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AR — T R A TG AR A A R 3R U SRR U R SR A O A R, DUIRT S E A9 2 PFB B (RhB)
FIHENE 821 (LDS821) £ BEIE W A ) A A 10 32 R X R OGS 25 A I, SR RV G ARl 1) W s S dhig 7=, &
eI 532 nm 3% L OGRS VE G, X 2Ok LR BE R B R S BT TRFE. SRR LK R
532 nm M WK P EOCERVE Iz O, i B R A 73 F RLB, I Re i 7% 7% 245 i 3 1Y) 32 4K 4r F LDS821,
TEARBASZ YU KA S F T, 3280 TRRBIME (1.26 wJ /mm?) f)5Z1& LDS821 ¥t im 4t

KW OLIEHOLE, 2OUILRRERE RS, THHTE
PACS: 42.55.Sa, 42.55.Myv, 42.60.Da, 42.60.Lh

1 5

HI R (optofluidic) HWOtHAS 1 JEVTAFE & i
R —FhEA T AR SAHOR, FREOGAE R SOl
AR Z3 A U BB IR PR R st 7. T
HREREHOR iR B2 | I i BBl W) T 5 5%
AL G R R G AE 5 60 B R 4R BT
Optofluidic AR FE =1 R B 1A W AR Fn ik 2
o 0 7 TR A AR R R o T s Bl sl S AL T
Optofluidic ¥ 't £ 341 5k H iz O B ¥ Wb ¥ 4=
BT (BOEYRE) F AR RO, 2 s eI e g
Bz SE M R, 72U s K
5REE B YRR o AHBC UG, A R R4S Al R Y
AR B O G AR . RS R Sl i
TEOUT , BERAF WA T IR B RO B 3, —Fh e
A R BT ) J7 B2 A0 B 2Ot IR RE R 7 %

(fluorescence resonance energy transfer, FRET)
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B A PR L — 0 73 s A BE i AR 4R 4 07 2C
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I SZ AT 2 R . T H T FRET BOG#
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BRI, PRI AR Sy X S AR 701 FR S RE B R IR
VEFIT LA ZWE AT, DT BEA R AR SZ 4535 1L
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1992 4, Armstrong 513 B ROWEL R T &7
F F548 (Ot SEH: 559589 nm) £ FEIR R
B SET E/ INROR E 609654 nm 3 [l 1 801
5. Maslovl P LD1 1R i &AL, LD703 fF
NRERESZAR, SEIL T NEDCRNTLL MG AT R
JeARGT. Fan HF5E2H 0% FH FRET 200, 126K
BEIMEIEIRIE (optofluidic ring resonator, OFRR)
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ST LA P 6G JeRHE RE SR LA, LDST22
JUORME A g 52 1A TE DGR 2T AME R T R 9 38
JEHRS. Sun FE FHIFRIC DNA 43FFgukt s+
B/ FRET #4007, 76 OFRR *P I 5 1 (U8 /R e
FERZH) DNA 73 THIBOLIRG . BOR FRET 1R
AT TS O S A S AR R AR 32 AR RO 19 1B
T3 S T HORE i, (B HR I B 2 B T B 40 il
ta] B0 6] S A iz 5 XASAFAE AN R = AR 2
1) fiiE Y E 5t OFRR RS AORES,, X Fhom
A I [] BB S 2 38 L o3 B 1T, AT S i)
HOLER I E M, 2) MmEDthnz g T—MAEs Y
iz, JukborF Xtz A s E I, HEsKR
(Y WS A A5A0 1] 32 Y6 AE OFRR P Y23 1] 73 A1 2
S0, WA ORI AR A0, A
BEorF B3G5t Az OGBS A, AR TS
SCFUE S8 DA LR TR A R 25 R8
SR MR A OO TR AR R DU B £ MR L
3)FRET Reit R0 S A2/ iRl (k32
TRHREE L) BEUIAHDG, T2 T2 OFRR R4t
AR A A B9 FRET RER B ECR, K
HFE A R GE RS E .

