®50% F28/2023F 1 A/HREE,

ST LED 5 10 45 5 28 £ P e e S OK 2%

IX,BTA, 259, KA

FEITRER TR SEORE (HZREMEML T#0), #ed EHIT 361005

WE BHEEASY Eu(DBM),Phen #5478 2 H 3L NG TR H g (PMMA) 48 A R4 R, 43 591 SR FH 408 1 I 245 6 o JB%
A SE B TR (ICP) Zlim  — 25 6 20 il 45 T 8 BRI 37 T PR IB 66 R & W 060k R A% . SR 405 nm 5% &
S W4 (LED) ZE# L, 7E 653 nm B AR 23 52 B T 1.9 dB/em M1 1. 5 dB/em B AHXS 14 75 . %f #5848 Eu(DBM),Phen
B PMMA 8 JIE 119 58 S W 05 26 6 2% 3 DA B9 S 75w R AT 1 I R AE o &5 W], A LIS IR 19 43 1 N RE 2 4% s 1 T
ELED M N ol LS £ 46 5 1 h "D e 2 'FL RB R BR AT .

K| BOLH; EROLESM; LS RORAR; Eu(DBM),Phen; RAW; XM £

FESFES TN256 XHkARERD A

1 51 5

IR e AL 5 TG TERE 3 2R
RN G AL AR AT R AR B T N
LG £F B AR 101 FE A% i 7 10 76 206 9% BE 650 nm BT, [
IR TAE F izl 1 190 il 5 O 25 40 2 % B 1% 4
WA R WEFRGEEAREREZ ", I
Ah G T, 6 SRR IE A 5O TG
Wi 1) 0 M O 2 A% B AR AR A B A A R AR R
JRE iS5, A R AR AT R MR

FE 650 nm 8 15 W% BL B F AR 2 A R R A
Hev FOR A E A LI IE . 2005 4F , Reilly 55
Rhodamine-640 # 2«7 PMMA HAE it Fa )2, U
BAEY SU-8 M T2 R TR% B R 4. 4 p]/mm”
A Tk O B L AR RST 2 7 pm X100 pm (9 9 5 4R
4 79.3dB/em ML 45 . 2015 4F , Zhang 550
KMnF,: Yb*" ,Er"" - KMnF,: Yb* /855 45 kg 44 >k ki 15
Z7E PMMA W, il £ 7 A Wi A6 S 0K
TEINR N 45 mW (8 976 nm 2 PARBOCEE R T, A
FHBS 119 B4 RO 78 650 nm AR 3RS T 292, 0dB/cm
{140 AH X 38 35

Z HALG B TR 20 5T AR S, B A6
TR 28 B 33 O SR 2 R 2 RO B
W 3 ARAE R RS T R R EAT S
U ity TR A, 3% b O X2 ) v R A ) i 1T ) 1 IR
PP S b5 e P AR . FESE b A HLBCAR AR &
AP B ELA I 2 ) K W A T, SRR 5 ROk

DOI: 10.3788/CJL220574

T (LED) 23, A nl fg il ok A ALECIR 5 b #f £
BN EA BN, LM L8NSR
R E SRR ERT . SR, 3 B A 90X —
SRS REIRIF A . 540 RAM AR LED &
R T ARG VR R SR, AT LA R0k G K ) R
T A% IR T B A Wl R R R b e e R S )
DS TR T B SRR N A . 2021
AR TRATIR S A ¥ NaYFE,: Yb*', Er’ g >k Wik 48 24 1
SU-8 AW I Firh , R LED 3 1 10 & 3 19 7 L 76
9801064 1550 nm T £L 4h % Bt 43 5l 3k 1% 17 2.1 dB.,
1.7 dB 4. 2 dB (A8 35, 10T 5% 45 SR UE B 3 2 oy
T PN BE 5 A% B 1 FH S8 B T R R 1 25 ] e
AW B B S % Eu(DBM) ,Phen $ 2% 78
PMMA FE R AT IR Z , 5300 R FH R RS 45 6 vl B &
EE T IRACP) ZIh | — 28 ZI 28 T B A% L 3
RIPTFP 2 0 R G Wik RS IEDE T 38 1F i 4 45
PEfE. R 405 nm LED 3 5 1 /) 5 2, 7 653 nm
P43 3445 T 1.9 dB/em A1 1. 5 dB/cm B #H X} 14
£ o WK FRAE T Y 58 A | B & B LA K we ok
Fwo PHE T IR B FR 85 X Y6 EUR et RE 2

