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T AN IRV B RIS B2 ) Rubrene A LR G &4, JEAEAN R BE R W& 1 #54F I BUR G HERUN (magneto-
electroluminescence, MEL). SE5 R B, & J6)Z H Rubrene (1) )5 5 AR 5 3577 U 88440 3 1 MEL 7= A2 5K )
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AT HEM S
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PRI P12 IE 2 HF Rubrene 1) LA 4
PE, 8 O 244 A LG BT 5B 70 B 34 Sk Rl
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WHE.
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PO AL D524 K& it e R B, B B Sk
(¥ STT M TTA MR & R BRI 520, "EA14E
&3 T (<20 mT) # 52 2 37 F9 A2 BEAF 1 72 =
% (>20 mT) T #552 FHk 3 sl £ i B4l
STT A1 TTA I REX &5 K OCA BRI B AR H,
BIVHT & (s AOG I ES, Ja RO 58, BT ECEAT T
S FRY 5 D' B 00 o 2 AT A B i) 2 A PRItk AT A
i i WL %€ Rubrene #1175 AN 8] 56 A1 N KOG 3%
RO Sy A B B 25 R = B AN T ) BRI A A
41, Geoffrey %5 221 i) I 1 28082 F B 43 Bt 1 9F &
7 Rubrene 73 T STT L #2 11 3l /122 1d #2, Tarasov
25 250 R i 808 T B T 7 AF & A1 2 Rubrene
7> TTA X FE 2 5. H 2544 4 Rubrene # 5
FRIAS [7) J B A ] — JBE R AS [ 3k R 5 B 201 HE AR
Z X STT M TTA A2 MR AT AT I 40 EL
WHFL, S8, A OLEDs A #BOUL AL B ) FR AR A
FA IR S BR N F R R B AT IR AR

BEXS b3 [, AR ST & T 458 9 ITO(120
nm) /copper phthalocyanine (CuPc) (15 nm)
/N, N’-bis (naphthalene-1-y)-N, N’-bis(phenyl)
benzidine (NPB)(60 nm) / Rubrene (X nm)/
Bathocuproine(BCP) (80—X nm)/ LiF (1 nm)/ Al
(120 nm) R (X A Rubrene JZ R AL, FF
FE[R RN L TR T 2% A R HE BUA DG R
(magneto-electroluminescence, MEL). 1X £ MEL
ith £& 1) v 3 18 B 4 46 Rubrene ¥ 15 J FE (1 38 i
AR, JEAE30 nm 2 Ja A XU B A
H STT I #2 158 & 5 Rubrene & A 4 B B 14K
WRZR. NT DRIV FEXL IR FHORHL
L ARSI % 7 AN [F] Rubrene 3 (100%, 50%
M 20%) B R IG A, JFE T SAER —EA R
A FRE R A MEL Hi 2. 0kl & 45 Rk 470t b
AT ANEE LS R B, A SCMEL i 282240 ) 3 22
Ji IR T #8448 # STT, TTA Fl & [A] & B (intersys-
tem crossing, ISC) =AM FERILFEEM. d#E—P
M1 2R B, Rubrene 431 2 [8] JE A H m-m SEHE 25 1)
FE 53 5 HER BT o B U DL B = AN R AE AR
HRORE R 8 SO R T R R