H T RERLL EA R, ASCEA I HIE TR
TR H HAEALE (polydimethylsiloxane, PDMS,
Pripfr 2 1.410) MRORLS B, B SR B — 3T S
ABICET (PR 1.458) #A PDMS 3 H 07
T, SRS TE T AT SR Rl A
RO g5 A BT SR TG Dtz )y =X,
O EF i T Y iz O DL 4 RO (total internal
reflection, TIR) J5 20 YGCEF il A& 45, HLH Wi 4E
BRI D, FEAE T 3 X S N O kL 3
FIEBBOEHS 45 . 3 BT SO BeF il A4 —
#A BL— 4~ OFRR, It [B B A i o [ & R A X
(whispering gallery mode, WGM) B9 ¥ #1 37 1 4ih
IECHTHHESATERS 4 XN = B G, 2R A
TERUE WGM 19 35 T I SOt 07, T
WGM Ot 5 Hh iz G 7 0™ A4, i
SEEL T s ERE SRR 4 e T H, R ThiE Ok
MIH TR CET JE R 5, R, WGM B0
AR LR A A & 5 0. LA, SR TR A 3h
) T HE RN 77 2, REAEAT R AR SR P 1 52
], T4 i R A9 175 04 L AN R SRS . W], PDMIS
Tt A b B IR A R S 11 43530 5 Al U i ) 2R
FHIESE, DT SEBL T f0 18 rh s i a9 3 i sl A S

H 3, e T YYRNA R 2 5 A LA S i T3l
o T T BR Ge RS PERR AR Y [ EE. E ik
fit b, DMEHT 3 %00 2 FH B (RhB) FIilERE 821
(LDS821) 11 LR G VRO 1) (AN 32 AR X
SO 2R A BT SR P Gl 1) T 3 Rl
A, BN 532 nm AYELEN (continue wave,
CW) OERE e, X FRET #5250t 17
TWESE; R B LI 532 nm B4 ik vpik
FSEAE A hIE O, FEAS B fhaE K AT,
FIH YRy 7181 FRET #L], 5230 7 8% 317
)32 1 LDS821 WOtAR S

2 LhriH
2.1 PDMS &R BT SHI1E

W 1L ETR, PDMS JE J R 86 58 0k i V8 i
i, HIRSER 34 mm x 15 mm (K x $8). PDMS
A LA @EB KRN 34 mm x 0.2 mm x
0.2 mm (£ x 98 x &), R~ 20 mm x 0.3 mm x
0.3 mm YRR IE AL & FTHOhermia . 5 R e
OB A BR 2 W) A P i

Jeet WE RO
l I I
t A
)
4 —
izt T T
AN PDMS Chip

Bl 1 PDMS sy & f s 2
Fig. 1. Structure diagram of the PDMS chip.

5 R A BRI E IR T Bl 7 X O 1A
HMIROGETEIE SO CET I AERR AL AT RS, AniEl 1 M
LR, AR B, —BREZN 50 mm
FICEF (AL N 190 um, FTHR A 1.458) i A
FCLFEIE P, ARG AR CET 1 1 2 A W
A—i PDMS T4, PDMS i 5 418 i 6 40 91
ZHIABDLLEE T, MR EnE 1 s
) S 2T 30 3 A I 19 38 AR E B — 3 PDMS
B A PDMS K& 3R 1m0 By A A B, AT
REA A4 FH1E PDMS R YR sh, 78 PDMS A
HERE 2 i, PDMS HE F R it 22 4% 110 70 28 40 3 1ok i
R SRR B, B A TR AR RS PDMSS fi
R R 5K PDMS 3t 5 8 TR TP LS 45 min,
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JERTIREE N 70 °C, T PDMS il 2R Wi 1 2 1
KT FNRERNE, AR RS R P TOLER i
LI 18 B¢ T AL B PDMS il 58 9 5 1 2 AR e 1Y
PDMS % 5 By A H A FOZ A BRI 7]
L (CE42 0.15 mm, & 0.4 mm), 3 800 3h 2R
BT100-2J #4774, W08 AT Bk . 1 1Y 1 46
KSR PR sh i i BT100-2J 58 5. FEOR
AR TOCL i R A3 25 (20 BUA WS
WIE R TG FRET 0t PDMS (A

2.2 LIGEE

SEEG A B ANE 2 N, LKA 532 nm (#)
YAG ot AUmsE A4, BkIEHN 7 ns) 1E
iz . iz ek 2t 4 R BS, LA i
JthE 1T PM (MELLES GRIOT, 13PEMO001) I
i RIEsHiZ R . ARG et B Ly M Ly AR
HFA R R GG P& — Y ERE R 75 mm (135 5
L W3R TOREF w1, £5 o 5 A S0 £F iy ity 181 29
4 2 mm, FHIEEAECEF NI Ll DL TIR 72X
164, FOHly) (E,) B 2620, I
I DX S R G o 7 AR SO R S, WGML
SEIRCAF RN RSk, HROEE% R
ER58 (ICCD: PI-MAX; spectrometer: Spectrapro
5001) HECHRAE . 1 55 40 BT W 48 TR T 3l 5%
BT100-2J | 154 5 PDMS | AY R AR A AT H
FUAHIE, Hi#E >y 1.0 mL/min.

