) 32 2 3R Acta Phys. Sin. Vol. 72, No. 16 (2023)

167201

HESEEWEN AN ZRE D R IEFE R ME
REEBIENIFRFRRKRBKER

R RE P

xR %

E O BRBEAT RRALM

(PURE A BERLE S EOR B, ENESHDER T2 DO B 9005, K 400715)

(2023 4£ 5 A 11 BUE; 2023 4E 6 A 8 AYLEIENH)

HMHEE EWANLE I A (exciplex-based organic light-emitting diodes, EB-OLEDs) H1 A iEX$%S (spin-pair
states) i) & [H] 5 B (intersystem crossing, ISC) 12 ] % [H] B 8 (reverse ISC, RISC) J& B Z 1Y H IR & i 2.
BT H RN IE R R R AR 5 25 B PR AL A R ek 55 . AR SO R R BCR E (magneto-electrolumine-
scence, MEL) 1E 38 803 T, 78 BAG AW B far P-4 1 EB-OLEDs H 4% 1) 2 Ff 8 I 4Kt 9 ISC #1 RISC
o BT BRI  : BE A T H S O, R A R A O Y MEL fh 2k 5 B IE F ISC
(125 pA) [ 2 ISC (25200 pA) i P Fe s, -1 i 4 0 v i SRR MEL i 28 0] J|& 75 IE # 1SC
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S HIE RN MEL 28, A SR -4 A1 57 A5 8% 28 1 19 ISC A0 RISC 2 F2 B & HL It 38 JCH0 e 1 5 J5 0l 55 . X gk
F= 5 A R A A T A R TR K R A A X A A B R S e e Y R A Z RS . Ik A, ST A g 4
) RISC i B2 bb AE - 25 4 b (0 B 5%, DA 2 BT 25 28 19 40 & T 850R AR - 28 (4R 0 3 . 4Kk A SO E
IR 7 X EB-OLEDs H L AR 1 ISC Al RISC 2 2 i BELAR , 38 o B0 i 7F #5803 EB-OLEDs £k 1 355 i i

ERIURYBEIGYTY

KR WMEERY), AR EUROE, R, B R A

PACS: 72.80.Le, 71.35.Ji, 78.60.Fi, 78.55.Kz
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TEWEE WA VLR E A E (exciplex-
based organic light-emitting diodes, EB-OLEDSs)
HFAFAE H EXT 25 (spin-pair states) & P i B2 2 7
. BT ES S = HAAWAL T (singlet
and triplet polaron pairs, PP, fil PP;) Fl# ¥ &
AW (singlet and triplet exciplexes, EX; fll EX3)
Z Bl R [A] &K (intersystem crossing, ISC) (PP,
— PPs, EX; — EX;) Flf A R (reverse ISC,
RISC) (PP, < PP,, EX; <« EX;) it #21-3, 4R,
X AP IOULAT T2 1T DA 25 92 3k S B / = 2 )
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SR, S 7R R ) =S T R AR A
B TR0, T ZAR I 1SC A1 RISC i F2 11
YIPRHLE . Feilr, WA EUL Y (magneto-electrolu-
minescence, MEL) F 48 80U T H 285 9
M55 EB-OLEDs H1 ISC Al RISC i3 F2AG 4 BEHL
il =61, 3 PR R ISC il RISC i 78 2 1 FE 1 iEd
#Y), If Hr= ARt MEL 2k -9, WA seihkk
P S1. HAkH, ISC Al RISC s F2 A9 HF5EAiF MEL
243 0 R ) B R IE BRI AR 2K 2. 2019 4,
Yuan % 1 ] F§ MEL & 3 EB-OLEDs 11 EX &
1 RISC 1t PRl % EX 28 L 125 7R A BE B 11
HEORMIE5E. Chen 258 Ff] MEL % ¥l EB-OLEDs
o PP 25 ISC i BBl & F T 25 R MR i 5

P& 53 T 1B (highest occupied molecular orbital,
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HOMO) 5 fF 32 R #BHG e AR o 4l 43 F #LiE
(lowest unoccupied molecular orbital, LUMO) Z
[E) RE PR A/ N T . AEFRATZ AT T AR, @it
Wi EB-OLEDs 7EAN[FFE A B T B MEL £k,
&I ISC F RISC o i 5 7 1E H 1) HL I 4K 6t
KZR, RV P A R s -1, mAR X EB-
OLEDs H'f) ISC #1 RISC i Ry HHLH B/ —
SE B FRARE, (R ER 5 BB T AT IR A B R
. XL ISC Al RISC i LR W 3L 5 2
SERA AL L FRBEIRLE R AL RV RO B
HUIHC.

