Hz;(c) 13 V/pm,5 kHz

Fig. 9 Normalized emission spectra from DD-CLC sample when optically excited at A =532 nm for different applied

electric fields®™™ . (a) 13 V/pm, 10 Hz; (b) 13 V/um, 560 Hz; and (¢) 13 V/pm, 5 kHz

AN, Huang X9 2 I T — R THIZ B S
CLC 880440 B MY 1Y 5 1k SE B0 T 306 I K A& Ff
ARG TR . M RN = 2 Vi, CLC 2L

P V- T 25 A8 T B B Y B AR SR I B IO B AR
AW EEL A 10 & 10D FE 10(2) iR ; 24
W 2V O R E 3 B R FRSC R BB 1 B

1201006-7



E48% F 12 81/2021 £ 6 A/HEMNA

280 X AR TR B EOE R B L & 10 (b
F 10Ce) MIA 10(h) Fron . HA ok =4 WL &
BRI BUA B JE IR B S R 8 7 A ) = By 4 A

100 VEYI#HE 2 VA, iE 10 ), B 10 D) Al
B 10Dz S a2 M L FR &8, kT
BRI 51 A SR 0 B 3 LA RO 7E BRI R & R B

B 5t W AR 45 4 P B S RN, T Y H R

2V
] e
3 min

O S ECT BENUE O A

10V
r——

4x10° (x10t
605.4 nm
@ s
:% 3 607.3 nm o
« sS4
g 603. J
.;‘2 1 nm >3
" R4
2 52
= z |
=1
%95 60 605 610 6lS 0

————— ————— 20

(h) 61270m

R
S| M
go.s/}{v_ﬂﬁf% MU\,,

Wavelength (nm)

B 10 A[A) HLFRER 31 T R TEAG CLC Y562 2UH) O B A A3 5 P 5 DA S ol & 6 it .

0 620
Wavelength (nm)

2 0.
630 995 600 605 610 615 620 625
Wavelength (nm)

(a), (), (tifn 2 VHJE;

(b), (e, (h) Jitifn 2 VEJEJG 3 43050 (o) (D, (DH 10 V LR JG FFREAR TR 2 V
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Fig. 11 Images of polarized optical microscope in reflected light mode and emission spectra™ . (a) Small size pure BPLC
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Fig. 14 Plots of laser emission intensity as a function of pump energy™® . (a) Laser threshold comparsion between PM597-

doped BPI in 100 pm droplet and PM597-doped BPI in 100 pm cell; (b) emission spectra of PM597-doped BPI in
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Fig. 15 Emission spectra of NPDDNLC sample under different conditions™® . (a) Peak intensity and FWHM as functions
of pump energy in NPDDNLC sample; (b) peak intensity and FWHM as functions of pump energy in indye-and-
Au-nanoparticle-co-doped ethanol samples; (c¢) emission spectra of NPDDNLC samples with the cell thickness of
10, 17, 26 pm at fixed pump energy of 8.39 pJ/pulse; (d) output intensity as a function of pump energy in
NPDDNLC sample with the cell thickness of 10, 17, 26 um; (e) spectra of NPDDNLC sample with the cell
thickness of 10 pm at fixed pump energy of 17.87 pJ/pulse under different applied electric fields when polarization
of the pump light is parallel to rubbing direction; (f) spectra of NPDDNLC sample with the cell thickness of 10 pm
at fixed pump energy of 17.87 pJ/pulse under different applied electric fields when polarization of the pump light is
perpendicular to rubbing direction. Insets show the output intensity as a function of the applied electric field from

0 V/pm to 2.1 V/pm in (e) and ()

1201006-12



@ Glass substrate

P-1 / A
= PI
=g {v’;_':.fe/
P i /4
BV
@ PM597 WAgNPs = CLC

16 DD-CLC B HLOR 28 P45 K 9 o B

(b)

I Tr-nsminnny
o |
Pumping

FE 485 F 12 #1/2021 £ 6 A/FE#E

)o

Rcﬂoctnncc/DD_CLCs -
Spectrometer

(2)DD-CLC B ML 25 40 7 35 B, v 7 0 &b 9 P-T1 3 38 3k Al

5l A AgNPs; (b)DD-CLC R AL 9 7= A= A &t 26 &, 946 9 & R A 7= 45 189 DD-CLC B HL 3O

Fig. 16 Schematic diagram of DD-CLC random laser structure and experimental setup™”