X

Spectrometer
/7 e L]

S|
4
. 7/ .
Nd:YAG BS Li L, Ly PDMS chip
laser ,

X Fiber E, E, ’ PDMS

2 SURAE A BS, 2 WBL; PM, BOLRERTE; Ly, Ly,
Ly FoR @5 MECH oL £ EIE, B, £ox g
Ml B, £5 WOM 4%

Fig. 2. Illustration of the experimental setup. BS, beam
splite; PM, power meter; L;, L,, L, lens. Inset: the
schematic diagram of laser: E,, evanescent field of pump

light; E,, evanescent field of WGM.

3 EWAERG N
3.1 FRET =R EHIIEEL
Sz RhB A1 LDS821 43+ HI/E N FRET
B A LR FIRE B A2 K. eI T R R 1
RhB (0.05, 0.10, 0.30, 0.50, 0.70, 1.00 mM, 1 M =
1 mol/L) MOGEIME. WKl 3 FiR, % RhB ik
SN, SO (R 2 B S NS B pd ka2
c = 0.5 mMHF, BOLBIELA R AR, Ik, AT 5L
PRAR AL AR B, AR BEAR YR B 2R T S RCR B T

FRET #URIRSEO RS, AP FRATEH ¢ = 0.5 mM
) RhB fE AR R A,
3.5
E m Experiment
3.0
~ 251
&
E 2ol & i
2 1 1
& 15t
=
T T
Lot . T
0.5k I
" 1 " 1 J‘_ 1 " 1 " 1
0 0.2 0.4 0.6 0.8 1.0
W /mM

3 IR RhB e BE XTI RSO (R, 15 22 4 = il &
3418

Fig. 3. Lasing threshold of RhB as a function of the dye
concentration. Error bars are obtained with three

measurements.

3.2 FRET 434S #5018

& 4 24 BE ) 0.5 mM () RhB #1 LDS821
) L BEA R (FT 5T 1.361) By RIER S, h
&A1, RhB 1 LDS821 7 542 nm Ml 590 nm &b
HAEANT4 AWk, 78 580 nm Fl 800 nm 4k
HA % A WNSE S 1%, B, RhB A58 56 3% f
LDS821 B WU 61t Ay FRET 244t T B4 fole i
FAM HkH 532 nm A& @iz CIEw A R T
WUR LA RhB.

R T R G FRAE e 1 B AR S A7 A
Xf 2 [B] () Forster Hi 5 (R,) % FRET #¢#1 S 5K,
FATHIHAE BT100-2J ¥ RhB F1 LDS821 1y £ ¥
IRA VA GE A PDMS (B IR A T, LA N
532 nm IR TIR (5 mW) CW OG#AE b ah
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Lo P I—Absorlption of RhB q1.0

/\—> —— Absorption of LDS821
2] = n
-*é’ 532 nm L Fluoresoence of RhB ‘é
s —Fluoresoence of LDS8217 s
el el
— -
3 ]
= =
= 0.5 L —40.5 o
= =
= =
= g
x =

OFE n L L 1 i e b S 0
450 540 630 720 810 900

K /nm

B4 3 — e BORR B e ORI SRy 3R
7~ RhB Fll LDS821 #Y % Wt i3 ; % 6 F 2L €5, 55 26 43 5 2R
RhB Fl LDS821 Y4 5 ik

Fig. 4. Normalized absorption (blue, RhB; purple, LDS821)
and emission (green, RhB; red, LDS821) spectra.

6, FRAFUE 5(a) FIRHL-AZIR (A) D) X5 6ER
SPEE. s A S B s, AR it R RhB
i, TS GE B 2K LDS821 (M ¢ = 1.0 mM)
W H A B POt B ROR AR, S8
LDS821 Xl e i M e 55, M {45 LDS821
DGR o B A5G A, FEER Z K LDS821
MBS, T4 &L FRET, A RhB (¢ =
0.5 mM) Xl G A Fe i B 5 B B Pt
TR, B IFE X = 580 nm FfF T A5 658
SRR ESE. PARFIYA RhB WREEAAE (0.5 mM),
W5 A2 v BE 20 TS N, B T FRET #L, fH45
ZARTE N = 800 nm P} T A4 2% 5 S g ik 5 R Iy
B, T AEAR RhB 198 St 5 06 i B 28 T ek 55 .
Kl 5(b) J& FRET & % nb 32 1K 5 At 4K T [ (8
(A/D) R4k &, T, B A/ D (H A3
i, AWK, B P28 (0.5 mM) F15Z2
PRV O R, 28, 24 A/D = 8.0/0.5 mM
B, AT B ER (2928 69.8%).

