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Review on laser properties of cholesteric liquid crystals with

multiple-emulsion microstructures
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Abstract: Dye-doped band-edge cholesteric liquid crystal (CLC) microlaser has been one of the focus
of academic researches ever because of intrinsic properties, such as low threshold and mirrorless. As a
novel three-dimensional omnidirectional microlaser, CLC emulsion droplets with complex microstruc-
tures exhibit appealing characteristics, such as miniaturization, integration and wavelength tunabil-
ities, etc., arousing broad interests in the research field of liquid crystals (L.Cs) for non-display appli-
cations. The complex spherical core-shell microstructure results in the generation of a variety of laser
modes such as distributed feedback (DFB) mode, whispering gallery (WG) mode and Fabry-Pérot
(FP). The rapid development of glass-capillary microfluidic technique makes it possible to produce
monodispersed CLC droplets with controllable sizes, providing conditions that are necessary for the
fabrication of multiple emulsions with complex microstructures. In this review, the glass-capillary mi-
crofluidic technique is briefly introduced for the production of monodispersed LLC emulsions. And the
recent studies on the laser behavior in both the single-emulsion CLLC droplets and multiple-emulsion

CLC core-shell microstructures are presented and well discussed.

W5 B #A :2020-03-06 5 3T H #:2020-03-22.
BEETA:HEKARR RS No.61675172)

Supported by National Natural Science Foundation of China(No.61675172)
* A5t & N\, E-mail : lujanchen@ xmu. edu.cn



698 W5 B

35 %

Key words: omnidirectional laser; glass-capillary microfluidic technique; cholesteric liquid crystal;

emulsion; droplets; core-shell microstructures

1 7]

un\:

YE—Fp A N B 7R B 4% A A, RS
A & (Cholesteric liquid crystals, CLCs) G212 H
KT BRI SR e 25 A, R T AT 2
KTt o HWR o1 B4 1) < T A AR el 70 07 1) 24
SYHREE TR BCAFT S8 23 A o 40 44 8 ) O 3 B i
—HERDE T BT . R TR R T S A G
6B TG 47 B A IRE I HS AH R 2 30
TOREA R B B EAG R R T 0 R B
B R AR FH e S e E S gt
FH LK B AR =np B2 0 EFE I G
LT p W B AR W AR 0 BRER S T4 W R
IR TER 1 e 360° 5 AT &k K . T
HEAR VR IR R p X DG 3  0E L
S5 AN SR A RURR S DRI AE A 3 4 R AT LA IR 45 A
Pi#s 55T (Bragg Reflection) I K B 3, KE 1
A VRS S A RO 2 i A I 9 T R B R T

JIEL 55 AF VR v 0 B 2 SRR TR SRy JLBOK B L
TR I 1R GE W & T AR R AR B Y 4
K AF T ae R . R, A FR W 43 1 1Y
HE A 52 31 W B 3R 0B A8 A 1F S I R DRk
PR BRI B S W AT, B A TE
R E 7 ) b R RS O — g 7L Ak
(Emulsification) £ A . 45 51 I il i #2845 £ A
el A5 AR 55 R VR At 1 25 R R0 RS R AR B R T RE .
A 1B S R VBT B A e TS R R R LU
/NG g A T AR U, B S TR
FRALAE 7= o W B % 7 T s v v 0% I 5 R VAR 1Y)
WEL T gl 7 1o HE AT 2 A A RE I R B B S AH VR T
) 7 A TR ) T 428 o >4 7K R I R TR i 22 4 R
M B M) (Planar alignment) B¢ 2 Y] [w] B[] ( Tan-
gential alignment) A9 2 45 2 BF , B2 75 i 4 = L
T KA 5 A 0 58 S T G AR ) e HEA S A
B BRI XS BRI 5 R B A = 4 Y 4
TAER R