. (a) Schematic diagram of DD-

CLC random laser structure, in which AgNPs is introduced on P-II glass substrate in liquid crystal cell;

(b) generation and measurement devices of DD-CLC random laser, inset shows generated DD-CLC laser
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Fig. 17 Performance of DD-CLC random laser with different sizes of AgNPs and temperatures™ . (a) Effects of different

sizes of AgNPs on slope efficiency and laser threshold of DD-CLC random laser; (b) temperature-dependent band-

edge laser peak positions from S-1V sample; (c) temperature-dependent wavelength shifts of long band-edge laser

and short band-edge laser peaks

SRS A A5 B PO R R R BE HLIEOE T O T 2
SRR T —SeHE R ERE 6 Jm AN KR T 0 R BE AL
PO A v I 2 i e HE ) BEPIL O R S A 2
A Fp e — 2L W FT R 53 B o DT H] LS G 3t 00 0 9
BEBLIOL B9 BE T S LI T

7 4k 7

M TR] 9 #11 B A BT 9 B BIL BOE A 19 T A Jit
B JF AN TR) 8 et A Crig 504 L BELES AR BP) 45 B3
U SR 1Y) R E R AT A R BE ML IEOL BB 5T
HERE . A T C 28 AR ) 22 R SE ROk ik B BE LI
e 25 BE G (EL IR o BE BIL RO (14 ) BRLBIL 1 3d A5
R — R . BE SRR W5 BELROE 2%
(P RETE I 20 31 i WO B (AR 2 40 T [, 22 Fh el 4%
77 CCHL VB A I AR T AE S5, 3 X T R B AL
WOEAS B9 SE PR AR DA BRI . R
it B HILIOE A% 19 BF 58 MO AR K B 28 8, (2 ATS AR A7
TEVF 22 [ AR BEPL IO & 220t — 22 W T
PR 5, b T A E BE LR JLAS O i F 5

D) gt — L REARROL B A AT 57 R0 BEHL O
PR R R 5 2) A 1 T 45 e B L
WO 1 B ) R RPN 3) b R R
HL A B HLIOL A5, (8 Bl BIL IO 38 4 0 T 2R
SEURH ) RS S R AR Cln s Bkt
i VA B A1) M A L AR AT O M RE A BB AL I
. MUE A AR W BEPL O SR S e 2 4
SR e 5L R A L R B AT S B S B R
AR 5 K

2 % x #

[1] Letokhov V S. Generation of light by a scattering
medium with negative resonance absorption [J].
Soviet Journal of Experimental and Theoretical
Physics, 1968, 26(4): 835-840.

[2] Lawandy N M, Balachandran R M, Gomes A S L, et
al. Laser action in strongly scattering media [J].
Nature, 1994, 368(6470): 436-438.

[3] Wiersma D S, van Albada M P, Lagendijk A.
Random laser?[]J]. Nature, 1995, 373(6511): 203-
204.

1201006-13



E48% F 12 81/2021 £ 6 A/HEMNA

[4]

(6]

L7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Cao H, Zhao Y G,
action in semiconductor powder[]J]. Physical Review
Letters, 1999, 82(11): 2278-2281.

Noginov M A, Zhu G, GaAs
random laser[J]. Laser Physics Letters, 2004, 1(6):
291-293.

Lee C R, Lin S H, Guo C H, et al. All-optically

controllable

Ho S T, et al. Random laser

Fowlkes I, et al.

random laser based on a dye-doped

polymer-dispersed liquid crystal with nano-sized
droplets[J]. Optics Express, 2010, 18(3): 2406-
2412.

Dice G D, Mujumdar S, Elezzabi A Y. Plasmonically
enhanced  diffusive  and  subdiffusive = metal
nanoparticle-dye random laser [J]. Applied Physics
Letters, 2005, 86(13): 131105.

Lee CR, Lin S H, Guo J] W, et al. Electrically and
thermally controllable nanoparticle random laser in a
well-aligned dye-doped liquid crystal cell[J]. Optical
Materials Express, 2015, 5(6): 1469-1481.
Dominguez C T, Maltez R L., dos Reis R M S, et al.
Dependence of random laser emission on silver
in PMMA films
rhodamine 6G[J]. Journal of the Optical Society of
America B, 2011, 28(5): 1118-1123.