2 WS K R

Eu(DBM ) Phen [t & ¥ 8 AR A RIS | 12 58
AR A BR A A o RS A YR 4 45
F 1) E R~ . 78 Eu(DBM),Phen %3 T+ ,Eu’ &
T 9 34 B BEH e (DBM) #1141, 10-4F 3k 1% ik
(Phen) it {7 4% . Hirp ,DBM H 45 — & ; Phen 2 P

i BHEE. 2022-02-15; fEEIEHHE: 2022-03-30; FABHI. 2022-04-27; WAEHELZBH . 2022-05-08
E&mHE. Z A R 5L 4 (61875170, 61107023) | B &K # £ B & 1 4 (2021YFB2800500) | J& T K = & K % 4

(20720150086)
BIS1E#E . zhangdan@xmu. edu. cn

0201003-1


https://dx.doi.org/10.3788/CJL220574
mailto:E-mail:zhangdan@xmu.edu.cn
mailto:E-mail:zhangdan@xmu.edu.cn

] P A, ke 2] 5 i VR, o] Aok 2D E® 0 3R §8 5 R
54 % I 44 i g B A1) G R

Eu(DBM ),Phen $ 2% i) PMMA % 45 ¥ 3 5 11 1)
Z i BAE K 5 mg B R T 0.2 mL YA K
Wit 15 9 R 9 A5 IR 3% 10 min, Bifi 5 76 TR A 0 im A
1 ¢ BA Y PMMA, Jf B R 75 4k 3% 20 min, & 5 7F
LS WU ot T L 3R AR R EE O 100 pm (1) 35 B
[, W EC BB E O BORE ) N
3.44X10" /em® . i FH 28 Ah - 0] UL 21 46 43 6 Ot BE 3T
W T A HLECAR DBM #5 K  Phen B3 K (EuCL# A Al
Eu(DBM), Phen # Z% () PMMA 78 JI5 (1) % 0 3% . 4
E 1(a) Fizs , B4R DBM 7E 285~450 nm )% B 77 15 &

#5505 F28/2023 451 A/0E

S W WCHE |, B2 AR Phen 78 365 nm 22 B B I B A &%
F B AW . 7E EuCLR K, o] B 5 F) Eu’”
B FAE 379~591 nm B Bt H Y 6 AN AR AIE W i | 43 1
X Eu® B FHESF, VT REH B M L B REYOG, .
Le."Dy D, Dy FD I BRI W, A 1(b) Fis o 7
Eu(DBM),Phen # 2% PMMA # Ji5 v | iy T i 44 12 i
e T Eut B M ARAE Y BRI Eu”B R R AR
I W A W A S S A 3 R AN B & . 7 405 nm LED
¥ % F , Eu(DBM) ,Phen # 2% i) PMMA # B 75
650 nm P K 4k B e E & 56 (PL) & 4n & 1(b) 4 & fr
TN LG K R N BT F D BE R B FL BE 4
) BR AT

100 e ----DBM Q
R S ¥ —— Phen

0.75
2 /
= 050
=
E O
& 025 3
= Eu(DBM);Phen
g 0 ) L L
% ----Eu(DBM);Phen doped PMMA film 1.0
s 1.00 E g :
R — uCl:; e ‘I =
& e \ 7 08
B o
S 07} §0.6
= =
é g 0.4
S 050 S02