VE R — o U i = 4= 2 1 A% S A+
rH R REL 59 AH T Y R R AT 9K 52 31 Ah SR R A I
5 o HL S STl 4 B L B R A e AT A R T

I TR AT AR L R b YR A% 5
e B A 9T Y M2 B Wi Ah BRI R B
F1%) 22 THT T36 14 ) B 2R W) 03 1 BT OO PR e m DL
FHAE v 2 408 bR e 7 1Y) PH B ) % 8% A% Tl )
A AR R B et R VR G Y A R
I & B AR (Reactive mesogen, RM) ) 1B & #H &
AR A Y TEC R AR L AT LRI 45 th 45 f A2
SE S MU SR B s LA B2 BLAT R a9 0 JIEL 55 A R
s VBT B IR S5 AE VR A ks AL L Y 2 AR
AHVR o YT A% 76 T 45 A8 22 ] Y IR B R 65 O I
H TR R 1 358 R P OGBS T DLTE TF 28 i ' S S
(925 AT WL 3] 22 % (14 B SR B R IR IR FR 58
Y i {Z” (Cross-communication) . § B T &
JEIAFCTF I K AF B P bR 2 L B O A R
P 2 2 JIE S AR A 0 B S A R 5 AT IO Y i
R B, AR 2B A 4548 87 (Structural
colors) , G T BF5 H TRy 248K, T X Fh
AR S AR Kim S 2 T —FP K
e B 1 RS 5 5 JBE AT 42 1) B A% SE B 1 1Y
JIEES AH W A G T 55 K B8O 48 (Photonic ink cap-
sule) ™™, I B — 253l i 726 R A 1 Bk o
5 NE 5 AW A% =2 8] ) — 2 ] 2 B i R
TR B 4 B S AR A VE S 8 AR Bk e L A%
T B0/ K /i /7K COil-in-water-in-oil-in-wa-
ter, O/W/O/W) =5 FL 1K 45 1 19 37 5% 7 2K
IR B , 76 AT 43 1S AT T 5 Y B0 S SOt 2= B
Ph b B AE R R Ak B AT B
LT 1B S AR b R A YOG A B Gl AR K/ /
7K (Water-in-oil-in-water, W/OQ/W) &5 #4 ¥ 3% F
RO W PN A% 0B 5 AR A A 52 S8 Bk 2 ROk
M4, SR E O/W/O/W 25 ok 1 7 466
(Upconversion) JH 4 P4 4% AR §§ A0 W& & 2052 77 2E
=FA-=H A& K (Triplet-triplet-annihilation,
TTA) B K,

Wk 1t = A1 B S AF VRt YT B A% 5 R A A
AU AT S TR B O IR ARk R R A L A
1998 4F Kopp % A Ml Taheri 45 A & AR T I0
HS AH & P A 2 B9 (Band-edge lasing) 174
LK, ekl 8 24 0§ M ( Dye-doped CLC,
DDCLC) W&t O & H T B A AR L i KT i 2 T



BTl

G A < JIE S AR A 22 T LIRS R IOL R R B B 5 R 699

7 ST BE (Mirrorless) A4 i VR T 306 40
SRR BT A T B A D R
T JIEL S RH R O T BT 0 O R R A
DT T 25 %8 [ (Density of state, DOS) 15 DU
TR I IR B d KAB A7 I I 48 2% 19 G BL G 2O 1
56T B A LA S R RN AR
7 A R N O . SR AR G Y O TS
DDCLC 0t #5475 S8 A2 TEAR B K AR T 48 I
(RE R [EIES El T IO 2 T A SR E b 108 L]
S5 RO R ) T RN R A IR S A YR TR
LA e st HO's s W BAT 5 1Ok B il i, 7 f
ANBUAC VR WAL R . TR A O 1] =
A2 1] HE S 1 5 BRI 3R G T DL AT 07 ] A5
FLH 35 09 306 09 J7 1) 2 2 42 18] 19 ( Omnidirec-
tional) , B —F = 4Ry 2 M BOG, B TR 4
) WO B R A BN I 7E 2 B Ot B 4
BOG T2 A 5 Ak AR B D R R W R A AR SR
JiTE . O R . TR B BRIE S L BR T
e R[S < T T 1S 9 5 T 7
(Distributed feedback, DFB) ## Y45 , i 4 [l ¥ BE
& (Whispering gallery mode, WGM) 56 #0143 7
i i #% 2 5F (Distributed Bragg reflection, DBR)
155 O IR AT DL TR 12 485 04 vl On ol 2]

PRI A S Hp g B A0 21 30 4 0k 5 18 53 AH W
A VBT M 22 T e TS A R B IEOG AT S A G Y
TAE.