Germano G C M, Machado Y D R, Martinho L, et
al. Flexible dye-doped  bio-
degradable cellulose needles [ ] ].
Journal of the Optical Society of America B, 2019, 37
(1): 24-29.

Mendicuti

nanoparticle density containing

random lasers in

nanocrystalline

E, Kiferlein O,
Random laser emission from whole blood as the active
medium[J]. Optics Letters, 2021, 46(2): 274-277.
Strangi G, Ferjani S, Barna V, et al. Random lasing

Garcia-Segundo  C.

and weak localization of light in dye-doped nematic
liquid crystals [J]. Optics Express, 2006, 14 (17):
T737-7744.

Yang T H, Chen C W, Jau H C, et al. Liquid-
crystal random fiber laser for speckle-free imaging
[J]. 2019, 114 (19):
191105.

Liu Y L, Yang W H, Xiao S M, et al. Surface-

Applied Physics Letters,

emitting perovskite random lasers for speckle-free
imaging[J]. ACS Nano, 2019, 13(9): 10653-10661.
Polson R C, Vardeny Z V. Random lasing in human
tissues[J]. Applied Physics Letters, 2004, 85(7):
1289-1291.

Wiersma D S, Cavalieri S. A temperature-tunable
random laser [J]. Nature, 2001, 414 (6865): 708-
709.

Boschetti A, Taschin A, Bartolini P, et al. Spectral

super-resolution spectroscopy using a random laser

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

1201006-14

[J]. Nature Photonics, 2020, 14(3): 177-182.
Sebbah P, Carminati R. Breakthroughs in photonics
2014: random lasers [J]. IEEE Photonics Journal,
2015, 7(3): 1-7.
Pradhan P, Kumar N.
coherently amplifying random media [J]. Physical
Review B, 1994, 50(13): 9644-9647.

Localization of light in

Jiang X, Soukoulis C M. Time dependent theory for
random lasers[J]. Physical Review Letters, 2000, 85
(1): 70-73.
Vanneste C, Sebbah P.
localized modes in active random media[]J]. Physical
Review Letters, 2001, 87(18): 183903.

Wiersma D S, van Albada M P, Lagendijk A.

Coherent backscattering of light from amplifying

Selective excitation of

random media [J]. Physical Review Letters, 1995,
75(9): 1739-1742.

Anderson P W. Absence of diffusion
random lattices[J]. Physical Review, 1958, 109(5):
1492-1505.

Cao H, Xu] Y, Ling Y, et al. Random lasers with
coherent feedback [J]. IEEE Journal of Selected
Topics in Quantum Electronics, 2003, 9 (1): 111-
119.

in certain

Florescu L, John S. Photon statistics and coherence
in light emission from a random laser [J]. Physical
Review Letters, 2004, 93(1): 013602.

Cao H, Ling Y, XuJ Y, et al. Photon statistics of
random lasers with resonant feedback [J]. Physical
Review Letters, 2001, 86(20): 4524-4527.
Cao H, Xu J Y, Zhang D Z, et al.
confinement of laser light in active random media[J].
Physical Review Letters, 2000, 84(24): 5584-5587.
loffe A F, Regel A R. Non-crystalline, amorphous

Spatial

and liquid electronic semiconductors [J]. Prog.
Semicond, 1960, 4(89): 237-291.

Apalkov V. M, Raikh M E, Shapiro B. Random
resonators and prelocalized modes in disordered
dielectric films [ J]. Physical Review Letters, 2002,
89(1): 016802.

Mujumdar S, Ricci M, Torre R, et al. Amplified
extended modes in random lasers [J]. Physical
Review Letters, 2004, 93(5): 053903.

Ye Y X, Fan D Y. Incoherent radiation of amplifying
random media[J]. Chinese Journal of Lasers, 2007,
34(3): 364-369.

MR8, W . 1Y 45 BE LR A B 0 AR TR
(J]. P E¥E, 2007, 34¢3): 364-369.

H E, Ge L,

interactions in multimode random lasers[]]. Science,

2008, 320(5876): 643-646.

Tiireci Rotter S, et al. Strong



E48% F 12 81/2021 £ 6 A/HEMNA

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Yamilov A,
disordered photonic crystals[J]. Physical Review A,
2004, 69(3): 031803.