0 ]
645 650 655 660
0.25 o Wavelength /nm
Fo—*D2 TFy—5Dy - .
+ 9 \ F1—°Do
0 . . 2
300 400 500 600
Wavelength /nm

Bl H—4Em I . (a) DBM I Phen; (b) EuCL Al Eu(DBM).Phen#57% (1§ PMMA i 5
Fig. 1 Normalized absorption spectra. (a) DBM and Phen; (b) EuCl, and Eu(DBM), Phen doped PMMA film

B &% Eu(DBM) ,Phen 19756 ¢ & 5 T H 2 A
PLECAR 5 + Eu’ B 7 09 B8 A% 3 15 i Y, [W] B B’
BT AR i 2 AR A . RE B L 00T AR
R 1) AR MRS RE R (A) X B R3S S, E
B S, WERAT 2) 76 S b B3 & AR 26 (F)
AL R E(ISC) B =HS T, L3 3) 7 T A HiER
RSO (P) WAl DUKr g L3 (ET) 3 Eu’ B
T 0D, e I s 4) 3 i3 "D, it 2% 2 F, it 9 09 58 5 BR
E RS9, A, 7E 405 nm LED & F , v T &
SHAF, LM EC & 7Sl fe & KT £°6,
(379 nm) ."L;(394 nm) F1°D, (415 nm) fiE 4% , F £ JF
AT A R D, BE 9 4 il BR A & F, (579 nm) | F,
(593 nm) ."F,(612 nm) ,'F,(653 nm) f1'F,(704 nm) fig
G, NN SE PR 5 &6 . 7E Eu(DBM) Phen it &4
W RS S D Eut B T T N BB AL o AR DL
Eu’" & F ARG &SR BERE 2 s, K
NS B KN

KBS A 2OV (U Eu(DBM) ,Phen

Z& PMMA R 1) 2 5 s ol it Ze R 47 7 U, %1 3 B
R, LA S BB 5¢ ) F Ay b 403 ps. Eu(DBM) ,Phen
B4 PMMA B4 Y628 1Y 2% %6 7 A 09 H 38 BU(E 0
486 ps', A SCMER BB . X TR L EC B
FERL A Y BT MR SO A N B ARG K
fl A H B 98 % 75 A T LR 8~136 ps L FE L & W) Eu
(DBM) Phen 48 PMMA # I h 28t Fap B4 X
FlFRATIEHE 25
3 ML R
3.1 RPEMERE

F R T 7 845 (AFM) % Eu(DBM) ,Phen #
Z2 PMM A J8 JE 7 B 4o RS A B 0B A7 2 AE , 285 SR 2
B4 ffr s o 785 pm X 5 pm B AR B, 2 O AR s B2
(R)FEEARSEBIHRE B (R,) 4327 0. 32 nm A10. 25 nm.,
AR A A ST R ST BB PR B, SR AR e S £ 75 )
Eu(DBM).Phen# 2% PMMA # 5 75 653 nm I K &b 1Y
ProF %R 1. 478,

0201003-2



#5505 F£28/20234F 1 A/H0EE

% N __ET T L Dy
E A . Ty DR 4 5Dy
=
P
gl €l €] E| &
| | €| €| = A
o | o] o] =
IS K=2] Bo=l BI°] B=]
[lal IiYe] INo} BN B S
4
3
So (1) Fs
ligand Eu?+

2 4T Mg A Eu' B F 1 AAE & 55 7R 2 18

Fig. 2 Schematics of intramolecular energy transfer and intrinsic absorption and emission of Eu*" ions

10000 =
——experimental curve
- - fitting curve
8000

2

(=1

=

8 6000

55

% 4000

=

2

a 2000

0 . A )
0 500 1000 1500 2000

Time /ps

B3 Eu(DBM),Phen$82 5 PMMA WM 580 22 it 2%
Fig. 3 Fluorescent decay curves of Eu (DBM),Phen doped
PMMA film