2 B ESNE
R SC R A (<1070 Pa) B LA T

WYL AR, #] 4 1 EATTO(120 nm)/CuPc(15
nm) /NPB(60 nm)/Rubrene(X nm)/BCP(80 — X

nm)/LiF(1 nm)/A1(120 nm) [ 5 5 25 2% 4 (X
N Rubrene 2 1 )& &), £ BCP# A 30 nm i
Rubrene ) H H1LJZ il % T A~ [F] Rubrene 3 /& 25 14
7 B A BB ITO /RN #3AF FE A, ALPE NI
W, CuPcfE N2 TGENE, NPBAE N2 UL 2,
BCP {E N T4 2, LiF fE N5 M BT iEA R
gz mh =, VRS AHLE AT, B R ik
F£ 8 4% B Decon 90 15 HEMR £ 5 T /KA ITO &
ZUOKI S, 58 oK S BE, TR AT B K.
SRR B B A N R 2 (1076 Pa) AL FHRIL
MAGRHATIOR, VTR % Thie 21k A INFICON
25 7] 1) XTM /2 2 JE MU A4St Ao Ak ) A K 3ol %
RS AT AL ST M) 45 2% 2R L 78 R
ARIBEATH 4, BN ALFE LS BE 10 Pa 264 T il
R PH AR, A I AR RO THAR A 2 mm x 2
mim.
A 1) 28 1 () 8 4 8] %8 7 Janis CCS-3505S B 45
PG IR A E R 4 (IR E: 10325 K) 1% 3k
I, %34 Sk Bl B AE Lakeshore: EM 647 Fi i 25 W i
W2 18], B KR AIIE 1L T. Wism s 5 844
LI S0 ) L. SR 0 2K A R IR RN i I FR
Keithley 2400 /3 FH 347 S i i) 5 52 B LS
R B T e S T 48 s SR AN 2 37 5 T 1Y)
B FRLARIN 88 R 4R, HHil T Keithley 2000 2B H
PS5, BN RS F— a1 &AL L, I
H B %i Labview FF 0 5 48 1 FAIE A H R 4t
HEL Ak 428 o) B T BB R PRI 428 1) B o L IR A R T
(Lakeshore 331), Keithley 2400 J3 F 3. 6 LR
3k M Keithley 2000 /5 H R #EAT 5. S84 AE 1 €
i AR 3T 38 3k B e 1 28 4 b e AR R 3 1) g 30t
A ) R G T I £

3 MELER G4

3.1 Rubrene Z & & 3J B 8 & ¢ 30N
:gEAl

N T B TR R SRR OGRS, AT LLSE SCH
BORSCHERSL R
EL(B) — EL(0

MEL - 2 E)L(O) =

Hrh EL(B) MEL(0) 43 7 7~ 4 n k3% #1 Jc 4b
TR 37 i 284 W R e 5m B B L (a) AT (D) 0 4R
th 1 Rubrene JZ J& A [F] I 88 F4E 100 pA I MEL
AIA R ZAE 500 mT I M MELAE. M & A]

x 100%, (1)
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PLR BN, BT 2844 00 MEL S 3 15 #5257 T B
75 20 mT 76 45 Bk Bl i /IME, 285 BRI RE Tk
FH&#. #£250 mT B X EFHEH IG5 91%,
{HEPER] 500 mT WA, REE 1 (a) HHTH
A MEL 3R 80 H A [F) 1) 28 284, (H L (i 0 0 2
% %l Rubrene JZ JEEE 52 m. AW 1 (b) AT LLE H:
500 mT f] MEL 18 B % Rubrene JZ J5 & — [F] 3 i1,
FHLE 30 nm 7245 T AR 1B AT, MEL {4 7l i& 3 22%.
4k 44880 %) 60 nm, 500 mT XF 5 ) MEL 8 th 3%
B 0. B 1 (b) B4 BN Rubrene JZ 5 2 73 7l
A4 nm 160 nm B H UK GG, Xtk HE
—/NF &, FK I Rubrene N#sF I ME— KB )E. BT
DA, Sz 56 W %2 3 (1) MEL il £& 44 81 (1) 2 Rubrene 43
T TR BOR G B R (1 AR L.

25
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20 | <Nw 40 nm
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15 | | 20 nm
S X
3 R 16 nm
) 10 + < 12 nm 1
L 4 nm @
5 -
0 -
—500 —250 0 250 500
Wi /mT
25
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20
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~
— -
g
<10 F
5 -
- ol
P /nm
0 . . . . . .
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JEBE /nm

Bl1  (MTEM) (a) il N Rubrene )7 5 B A [F 1) 2%
1) MEL th48; (b) B43%°4 500 m'T i % B2 1) MEL {8 F
Rubrene 2 & B {122 1F, (5 8 24 Rubrene 2 JE £ 43 51 4
4 nm A1 60 nm I 85 £ B9 BUROOEE; FEAN RN
100 pA)

Fig. 1. (color online) (a) The MEL curves changing
with thickness of Rubrene at room temperature (RT);
(b) the MEL at 500 mT vs thickness of Rubrene at
room temperature. The insert in (b) is Electrolumi-
nescence spectra of these devices. The current of all
devices is 100 pA.

K1 (a) 79 2] {9 MEL i 28 5 Smith 9] Jad-
hav ) 55 1R (14 9% I 2¢ 6 78 Wd 3% P 16748 1k B g
— 5, #8J& T H Geacintov 25 7E 1968 4F 1 4 K I H
PESETIHENR DL TEISTF, & T5H
— PR BEEN S, REE R — AT 1 So TR
— A BB A Y(TT). Y(TT) AR,
B o RN B H N FER =ZEEBT. M,
Johnson 5 KIA WL+ HAAAE TTAILE: A=
BN TR YTT), kS0t h—4 3
HAS Sy A AL So U101 DL LA I 4 T i B
Fon AR

S1+80:1(TT):T1+T1. (2)