Cao H. Highest-quality modes in

Liu J S, Wang C, Xiong Z. Origin of light
localization from orientational disorder in one- and
two-dimensional random  media with uniaxial

scatterers[J]. Physical Review B, 2006, 73 (19):
195110.

Liu Y J, Sun X W, Elim H I, et al. Gain narrowing
and random lasing from dye-doped polymer-dispersed
liquid crystals with nanoscale liquid crystal droplets
[J]. Applied Physics Letters, 2006, 89(1): 011111.
Ye L H, Hou C, Lii C G, et al. Tailoring of random
lasing characteristics in dye-doped nematic liquid
crystals[J]. Applied Physics B, 2014, 115(3): 303-
309.

Ferjani S, de Luca A, Barna V,
recurrent nematic random laser[J]. Optics Express,
2009, 17(3): 2042-2047.

He B Q, Liao Q, Huang Y. Random lasing in a dye
doped cholesteric liquid crystal polymer solution[]].
Optical Materials, 2008, 31(2): 375-379.

Lin SH, Chen P Y, Li Y H, et al. Manipulation of

et al. Thermo-

polarized random lasers from dye-doped twisted
nematic liquid crystals within wedge cells[[J]. IEEE
Photonics Journal, 2017, 9(2): 1-8.
Bian H T, Yao F F, Liu H,

controlled random lasing based on photothermal effect

et al. Optically

in dye-doped nematic liquid crystals [J]. Liquid
Crystals, 2014, 41(10): 1436-1441.

Dai G, Wang L, Deng L. G. Flexible random laser
from dye doped stretchable polymer film containing
nematic liquid crystal[J]. Optical Materials Express,
2020, 10(1): 68-75.

Naruta T, Akita T, Uchida Y, et al. Magnetically
controllable random laser in ferromagnetic nematic
liquid crystals [J]. Optics Express, 2019, 27 (17):
24426-24433.

Dai H T, Chen L,

isotropic,

Zhang B, et al.

electrically tunable liquid crystal droplet

Optically

arrays formed by photopolymerization-induced phase
separation[J]. Optics Letters, 2015, 40(12): 2723-
2726.

Li K, Jiang H D, Cheng M,

morphological and electro-optical properties via the

et al. Controlling
phase separation in polymer/liquid-crystal composite
materials[J]. Liquid Crystals, 2020, 47 (2): 238-
247.

Saeed M H, Zhang S F, Cao Y P, et al. Recent
advances in the polymer dispersed liquid crystal

composite and its applications [ J]. Molecules, 2020,

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[57]

1201006-15

25(23): 5510.

Kim M, Park K J, Seok S,
microcapsules for dye-doped polymer-dispersed liquid
crystal-based smart windows [J]. ACS Applied
Materials & Interfaces, 2015, 7(32): 17904-17909.
Lai Y T, Kuo J C, Yang Y J. A novel gas sensor
using polymer-dispersed liquid crystal doped with

et al. Fabrication of

carbon nanotubes [ J]. Sensors and Actuators A:
Physical, 2014, 215: 83-88.

Xiong G R, Han G Z, Sun C, et al. Phototunable
microlens array based on polymer dispersed liquid
crystals[J]. Advanced Functional Materials, 2009,
19(7): 1082-1086.

Labeeb A M, Ibrahim S A, Ward A A,

Polymer/liquid crystal nanocomposites for energy

et al.
storage applications []J]. Polymer Engineering &
Science, 2020, 60(10): 2529-2540.

Lin J H, Hsiao Y L. Manipulation of the resonance
characteristics of random lasers from dye-doped
polymer dispersed liquid crystals in capillary tubes
[J]. Optical Materials Express, 2014, 4(8): 1555-
1563.

Ahmad F, Jamil M, Jeon Y J. Advancement trends
in dye-doped polymer dispersed liquid crystals: a
survey review [J]. Molecular Crystals and Liquid
Crystals, 2017, 648(1): 88-113.

YelL H, Li FJ, Lu C G, et al. The controllable
intensity and polarization degree of random laser from
sheared dye-doped polymer-dispersed liquid crystal
[J]. Nanophotonics, 2017, 7(2): 473-478.

Dai H T, Gao M N, Xue Y X, et al. Magnetically
tunable random lasing from polymer dispersed liquid
crystal doped ferromagnetic nanoparticles in capillary
[J]. AIP Advances, 2019, 9(11): 115015.