# Eu(DBM),Phen #7241 PMMA R &5 W 1E A
TR RL, 43 ) SR P AR HE 45 A TCP 20 ik — 6 2 1
il 5 T OB RURAR W BB R AW TR AR .
[E5 Ay 1 2 0 1 45 0 o BT . L s B 3 R
# & H Eu(DBM) ,Phen #8 7% 1) PMMA £ Jits )2 | 8
of LED ZE Wi 6 09 43 &, 588 653 nm {5 5 1 32
AR ST DA TR AR 2A B 25 L T 5 3 AU I T R 2 )
TEHE SU-81E R I 2002 F Eu(DBM) ,Phen 8 4% 1)
PMMA R &W1E R EA 2,653 nm B9 15 56168 2
HR A i 1) [A) BSE DA 3 3 1) O B A LR . TE
LED ¥ 251 4@ B R LR Eu” B F ok,

@ Eu (DBM); Phen doped PMMA

12 pm
——

3 pm

2um ¢

Y kg ¥ Height /pm
1000

K4 Eu(DBM),Phen# 248 PMMA # B H) AFM [
Fig. 4 AFM image of Eu (DBM),Phen doped PMMA film

W= A G 25 . 16 ok R Rl S A5 0 B 1 T
B (SEM) m B . BRI SRR 12 pm X<
5 pm, 63T 5 80 3 5 09 RSE o 4 pm X5 pm o882 1
F 2 2R 1 em, 82 W0 0 42 e JE
25 5 pm. ] COMSOL % 4F #5481 5 Fl i S b
W5 5 SO o A B, QA 6 4 BT R o AR R
W, 93% (T FE N ) B AE S % (653 nm) Al
95% (ST 5 H ) By 2 1 % (405 nm) g% R il 78 385
B g g R Sh o FINES a2
BT R/ FEAME S Bt Aa)Z,
W2 TR 5O R 2R O A O T SR 4l R 87 %
92%.,

() upper cladding: Eu (DBM)sPhen doped PMMA

core: SU-8 4 pm

| B KLY

Si0:
Si

K5 e PEas i I L (a) B B9 5 (b) T BOL =

Fig. 5 Structural diagrams of devices . (a) Ridge waveguide; (b) evanescent field waveguide

0201003-3



#5505 F28/2023 451 A/0E

E6 P Fumm SEM L (a) B AP S (12 pum X5 pm) 5 (b) &5 5 OG5 (4 pm X5 pm)
Fig. 6 SEM images of waveguide end faces. (a) Ridge waveguide (12 pm X5 pm); (b) evanescent field waveguide (4 pm X5 pm)
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Eu’ -Doped Polymer Waveguide Amplifier Based on LED Pumping
Wang Ce, Lii Ziyue, Huang Yuyang, Zhang Dan’
School of Electronic Science and Engineering (National Model Microelectronics College), Xiamen University,
Xiamen 361005, Fujian, China
Abstract
Objective Plastic optical fibers (POFs) have been widely used in Fiber to the Home (FTTH), automobile optical local area networks

(LLANSs) and fiber-optic sensor fields owing to their large bandwidths, low prices, and easy coupling. POFs exhibit alow loss window in the
red band around 650 nm; thus, it is considerably important to use optical waveguide amplifiers to compensate for the propagation loss at a
wavelength of 650 nm. Furthermore, optical waveguide amplifiers can be integrated with optical switches, arrayed waveguide gratings,
and optical sensors in photonic integrated circuits (PICs) to compensate for optical losses. Research on waveguide amplifiers has often
utilized semiconductor lasers as pump sources to excite the intrinsic absorption bands of rare-earth ions. Consequently, the optical power
density at the input side of the waveguide can reach approximately 10° W/cm® with pumping power of 300 mW at a cross-section of
6 um X5 pm for the waveguide, which leads to thermal damage in the waveguides and the up-conversion of rare-earth ions. Lanthanide
ion complexes with organic ligands exhibit a continuous large absorption band in the blue-violet band, which is suitable for blue-violet
light-emitting diode (LED) pumping. The energy absorbed by organic ligands can be effectively utilized to realize the radiative transition
of rare-earth ions through intramolecular energy transfer. In addition, the LED pumping method can help improve the thermal stability of

waveguides, which is expected to play an important role in optical integrated systems on chips.