2 MAEHEFHER

3 b 0 s ) RE S A A 0 HICTE AN AH I 0
b, I A AL AR 3 R R AR S LA DT
2o A DATE S I [] PN 75 38 0K & i) R JTE 55 4H A
FLW . TR AR b, Bk R MR AR R T R
HARME R AN R R A miRE 51k
AR VR F . L an, H UL H I AR 2 0 B
(PVA) RS Ay F 1Ak (4 W & 43 48 4L F 1 8
S5 DT A7 JEL 55 R 908 7 ) MER et o o A8 1) HE A7)
SR 3l 2 R Jr A9 8 0y B E FL A R
AEIL), HIBSXME LA ®] . 0 H A ] % 2 H 7L
() it i ep AR A T B AT 20 Y R A TR —
15 3 B 2L ) £ 43 Bt (Polydispersed) 23 3 —
g AU T IR ) AN | B O P B A e 5
(Monodispersed) [ 2 5 FL 0K A8 15 06 IR HE

PO A B Y B, Sy ] 45 570 HiCAY B R
Z E LML T A R R DT 2 . B DL A
T R B A R AT DUJR RE A0 3 B el R i R
O T s R FRIBR (PMIMIAD) L 3R 6 e 4 ot
(PDMS) % A7 HLIR G 0020 o T AE L A7 5 Fl B 5
XAEMBLEA R A2 1 v AR e v, H A
A7 R0 W R A TR R R B A A% R
Y AEES A LS 2 Y R e T A TR
o JEHUE Weitz BREUZH A BH A9 55 T [R] il 2R A5 0
(Coaxial flow-focusing) FL 1k ) B ¥ & 40 4 & i
AR WRTE T £ 2 5 FL W A0 B S AR W 5T
MR PS8 Tz R Y,

il 2 B e LR R 55 R VAR VR VR 1 3B R A A
B E KA 1) PR , 2% 8 70 iy 04 U S R0 A i
P14 WSO A8 P AN R ) ) 3 36 T A [ 28 ok o
(tapered) 2 89, ELCEE 48 09 HE 11 AR R T 2
TR R AR, ) K T 2 48 FLICAR A8 i B A
WS B M A R B 77 & s T = Z
NI LTV S N < 3 [ 1 2 2 A
WA AR v, EES AR AR E O R HE S T L R A2
] 7Y S48 T A 2 v T AR Sk S0 A 1 KA 5 TR
W)y i S48 55 A0 D7 487 18D B4 TRD R T AL T BT il
TR I W 0 B 5T IR ROV T . T A A X FL
(Double emulsion) Y 3¢ & 5 il £& 5.8 2L 9 2
B A B 1) BFAR o PR VRS TR R DA ZE ] 1Y)
R ] AR AR N K S T A8 TR) Y )
B A T A AF VAR 0] E AT 4R 480 5 O 4 Tl 1% ) B

@ Outer fluid --------- s — —
Inner fluid L. \/| »/
_ —
Outer fluid .. ~—
®
Middle fluid --------- === N -
Inner fluid >j [ 1
Middle fluid =
©
0il phase Aqueous phase
= — ——
Aqueous phase e P ies
______ >
______ - Oil phase t
______ ¢ - A

Bl 1 &P (), W (b) BL R =5 () FLHE M IR
A 0 BT R

Fig.1 Schematic diagram of coaxial glass capillary

microfluidic setups for producing single (a),
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Fig.3 (a) Schematic view of the arrangement of
CLC molecules in a cholesteric microdroplet
with parallel anchoring at the surface; (b)
Lasing spectrum of a CLC droplet and the
reflectance spectrum of the planar state with

the same CLC mixture?*,
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Fig.4 (a) Variation of the lasing wavelength with in-

creasing irradiation time under weak UV light;
(b) Spectrum of laser intensity-switchability and
repeatability under strong UV light and strong
blue light of a dye-doped CLC microdroplet' ;
(c¢) Laser spectrum during the photo-tuning;
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Fig.6 (a) Schematic of a W/O/W double emulsions

with a CLC shell; (b) Emission spectrum of
rhodamine B dissolved in water and a CLC
shell of DBR mode; (¢) Emission spectrum
of DCM dissolved in CLC and a CLC shell of
DFB mode. The inset in (b) and (¢) show the
emission intensity as a function of pumping
energy at wavelength of 619 nm for DBR
mode and 566 nm for DFB mode of CLC