Wang D' S, Chen M Z, Dai H T, et al. Optically
tunable random lasing from azo-dye-doped polymer
dispersed liquid crystal in capillary tubes[J]. Chinese
Journal of Liquid Crystals and Displays, 2019, 34
(10): 935-944.

FERW, PR, WigH, 5. OCREN AR RS
FBE Y 43 R U BEALIOG & (E SO U] WAk
&R, 2019, 34(10): 935-944.

Coles H, Morris S. Liquid-crystal lasers[]J]. Nature
Photonics, 2010, 4(10): 676-685.

Pieraccini S, Masiero S, Ferrarini A, et al. Chirality
transfer across length-scales in nematic liquid
crystals: fundamentals and applications[J]. Chemical
Society Reviews, 2011, 40(1): 258-271.

Bisoyi H K, Li Q.
crystal nanostructures: from 1D to 3D[J]. Accounts

of Chemical Research, 2014, 47(10): 3184-3195.

Light-directing chiral liquid



E48% F 12 81/2021 £ 6 A/HEMNA

[58]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Bisoyi H K, Bunning T J,
control of the helical axis of self-organized soft helical
superstructures [ J]. Advanced Materials, 2018, 30
(25): 1706512.

Mitov M. Cholesteric liquid crystals with a broad
light reflection band[J]. Advanced Materials, 2012,
24(A7): 6260-6276.

Lin] D, Lin HY, Wei G ], A broadban-

tunable photonic bandgap and thermally convertible

Li Q. Stimuli-driven

et al.

laser with an ultra-low lasing threshold from a refilled
chiral polymer template [J]. Journal of Materials
Chemistry C, 2019, 7(16): 4740-4747.

Ranjkesh A, Yoon T H. Thermal and electrical
wavelength tuning of Bragg reflection with ultraviolet
light absorbers in polymer-stabilized cholesteric liquid
crystals[J]. Journal of Materials Chemistry C, 2018,
6(45): 12377-12385.

Wang H, Bisoyi H K, Urbas A M, et al. Reversible
circularly polarized reflection in a self-organized
helical superstructure enabled by a visible-light-driven
axially chiral molecular switch [J]. Journal of the
American Chemical Society, 2019, 141(20): 8078-
8082.

Zhang Y F, Yuan Z Y, Qiao Z,

modulated by

Tunable

spherical

et al.
microlasers intracavity
confinement with chiral liquid crystal[J]. Advanced
Optical Materials, 2020, 8(10): 1902184.

LiY,

micro-cavity film made by cholesteric liquid crystal

Luo D. Fabrication and application of 1D

and reactive mesogen[J]. Optical Materials Express,
2016, 6(2): 691-696.

Zhan X Y, Fan H P, Li Y, et al. Low threshold
polymerised cholesteric liquid crystal film lasers with
red, green and blue colour [J]. Liquid Crystals,
2019, 46(6): 970-976.

Park S, Lee S S, Kim S H. Photonic multishells
composed of cholesteric liquid crystals designed by
controlled phase separation in emulsion drops [J].
Advanced Materials, 2020, 32(30): 2002166.
Morris S M, Gardiner D J, Hands P J] W, et al.
Electrically switchable random to photonic band-edge
laser emission in chiral nematic liquid crystals [J].
Applied Physics Letters, 2012, 100(7): 071110.
Huang W B, Yuan C L, Shen D, et al. Dynamically
manipulated reconfigured

lasing enabled by a

fingerprint texture of a cholesteric self-organized
superstructure[J] . Journal of Materials Chemistry C,
2017, 5(28): 6923-6928.

Lu H B, Xing J, Wei C, et al. Band-gap-tailored
random laser[J]. Photonics Research, 2018, 6(5):

390-395.

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

1201006-16

Lu H B, Yang L, Xia L, et al. Band-edge-enhanced

tunable random laser using a polymer-stabilised
cholesteric liquid crystal[J]. Liquid Crystals, 2021,
48(2): 255-262.

Ye L. H, Wang Y, Feng Y Y, et al. Thermally
switchable photonic band-edge to random laser
emission in dye-doped cholesteric liquid crystals[J].
Laser Physics Letters, 2018, 15(3): 035002.