Methods
measured. The fluorescence emission and fluorescence lifetime of the Eu(DBM),Phen-doped PMMA film are characterized. Using an

The absorption spectra of organic ligands, EuCl; and Eu(DBM);Phen-doped polymethyl methacrylate (PMMA) films, are

aluminum mask combined with inductively coupled plasma (ICP) etching and one-step photolithography, a ridge waveguide and an
evanescent field waveguide are fabricated, respectively. Further, the film-forming properties of the doped film and the morphology of
the waveguides are characterized using atomic force microscopy (AFM) and scanning electron microscopy (SEM), respectively. The
optical field distribution of the signal laser in the waveguides is also simulated. Moreover, using a vertical top pumping mode with a

405 nm LED, the optical gains of the fabricated waveguides are measured at 653 nm.

Results and Discussions The organic ligand dibenzoylmethane (DBM) exhibits a broad absorption band ranging from 285 nm to
450 nm; six narrow lines between 379 nm and 591 nm, belonging to the intrinsic absorption of Eu®" ions from the ground states 'F, and
'F, to the excited states °G,, "Ly, °D;, 'D,, “D;, and "D,, are observed for EuCl,. In the Eu(DBM);Phen complex-doped PMMA film,

the broad absorption of the organic ligands is significantly stronger than the intrinsic absorption of the Eu*" ions (Fig. 1). A schematic
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of the intramolecular energy transfer and intrinsic absorption and emission of Eu®" ions is presented (Fig. 2), based on the absorption
and fluorescence emission of the doped film; the measured fluorescence lifetime of the °D,level of Eu’' ions in the PMMA host is
403 ps (Fig. 3). A ridge waveguide with a cross-section of 12 pm <5 pm can limit 93% of the signal laser and 95% of the pump light
in the core layer. In the evanescent field waveguide with a cross-section of 4 pm X5 pum, the limitations in the core layer are 87 % and
92% for the signal and pump light, respectively, owing to the smaller refractive index difference (Fig. 6). When pumping with the
405 nm LED), the relative gain in the ridge waveguide with a length of 1. 5 cm increases from approximately 0. 2 dB/cm to 1.9 dB/cm
at 653 nm, as the pump power increases from 225 mW to 420 mW. For the evanescent field waveguide, a maximum gain of
1.5 dB/cm is obtained on a 2. 0 ecm-long waveguide under the excitation of the 420 mW 405 nm LED (Fig. 8); this demonstrates the
possibility of the practical application of the evanescent-wave coupling method in PICs.

Conclusions In this study, the europium complex Eu(DBM),Phen is doped into a PMMA polymer as an active material to fabricate
two types of polymer waveguide amplifiers—a ridge waveguide and an evanescent field waveguide—using an aluminum mask
combined with ICP etching and one-step photolithography, respectively. Under the excitation of a 405 nm blue-violet LED, relative
gains of 1. 9 dB/cm and 1.5 dB/cm are obtained at 653 nm, respectively, for these waveguides. The UV absorption and fluorescence
emission of the Eu(DBM),Phen-doped PMMA film are also characterized. The results show that the intramolecular energy transfer of
organic ligands can realize the transition of Eu’" ions from the ‘D, energy level to the F, energy level under LED pumping. The
relatively long fluorescence lifetime of the "D, levelof Eu’" ions can facilitate high gains in optical amplifier systems.

Key words lasers; integrated optical devices; optical waveguide amplifier; Eu(DBM),Phen; polymer; relative gain
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