HT A FRBEAEN, SR N =E38T1%
AR, FECTTA T FEME UK AR, B AR AR}
STTHEEAEZWUER. WiEsRATEESS
RG22 ZEARRE MBI ZEE, 7T STT i
T 53 5 JBCAAY (40 F 75 R IAT AP0 6, 13-di-tri-
cyclo-hexylsilylethynyl-hexacene (hexacene)). Ji
A (I F R L FATAWY) 6, 13-bis(triisopropyl-
silylethynyl) pentacene &) FTHR #4HY (41 3 P4 2K J¢
H A7 4% Rubrene, 6, 13-di(2’-thienyl) tetracene
(DTT) %) 1. Hrf| Rubrene 4 7 S8 25301 (1 fg
B HE 2 A5 = AW IRAK 0.05 eV B RN b S
HEIER (kT = 0.0258 eV, ky, NIRZESHE, T
=R 300 K), REWAT Rt fiedt STT LI KL,
I BRI — € I il B ARG 2.

B 17 STT X AN X+ it 2 2 4F, Rubrene 43
T B B AN BT I AR AE B R N O R X AN A
W s R PO FE, R STT i 2 R AL % R
Kgiss, W INF 2 516 5 ST 1) 22 88 HOA kg, WU RO iR EE
5T AMIE:

EL ks

o [ — [S]. (3)
KH[S) NP ESET A RR . £ E
AHRT, PESH =ESEZRI3MEFRIF
W RA N, [S) EEHFEANBRIGE, HH ks A%
ThIm s, TRl i S 56 00 4% 3 (¥ MEL Fii 4h s 3, 28
A B il 42 S Br b S Bl 2 g 3 0 STT it 2k AR
H (kpiss) BT, Kiiss (B) M kiss (0) 73 9 2R 7R 1E
T S B 58 B2 R B MGG ) ST'T 73 2 2, |
(1) 5N

ks + kiiss (0)

MEL = ————~
ks + kfiss (B)

-~ (4)
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BRIt P 1 (a) 1 MEL il 28 7E 1K 3% B (<20 mT) 1)
AN R BRIR T WE S STT i AR e B A, $2m T
ktiss; 370 (=20 mT) MEL () _E T2 KA R
STT i FEMIHIER, AR T kpss. M54 MEL it
2 % A0 B R & T 46 B i %5 Rubrene 2 & FE 1138 0
TGN, 7£ 30 nm 7e 45 B T RIS (K 1 (b)),
57~ H Rubrene |2 1 5 FE Xt ks, BN STT i F2 1Y
SCWR A [R]: BE 5 52 I BG o 39 0, 7£ 30 nm /24y
I 1B A

BRI — IR ORI, bR T REH
JEREE IR 2R b, 38 2 R AN A 4 1 2 (R A
XA EXT STT ik A2 . K28 STT & — W o
FZ 5K R, A F Rubrene 4 A B [A] F1EE
B L R R T e B SRR R, DT B e YR
AT o FE AN 2 A T A R X S [
REHE TN A2 A S, Rubrene J& T Hf7 4%
% # 1K (charege-transfer crystal) 2%, 4b T 45 & 25
1 KA 4R Rubrene 731 B AL 1P T AH 5147, 40
2 TE) 5 I H ) e S0 45 4 e e A R O
(5 82 1 = B A 1P 82927, Tarasov %5 H H i
e A B EE R (spin lattice-relaxation) A1 AL X1 4
IR T F2 (stochastic Louville equation) X} 3E & Fl1 £
#m Rubrene G EUR YRV 34T BB T )5, 15
FMMELH# g2k 5o i ke w4 2 H
SUIG 25 MBI TR B, U =E AT AEAR
Rubrene 43 ¥ 2 [8] ] Bk 2R 4 26 (ky, ) BAK B, MEL
2 () BE 2= B Koy, 3G DT 3G 0. A SCH 43 1R
TR A K B AE & 2 Rubrene 1E & T ky BR A1
. Takeya (81 Zhang 29 %5 [ 4y 75l g 2 F0 % 1
Z R ESIER: 4> R AE K Rubrene 41
2> B BT - L HE A M. mem AT S R TE 4y
F-HER A BT o B bR s, B R T T AT
Fo i = 01 [ B A1 5 A 18 0 98 lE Jik A it I 7S
HTT) B, DR A R = E AT
P HU IR Ky, ATTHE R kpss HOME, 3900 MEL 28
IR JEE