3.3 IBLHERE

BHLASTF (RhB) Wz Y6 i g 5 Bk
KB S P FREAS, TR H [ B LA, i@
B AR 100 1 AH B FDRE L RE = LR SR S 20 A%
25 HABIT Y 32 1R 23T (LDS821). Hild 5(a) 7] 4,
FRET W BRI 2, A 7EZ KR, (AR 2¢
SehR ST R B A A TE R BUIRAR 2 32 iRt
R R P AR A

ASTR] Eb B A 3 A2 AT ) P i B e RS 0% m il A2

n=1—Ip/Ing!™, JHfv I Al Iy 53 1 3RR A 24K
AR AR (1% 20 Sl 5 S5 5 FEE AN T A2 AR IR AR 1) 26l
FRAT ORI . XS BT AR A/ DAE, A
e A ST 0 B ATl S TR K B (a) TR B IR TR
545—710 nm [l N A2 5E S OG5 A AR 430
MeA%, WE 5(b) 20 =M s, tSCEk [11) 7T
M, ik ] HZ R EE ¢ RN

1.0

(=) A/D =
i —o0/0.5mM [ —
0.8 | ——0.5/0.5 mM )
2 1.0/0.5 mM
3 ——2.0/0.5 mM
g 061 - 4.0/0.5 mM
% 8.0/0.5 mM
%ﬁ 04l ——1.0/0 mM
T
inny
=02 |
0 1 1 1 1 1 N 1 1 N 1 1 1
550 600 650 700 750 800 850
K /nm
1.0
L (b)
0.8 |-
=
#® 06
R
prd
B oat
qmm
0.2 A  Experiment
—— Calculation
0 1 " 1 " 1 " 1 " 1 "
0 4 8 12 16 20

Kl 5 (a) Ll RhB Al LDS821 4354 b i & i i il g i %
Wi I3 — L2 SR 5 i, A/D Ry 2 A5 LA v B LU AE
Bl «A/D = 1.0/0 mM” 7R %A S 32 0 i 4 5 k1%
HAbAE Fe 7 [ E LMK BE Ry 0.5 mM, AN [R] 32 (4 ok & J9r Xof g
1 FRET SG1E, 46 P o Ol rh 2L o s I8 (b) 45
0 = 8 2 MR A 1B 5(a) T A B 09 BE & 5% B8 AR kil
A/DEALRFZ M ILIAE, FL R (1) A5 2 1 IS

Fig. 5. (a) Normalized fluorescence spectra of RhB (donor)
and LDS821 (acceptor); A/D, acceptor to donor ratio, A/D
= 1.0/0 mM was collected for 1.0 mM acceptor in the
absence of donor and the other spectra were collected for a
constant donor concentration of 0.5 mM and the acceptor
concentration changing from 0 to 8 mM; inset, the picture
of fluorescent radiation generated in the PDMS microfluidic
channel; (b) the red triangle is the experimental value of
the energy transfer efficiency 7 as a function of A/D
calculated from Fig. 5(a), and the solid line is the

theoretical value calculted by formula (1).
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n=1—exp(—1.42c/cp), (1)
L o FRMHARTREE NRES] 50% B 3Z 445 F 11l
FLH ¥, Forster i B Ry Ronfe REB Ry =
50% o (4 R A7 44 0T (] (4 i BB o ¢ F1 R
T
3000
- N (2)
Kb N BT R AMPE L 5 A i (1) X5 & 5(b) Fir
R SER BRI TRLA TS ¢ = 8.2 mM, X h; Y
ZARWIE H9 3.9 mM, A/D = 7.8, Rl Lz A %)
Z IR SEEL TR AOR (50%) HIfE RS, B o 10
A (2) RAT1E Ry = 3.6 nm. ¥} T KZHf2 k%],
Ry BTG 110 num201, X6 1 Ao 35 V80U 28 0 1L
uM—mM, X2 optofluidic YL RHE A% 1 H H
JERL2 ], A SCE BT FRET HLEIAE & A
F T2 K5 F 1) WGM #0658 5t il i Xy
& R, % FRET FRMESEURRAE, XTHUH T SCirid
1) FRET BOGRE 2 E 1.