shells, respectively-'*,

P ” (Pumping-self-tuning) 4 ¥k 9 #% 5¢ 1 &5
FE AR — ORI R R T RS AR T K
N 596.6 nm Y DFB A xCHOL . AR Y L SR DE
AL O FH i Bk o 7 R AR 2 S BOL
Ty 7 R A A Ak PRI B o 5% T B 1
s B A A B W LL AL B 640 nm Ab % i R AN
Kl 7). MeAh RATIE BT T K 19 % 3 3
J 5 5 3 R i R 2 9 I [ ol ) A O R . A 7
(b) 7 5 B J 19 258 3 Bsf ] 8] B R B 5 1Y) 2 37 g
YRR PP A YRS S AR K R B
Bl Uy 2 A FRAE 2 590~ 640 nm 2 [A]  3iF WA H A 5h
N BRRERR B iR 3 a5 N i 1 B = e
JCEAE BT A PRI R 12 b, PO DR K RE % ] 3
WL E . A % 45 F A n] BE w0 FH E 4RF iE 3R
Il B AL

WA 7E W/O/W XUH FL A A K AH s
B Fe; O, BEPEDN K KL T, A PRS0 e 7R T —Fh 3k
12 A3 (noninvasive) I REYE 7 52 s A RHOLER .

(2)

Normalized emission
intensity/(a.u.)

575 625 675

A/nm
®) 650
640+ 3 ,.‘_,a- ~ AA\A
E A, AM A“A M A
& 630+ ot A
23 } V. S
7 = 'S
g3 607 g f *L-5s
A B $ f AL-10s
? 610+e
¢ mH-5s
Py
6005 * H-10s
590E } } } }
0 20 40 60 80

Pumping interval/s

&7 Ca) A [ 23 U BT B9 i i 1o IEL 55 AR 3 Bk e
B O T AR AE (b) AN [7] 22 387 BE & 19 AN [ 52
T B 1] 18] B R 9 O K AR AR

(a) Variation of lasing wavelength of CLC shells
(b) Shift of

different

Fig.7
after different pumping times;

pumping
[43]

lasing  wavelength after

intervals with different pumping energy



704 W5 B

35 %

FET IR AN AR 7 R 5 P9 A2 KRR B 1
FME LAE A S 2 IR (S AR 3K 5T 0 3 25 9 T
PR T A 23 %P OGP g i T 2 p 52w . F T IE S
AHVR s B SR 0% T 14 590 i) R 4 5% ) (Helical
twisted power, HTP) X i B U8, H It , b & R
JEM 28 “C Tt #l 32 °CL O M B K M 637 nm
B R E] 590 nm, WA 8(a) iR, LA, T4
WEFE T BR7C 1 J5 B2 X380 B 9 52 o, Gn &l 8
(D) 7R, Y5 JE N 12 pm 3 K F) 24 pm I, 3 45
B o e J5E 1) 3 DR T 48 K ERT T 985O ) {138 3 A1
M — 2D WK SR I B S A 3 25 AN e % W
by b B2 3G % 45 R L DR A G T i — A0 W

FEAIC .
(2) 8000

7000} —re
. 6000f 29
& 5000F —30°C
2 4000} ——31°C
2 3000f —32°C
& 2000}

1000}

0 A A
580 590 600 610 620 630 640 650 660 670
Anm

(b) 045
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.0012 1620 2428

Shell thickenss/pm

Threshold/pJ

B8 () WL % 3l By IH {55 AR &b BR 52 B OG B
it ek 8 174 72 A il £ 5 (o) SO 1 B E 5 R e R
BERIBYRFRE; (O BRTAER A EM T 0 — 4
NI HES Y A T T
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Fig.9 Lasing emission spectrum of CLC shells
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Fig.11 (a) Lasing emission spectrum of two dual-gain

emulsions with different pumping beam diame-

ters; (b) Lasing emission spectrum of a dual-
gain emulsion at various temperatures; (c¢) Po-
larized optical micrograph of a single-gain
emulsion, schematic of the coupling between
the pumping beam and the emulsion at five dif-
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emission spectrum"**',
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