AR WIE £ 5 T R ITBRE A K G ILE,
Rubrene 115 3 )2 2 Je PR ) NPB. & 2 fil] 5 Hl
22 7 NPB Al Rubrene 2 [A] ff) Ft [ 1& L. Rubrene
JZUTARBIIAM B, 71 1A B 25 0 ] 5 5 /2 o,
AN ERSHUAR S 7 EHEEY i FS
JZ NPB 135 i A RFAE LK M APy e i Y &
2 Rubrene 73 TG 15 T U HG ) () ro-me 3 40 45
F, L(TT) s LUK & R, AT A BE AR /)

1) kgiss fH. BEZE Rubrene 2 UTFR B Z BN, 4>+
Z (8] ¥ s me-mo HL B 45 44 1) 55 £ (1) BH Rubrene
ST HE SRS E, BEEIERSKER, W
APl B M 222 STT 2 F B MEL £ %, {H4
Rubrene JTAR 5 B2 4k 2238 ININF, T m-m LA 45 44
HIAE AN P 204, DR e STT i R kA8 13 26 )
AN XFERRAEE R T 1 BT R ) MEL it 42 1R
& 4RI B %5 Rubrene JZ J& B B3 In T ¥4 0, 7€ 30
nm - A B E T EA R I A

Lif/Al

BCP

Rubrene

CuPc
ITO
Glass substrate
2 (M) #4454 % NPB 5 Rubrene F i1 it
A

Fig. 2. (color online) Architecture of the organic light
diodes and schematic diagram of the interface between
NPB and Rubrene.

3.2 i ;2 B #1 Rubrene ik E Xt 28 4
MEL #2200

N T i — 5 R Rubrene 7 T W) H 20 35 85 1
X 2 T AR s, AT BCP B AR T
# X 30 nm JE ] Rubrene f 12 7, il £ 7 A A
Rubrene # & (100%, 50%, 20%) B #5144, B3 (a),
(b), (c) 73 AR =Fp S84 EA R EE T (1) MEL
25, (d) N=Fhas R B EUR 6, M ERE T LA
H HA Rubrene 70 F &G, H%A HAL S TEBA
HME . I 3 (a) HRTLAE H, 4 Rubrene #1
() MEL Hh 42 Fifi 5 it 2 I PRAIS (il —120 K), =i
T B R AT PRI, 2 A R PRI (12020
K), £ZHIT @ FRrES. X—WEaaot
EJE T Rubrene 43 T8 STT J& — MR HGLFE, BIIE
FERRAR, STT LTS, [FI i TR 1 B, i ==
BT HMIBHEL, S TTA SRZDH . Y
R F] 100 K I, MEL EEAKIZ I /Mg BT ik
Bl KAE 5 B NG, #1500 mT %A 56 4
TN, X 5 FRATT4H 2 AT W B B Alqs K b8 1 E
I IGA R B (1 TTA R AE MEL fh 28— 5 52,
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X+ Rubrene ¥# 4 50% HI g8 4F, 7550 T R UT
it AR, BOP 43 1 B I 3 b 2 FHAS Rubrene
57 HHEEE S - L TR TR T
5 0 e 5] 331 fd Rubrene 23 13197 B 3 %
BAR, AT RR &) L(TT) k. Rk, STT it #2
R 5 kg W AR BH 2 BRAK, XFESLE 2] T W0
K3 (b) FIs I MEL #h£5. ME AT BLE H, =ik
I~ 4l Rubrene 2% {4 7£ 500 mT i f) MEL {& 7] PLi&
F19.5%, WA 50% i HAEIAF] 5.2%, I H 4
5 B 21 250 K Ik 58 B S Hh E B 3 T R
B IXFH, BRI ERE R TTA SRR R AERIER (ky)
& T STT I FRAEE (kpss). AT N, &
BOX — IR R v fesk B T LU RAS T —

20t (a) RT
275 K
200 K
15 160 K
140 K
10 F 120 K
= . 100 K¢
—
= 51
=
O L
—5k
100%
—10 1 1 1 1 1
—500 —250 0 250 500
W% /mT
1
0 L
_1t
=2 _,f' RT !
Sy 71275 K Y
3 g 250 K %
; —4t 200 K
5 150 K
T 100 K
6l 20 K
—7k
sl 20%
—500 —250 0 250 500
WY /mT