Gao S H, Wang J Y, Li W H, et al. Low threshold
random lasing in dye-doped and strongly disordered
chiral liquid crystals[J]. Photonics Research, 2020,
8(5): 642-647.

Stegemeyer H, Bliimel T H, Hiltrop K, et al.
Thermodynamic,  structural and morphological
studies on liquid-crystalline blue phases [J]. Liquid
Crystals, 1986, 1(1): 3-28.

Kitzerow H S, Bahr C. Chirality in liquid crystals
[M]. New York: Springer, 2001: 186-218.

Li Y, Huang S J, Zhou P C,

stabilized blue phase liquid crystals for photonic

et al. Polymer-
applications [ J]. Advanced Materials Technologies,
2016, 1¢8): 1600102.

Chen Y, Wu S T. Recent advances on polymer-
stabilized blue phase liquid crystal materials and
devices [J]. Journal of Applied Polymer Science,
2014, 131(15): 4525-4529.

Kikuchi H, Yokota M, Hisakado Y, et al. Polymer-
stabilized liquid crystal blue phases [J]. Nature
Materials, 2002, 1(1): 64-68.

Lin T H, Chen C W, Jau H C, et al. Lasing effect in
blue phase liquid crystal [J]. Proceedings of SPIE,
2013, 8828: 882808.

Chen C W, Jau H C, Wang C T, et al. Random
lasing in blue phase liquid crystals [J].
Express, 2012, 20(21): 23978-23984.
Khoo 1 C, Lin T

Optics

H. Nonlinear optical grating
diffraction in dye-doped blue-phase liquid crystals[J].
Optics Letters, 2012, 37(15): 3225-3227.

Liao R C, Zhan X Y, Xu X W, et al. Spatially and
electrically tunable random lasing based on a polymer-
stabilised blue phase liquid crystal-wedged cell [J].
Liquid Crystals, 2020, 47(5): 715-722.
Chauhan S, Mukherjee S, Varanytsia A,
Efficient
assemblies of blue-phase liquid crystal microspheres
[J]. Optical Materials Express, 2020, 10(9): 2030-
2044.

Wang L., Wang M, Yang M C, et al. Bichromatic

coherent random

et al.

random lasing in topologically directed

lasing from dye-doped polymer
stabilized blue phase liquid crystals controlled by

pump light polarization [J]. Chinese Physics B,



E48% F 12 81/2021 £ 6 A/HEMNA

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

2016, 25(9): 094217.

Vaveliuk P, de Brito Silva A M, de Oliveira P C.
Model for bichromatic laser emission from a laser dye
with nanoparticle scatterers[J]. Physical Review A,
2003, 68(1): 013805.

Chang S H, Wu J J, Kuo C C, et al. Plasmonic
random laser from dye-doped cholesteric liquid
crystals incorporating silver nanoprisms [J]. Optics
Letters, 2020, 45(18): 5144-5147.

Ziegler J, Djiango M, Vidal C, et al. Gold nanostars
for random lasing enhancement[J]. Optics Express,
2015, 23(12): 15152-15159.

Liu Q K, Yuan Y, Smalyukh I I. Electrically and
optically tunable plasmonic guest-host liquid crystals
with long-range ordered nanoparticles [ J]. Nano
Letters, 2014, 14(7): 4071-4077.

Mertel; A, Lisjak D, Drofenik M, et al.
Ferromagnetism in suspensions of magnetic platelets
in liquid crystal[J]. Nature, 2013, 504(7479): 237-
241.

Liu Q K, Senyuk B, Tang ] W, et al. Plasmonic
complex fluids of nematiclike and helicoidal self-
assemblies of gold nanorods with a negative order
parameter[ J]. Physical Review Letters, 2012, 109
(8): 088301.

Rozic B, Fresnais J, Molinaro C, et al. Oriented gold
nanorods and gold nanorod chains within smectic
liquid crystal topological defects [J]. ACS Nano,
2017, 11(7): 6728-6738.

Liu Q K, Cui Y X, Gardner D, et al. Self-alignment
of plasmonic
fluids for bulk metamaterial
applications[J]. Nano Letters, 2010, 10(4): 1347-

1353.

gold nanorods in reconfigurable

anisotropic tunable

Bisoyi H K, Kumar S. Liquid-crystal nanoscience: an
emerging avenue of soft self-assembly[J]. Chemical

Society Reviews, 2011, 40(1): 306-319.