Co

3.4 FRET #¥EW Kitie

i RAE FRET R¢PE 28U, RATHIH
RhB 1 LDS821 43 5l /E A fie 2 A {4 F E 12 32 1R 1Y
FRET WG 5. 25, LUK 532 nm 1Y
YAG lknhitasE iz t, PDMS 3 5 il i
HR AR A 3T 1.0 mL/min. R3S EHIE
R RS (08 1.45 W /mm?), FFE 6(a) BT
TN PR TR A/ DAB IG5 306635 . iR TR,
FE W AT % AR LDS821 Bf, RhB (¢ = 0.5 mM) 7
A = 585 nm Bt HA R M OGRS, BEE 2
K LDS821 B A (A/D = 0.5/0.5 mM), HE{A&
AR SR EEREAR, R, R A — M 3T
BRI Z AR SR S (797, 822, 828 nm), FKH
P K B 31 KA B e R B T A2 AR RO SR, SR,
T g PR 2 BB g = 150 g/mm 1AL
PO, SEGOR SRR 2P . K T
TR TSR (g = 1200 g/mm) AT
LKA A/DAEXT R A9 RhB 7E 578592 nm
K FEI LA Bz LDS821 7E 810—838 nm 7+ i [F 1Y
WO, mERT, BEE A/DEME—L30n,
i F FRET &0, HEAREOE P i 55 51 56 42 7
K (A/D = 8/0.5 mM), 152 AFOCHR 55 M
v B o

& 6(b) 7E A Z WA RhB (¢ = 0.5 mM)
7E X = 585 nm Kb YOG B S R BOL R 5 58
VR (A)D = 8/0.5 mM) W32k LDS821 7E\ =
822 nm Kb AFOEEIE. HIE AT A RhB Fil LDS821
HIHOEEI(E 538 0.48 W /mm? Al 1.26 pJ /mm?.
AL, T RhB 8 Y 98 O i 8808 DL Rkt
532 nm fIZCH R ML, {575 RhB BIE7EALAIR
PR IROHR B 25 1F T R R AR SO B . 1
S, FRATI & T AR A iR RhB B, Wl
8 mM F{AZ 1K LDS821 7E A = 822 nm &b K3t

LOF (0 A/D

——0/0.5 mM
——0.5/0.5 mM
1.0/0.5 mM
——2.0/0.5 mM
4.0/0.5 mM
——8.0/0.5 mM

JS—fkaEEE /arb. units
IS

700 750 800 850

Pk /nm
90 T
L (b)
75 k = RhB(0.5 mM)
4 LDS821(8 mM)

s 60l  ° RhB(0.5mM)
= +LDS821(8 mM)
5
S 45
3
o
i
= 30 -

15

0

0.5 1.0 .5 2.0 2.5 3.0

1
2 EE R )E /nJ - mm -2

K6 (a) ANIF A/DE R IR SF 43 BER QL& & g =
150 g/mm) [ FRET #0665, 0k vk B2 AR 15 0.5 mM A
A5 (b) O I 05 R B I I G RE B A AR AL DG R it
PRIE(E N 585 nm, B{E 24 0.48 pJ /mm?; A/D = 8/0.5 mM
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Fig. 6. (a) Low resolution (grating density = 150 g/mm)
FRET lasing spectra for various A/D values, the donor
concentration is fixed at 0.5 mM; (b) lasing peak intensity
vs. pump energy density. The donor peak is at 585 nm and
its lasing threshold is approximately 0.48 pJ/mm? The
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are at 822 nm and their lasing threshold is approximately
1.26 W /mm? and 1.69 pJ /mm?, respetively.
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Abstract

A bare quartz fiber with single refractive index is implanted into a polydimethylsiloxane (PDMS)

microfluidic channel. The lasing gain medium consists of fluorescence resonance energy transfer (FRET) donor-

acceptor dye pair Rhodamine B (RhB)-LDS821 mixture solution, which has a lower refractive index than that

of the optical fiber and flows in the PDMS microfluidic channel. The circular cross section of the optical fiber

forms a ring resonator and hosts high-quality (@) whispering gallery modes (WGMs). Pumping along the

optical fiber axis, the FRET characteristic parameters, i.e., the FRET efficiency 1 and the Forster distance R,

of donor-acceptor dye pair, are firstly studied by using a continuous wave laser as a pump light source with a

wavelength of 532 nm. The excited states are thencreated in the donor (RhB) by using a pulse laser with a

wavelength of 532 nm and whose energy is transferred into the adjacent acceptor (LDS821) through the non-

radiative FRET mechanism. Finaly, the emission of LDS821 iscoupled into the WGM of the ring resonator to

lase. Due to the high energy transfer efficiency and high @Q-factor, the acceptor shows a lasing threshold as low
as 1.26 pJ /mm?
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