S U0 AT BT PR B B AR S B A R R TTA W A2
I, R KA “REBEBE FIYER B BCP 4P
HOMO 5 LUMO BeZ 5 7l 4 3.0 eV F1 6.5 eV, A]
fii Rubrene 4> T # HOMO(3.15 ¢V) f1 LUMO(5.36
eV) 1T BCP 7> T-HIREB 2, (I FEF R I 4
i IR — € B Re e 35 22, A Red BRI AR AR 1 32 44
FFHE, XREEERS T HETF A B
PR KA a, AT FE B PR T 7 78 34 1K
TR S B O A SRR, AR T I R AL
K 1901, B TR R 4k SR R, TTA R FE ik — 201y
9, K3 BT R REERE W] s, JF Homds T %
£ 50 K I HEAE T A

b

—500 —250 0 250 500

0.8

0.6

0.4

SR /arb. units

0.2 F

450 500 550 600 650 700 750
K /nm

B3 (MTIEE)(a), (b), (c) N Rubrene i E 454 100%, 50%, 20% If 8 A4 2EA FIHEE AN BRN 200 pA

H MEL #i%k; (d) =Fh & Fr 800

Fig. 3. (color online) (a), (b), (¢) The MEL curves of Rubrene devices at various concentration of 100%,

50% and 20% with 200 pA, respectively. (d) Electroluminescence spectra of these devices.

29 Rubrene [ FE FEACE 20% I, BTillf)
MEL #i £k 40 & 3 (c) Fizn. AEIH AT BUK B, 723
FEAR T 275 KIS MEL #1285 2 5 i 5 A 214
AR A B M ZRN. BAEZET, (K
(1) /DN T w8 A L At 85 1 0 A% 0K B0 A0 5 5t ST

R RRAR, R4k st m, R mid AR, |
FIE 170 mT A H LT B, 7£ 460 mT 2 5 MEL
AN AE, HH—EF] 500 mT 5% M2 4.
SofFIX — LG, A R ] Kai-Wei Tsai 6 28 1) J7
%, BT R 0 = R AN R I R 3 R 1 B AT
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Fig. 4. (color online) (a) Three components derived
from curve fitting presenting different magnetic mech-
anism: STT, ISC, TTA; (b) the curves fitting the MEL
of Rubrene devices at concentration of 20% in room
temperature with various currents; (c) coefficient fit-

ted for (b) vs current at room temperature.
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Abstract

That the energy of triplet exciton in Rubrene is about half of its singlet leads to energy resonance. This resonance
not only allows two triplets to annihilate into a singlet, but also makes a singlet probably fission into two triplets
in different molecules. On the other hand, the m-m conjugation of two Rubrene molecules could be formed during
molecules stacking, and this spatial relationship will affect the charge transport property enormously. In this article,
we use organic magnetic-field effect as a convenient approach to explore the influence of the energy resonant excited
states in the Rubrene molecules and the m-1 conjugation between the different molecules on the luminescence property
of Rubrene. Firstly, we fabricate organic light emitting diodes based on pure Rubrene and modulate the thickness of
Rubrene. Experimental measurements of these devices at room temperature exhibit that the thickness can affect the
devices’ magneto-electroluminescence (MEL) curves substantially. Values of high-field MEL increase with the thickness
of Rubrene and gradually saturate after reaching 30 nm. This can be attributed to the fact that the ratio of m-m
conjugation in Rubrene molecules to the stacking will grow with increasing thickness, and then saturate at a proper
thickness. Subsequently, we modulate the concentration of Rubrene by doping Buthocuproine (BCP) in the active layer.
Experimental results at room temperature show that the values of high-field MEL decrease as the concentration of
Rubrene decreases. These results verify that the influence of -1 conjugation is not only on the MEL curves, but also on
the singlet fission. Furthermore, all the MEL curves exhibit a high-field decay at low temperatures since the endothermic
fission process in the Rubrene molecules becomes weaker as the temperature decreases, and the longer triplet lifetime
at lower temperatures also enhances the process of triplet annihilation. Besides, the extensively existent intersystem
crossing between singlet and triplet polaron pairs may affect these devices as well. Finally, the MEL curves of 20%
Rubrene device at room temperature changing with various currents are successfully fitted through the combination of
two exponential functions and a Lorentzian function. By means of the fitting, we confirm that the singlet exciton fission,
the triplet-triplet exciton annihilation, and the intersystem crossing between singlet and triplet polarons coexist in the
devices. Therefore, the varieties of these MEL curves can be attributed to the competition of these processes. The
fittings reveal that the triplet-triplet exciton annihilation rate increases more obviously than the singlet exciton fission
rate with increasing current. Compared with the rates of the two bimolecular interactions given before, the change of
the intersystem crossing rate could be neglected because of its small magnitude. This work is helpful to expand the
understanding of the internal mechanism of organic optoelectronic devices.

Keywords: singlet exciton fission, triplet-triplet annihilation, intersystem crossing, magneto-

electroluminescence
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