Wang L, Wan Y, Shi L J, et al. Electrically
controllable plasmonic enhanced coherent random
lasing from dye-doped nematic liquid crystals

containing Au nanoparticles [J].

2016, 24(16): 17593-17602.

Optics Express,

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

1201006-17

Li L W, Deng L G. Low threshold and coherent

random lasing from dye-doped cholesteric liquid

crystals using oriented cells [J]. Laser Physics,
2013, 23(8): 085001.

Wang C, Deng L. G. Electrically controlled plasmonic
lasing resonances with silver nanoparticles embedded
in amplifying nematic liquid crystals [J]. Laser
Physics Letters, 2014, 11(11): 115814.

Wan Y, An Y, Deng L. Plasmonic enhanced low-
threshold random lasing from dye-doped nematic
liquid crystals with TiN nanoparticles in capillary
tubes[J]. Scientific Reports, 2017, 7(1): 16185.
Wan Y,

random lasers from dye-doped nematic liquid crystals

Deng L. G. Pump-controlled plasmonic

with TiN nanoparticles in non-oriented cells [J].
Applied Sciences, 2019, 10(1): 199.
Roy P K, Haider G, Lin H I, et al. Random lasers:
multicolor ultralow-threshold random laser assisted
by vertical-graphene network [J]. Advanced Optical
Materials, 2018, 6(16): 1870063.
Schénhuber S, Brandstetter M, Hisch T,
Random lasers for broadband directional emission[]J].
Optica, 2016, 3(10): 1035-1038.

Wu RN, Lu] Q, Yang F, et al. Features of liquid
crystal laser in SU-8 grating structure[J]. Chinese
Journal of Luminescence, 2020, 41(1): 71-76.
LR, HAER, B, . SU-8 JCM 4 i ik
AREOCRE D] &OE% R, 2020, 41(1): 71-76.
Chen M Z, Dai H T, Wang D S, et al. Thermally

et al.

and optically tunable lasing properties from dye-
doped holographic polymer dispersed liquid crystal
in capillaries[J]. Journal of Applied Physics, 2018,
123(10): 103105.

Ma X Y, Pan J W, Chen P L,

temperature electrically pumped ultraviolet random

et al. Room
lasing from ZnO nanorod arrays on Si[J]. Optics
Express, 2009, 17(16): 14426-14433.

Wang Z W, Cao M X, Shao G R, et al. Coherent
random lasing in colloidal quantum dot-doped
polymer-dispersed liquid crystal with low threshold
and high stability [J]. The Journal of Physical

Chemistry Letters, 2020, 11(3): 767-774.



E48% F 12 81/2021 £ 6 A/HEMNA

Liquid Crystal Random Laser: Principles and Research Progresses

Cai Wenfeng, Li Ye, Tang Zongyuan, He Huilin, Wang Jiawei, Luo Dan, Liu Yanjun"
Department of Electrical and Electronic Engineering, Southern University of Science & Technology, Shenzhen,

Guangdong 518055, China

Abstract

Significance A random laser necessitates not a physical resonator, but multiple scattering of photons in an active
random medium to bring optical feedback to reach the threshold. This unique principle signifies that random lasers
have several characteristics to distinguish them from conventional lasers. Firstly, without a resonant feedback,
random lasers can be any geometries, which indicates it reduced greatly manufacturing difficulty and cost. Secondly,
the emission spectrum has mutiple narrow spikes, which can be tuned by changing the pump conditions or
environment. Thirdly, random lasers have low spatial coherence and large emission angle. Endowing with these
superior features, random lasers have been widely used in speckle-free imaging, temperature sensing, medical
diagnosis and super-resolution spectrum.

After decades of development, scientists have explored a variety of materials as scattering media. Among them,
liquid crystals are ideal scattering medium with a tunable disordered degree of the system and orientation of dye
molecules. As a result, the laser characteristics of liquid crystal random laser, including threshold, intensity, and
polarization, can be well controlled, which provides many potential opportunities for various applications of random
lasers.

Progress 1In 1968, Letokhov predicted the existence of random laser theoretically. Scattering of particles increases
the distance that photons travel through the medium. The energy density of photons will increase exponentially with
time as the strength of scattering and pumping energy increases. If the gain depends on wavelength, the light at this
wavelength has a competitive advantage and can be further amplified to form a narrow-band spectrum, which is called
spontaneous emission amplification. Meanwhile, the threshold of spontaneous emission amplification in random
scattering medium is similar to that of traditional laser. Until 1994, Lawandy confirmed Letokhov’'s prediction by
observing narrow-band emission peaks in amplifying random medium. In 1999, the Cao’s group observed several
discrete radiation peaks with very narrow spectral linewidth. The results proved the existence of coherent feedback
in the random laser.

Since the interference effect caused by strong scattering is not considered in Letokhov's theory, the mechanism
of the random laser cannot be well explained. In 1999, Cao used ring resonator theory to explain the localization of
the random laser. She proposed that in the case of strong scattering, the photon may return to the scatterer from
which it was scattered before, creating a closed loop, which plays the role of laser resonator. When the gain of the
photon in the closed loop becomes larger than the loss, laser oscillation occurs. Due to the complexity of random
laser, up to now there is not an accepted and complete theory that can fully explain the various characteristics of
random lasers.

In 2006, Liu Jinsong's group used FDTD simulation to study the influence of the degree of orientational disorder
of uniaxial scattering medium on the random laser mode in one-dimensional and two-dimensional systems. The results
showed that with the increase of the orientational disorder of the liquid crystals, the scattering degree of the system
increases gradually, leading to the occurrence of a random laser. Since the orientation of liquid crystal molecules can
be adjusted in a variety of ways, we can use liquid crystals to regulate the disorder of the system, and thus improve
the laser's Q-value.

For nematic liquid crystals random lasers, Ye et al. studied the influence of the liquid crystal cell thickness on
the random laser action in the dye-doped nematic liquid crystals system (Fig. 1). Subsequently, Lin et al.
investigated the polarization properties of dye-doped twisted nematic liquid crystals in a wedge-shaped cell. In 2019,
Naruta et al. prepared a dye-doped random laser with ferromagnetic nematic liquid crystal, which could be tuned by
the magnetic force. In 2006, Liu et al. studied the characteristics of dye-doped polymer-dispersed liquid crystals
(DD-PDLC) random laser (Fig. 6). In 2019, Dai et al. realized the magnetically tunable DD-PDLC random laser by
doping magnetic nanoparticle. Lee et al. previously proposed an optically controlled method of DD-PDLC random
laser by doping the azo dye.

1201006-18
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For cholesteric liquid crystal (CLC) random laser, in 2012, Morris et al. realized selective emission of random
lasers and band-edge laser by changing the frequency of the applied electric field (Fig. 9). In addition, Huang et al.
proposed a CLC finger texture reconstruction method based on electric field induction, resulting in flexible
modulation of laser wavelength and multiple modes (Fig. 10). In 2018, Hu et al. utilized liquid crystal multiple
scattering and near-infrared controlled photothermally band gap tuning to achieve a random laser. In 2020, the group
also constructed polymer-stabilized CLC to achieve random laser emission with low coherence and wide tuning range
(100 nm) at the band edge.

For blue phase liquid crystal (BPLC) and polymer-stabilized blue phase liquid crystal (PS-BPLC), Lin et al.
studied random lasers based on coherent feedback in BPLC and PS-BPLC in 2012 (Fig. 11). In 2020, Luo’s group
demonstrated a spatially and electrically tunable random lasing based on PS-BPLC-wedged cell (Fig. 12). In 2020,
Chauhan et al. proposed a random laser based on spatially-assembled dye-doped BPLC microdroplets (Fig. 14).
Wang et al. studied bichromatic coherent random laser from dye-doped PS-BPLC controlled by pump light
polarization.

When metal nanoparticles are combined with a disordered active medium, the scattering intensity can be
significantly increased. In addition, it can increase the laser gain and reduce the random laser threshold through
localized surface plasmon resonances (LSPR). Deng's group has done a lot of research on the plasmon-enhanced
liquid crystal random laser.

Conclusion and Prospect  Though there is significant progress on the liquid crystal random lasers, their
mechanisms remain to be further explored. Future development can be made in the following aspects including
further reduced threshold, directionality and polarizations, electrical pumping, miscibility between liquid crystals and
novel gain media, etc. Significant performance improvement of liquid crystal random lasers is of great importance for
the practical applications and commercialization.
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