A SCFIF MEL F#AIFZERY, AT AR LA 1
14 1, 1-bis[(di-4-tolylamino)phenyl]-cyclohexane
(TAPC)/2, 4, 6-tris[3-(diphenylphosphinyl) phen-
yl]-1, 3, 5-triazine (PO-T2T) 5 Fi 45 EB-OLEDs
IR 3 2 F L AR ISC A RISC . HAk
M, JEP AR F rh F AR ) MEL 2k o A IE
# ISC (1—25 pA) 1 )& ISC (25—200 pA) it
FRAEE B, B, Sl B 25 (028 7R A2 S 42
BT IR S, ST a2 b B RO ) MEL
i 22 ) 52 90 M IE 3 ISC (15 wA)— % RISC
(10—50 pA)— I1E % RISC (50—150 pA)— %
ISC (200—300 pA) R, Ry T fift FRax Lokt
it FE, FH E IS A0 2% eR ORI 18 A0 2% PR 1Y)
NS MEL #h4R. 00445 3 R A i fnoF
s R i 1SC 1 RISC i PRl 2 L V48 O #T 5
BT IS . X R K H R PP A EX A
I A 5 e AT i A Z A a4 i . O
A, PRS- A 3R AT DU EX A TE
BOFEE EXs 52 R 2 M —E8-f
faj {8 K (triplet-charge annihilation, TQA) i #,
BT LA 2800 v 19 RISC 3 A b AR S A g 4 Hh )
5. X MR ) RISC i A2 0T LIS K EX,/EX;
() E A, DT S BT A7 28 44 1 S T 350% (excter-
nal quantum efficiency, EQE) AR #7519 5
. B, AR SCRMEFEE T X EB-OLEDs 1 HL K
1) ISC A RISC i B2 B B, 38 4 B 80 EB-
OLEDs myiseithilfE4 AL T3t ds .

2 #frmdlE5NE

R HTE R B G TRTUREOR, #il4 1TH
AHARRZ 7 GEANZR TAPC/PO-T2T 5%k EB-
OLEDs. ##4 1 (Device 1, Dev. 1) 4544 1TO/

poly(34-ethylenedioxythiophene):poly (styrenesul-
fonate) (PEDOT:PSS) (40 nm)/TAPC (80 nm)/
PO-T2T (80 nm)/LiF(1 nm)/A1(120 nm). 514 2
(Device 2, Dev. 2) {145 )} ITO/1, 4, 5, 8, 9,
11-hexaaza-triphenylene-hexacarbonitrile (HAT-
CN)(20 nm)/TAPC(80 nm)/PO-T2T(80 nm)/LiF
(1 nm)/A1(120 nm). A ITO FH I BEISHT IR
FP A RIS FEAER IR A B TR RS T A
BLoT TR TR Z AT, & Je R 8 7 /KB el
(Decon 90, ¥ A 4%) Xt HC1E THUFN B T 7
VRIS W VR AP AT K ORI IR
60 °C). SRJ5 NI FITE K £ BES R IR A T
AP BT A K AL B RS, SR IR A
#HIK -4 PEDOT:PSS %5 /\IEAJR. 5, Kl
G AEAS RS (100 Pa) SEATA LI BRI A4
MU P2 8. FEZRBEAHLIIREIZ AT, SR INFICON
O (R BRGNS, (XTM /2) X ML) A 5k
FRANE T RE 2 B BB AT IR . Herp A AR
JoL I 45 i r AR 1 AR R E R A S L R 0.5 A /s
1.2A/s (1 A=10"m).

ael il S U, R T — 2 i LS P
WA RS (Janis: CCS-350S, Y G : 15—
310 K) W% 3k b SRR A SR 1F ROV A R GUTR
A HLREER (Lakeshore: EM647) 2 [i), Jf HAfi 2§44
R -FA7T AN . 2 & & g8 b i S ALE o
Labview 8 {4 %) & 48 i o B Bk L B R 3Rk L
Lakeshore 421 & #7131 . Keithley 2400 %% 75 % .
FEGHL IR L Keithley 2000 B0 TR 27520 1
%, Hirh | Lakeshore 421 FIRIN &AM 37 ) K.
Keithley 2400 AH Jy g {42 48 % fi s, 38 7] [A]
FIF ) Aok A2 ) LR RO R R SR A Y
HL 2 &t (electroluminescence, EL) 5 & I i 1
Keithley 2000 B2HC. U ##1FH) EL 3& 0, Sefi
Keithley 2400 45 i {4 42 {1t 'l A H &0, 24
arF IO RME B R L BT S (5 S
#R., Spectra-2300i JEHEIEA 7t | e AT A A
b R L NN ERE T R ) PN A IR SR
K, FJr it SpectraSense i A4 K LG 5 4
HISOEE. S34h, WEHRREECR O (photolumin-
escence, PL) 1A, 46 H i AR KT & 8 B9 3 K0
285 nm HYICERAE IR I GIR RO W A HIL
INF AR HROG, RG22 T #5066 1E AL FLS
1000 M &1, % )miE i Fluoracle #AF 2151,
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3 EREXREGIL
B MBS B

i 1(a) #1E 1(b) Fr7s, Dev. 1 1 Dev. 2 43
Wil g 25 5 A JZ i PEDOT:PSS il HAT-CN 1
TAPC/PO-T2T V54 OLEDs. TAPC #1PO-
T2T W2z FEH I 1(c). B2 TAPC 5 PO-
T2T Z 8 B4 K# LUMO fEgt 2 (0.8 eV) I I
HOMO REZ 2 (1.3 eV), Ar LA BHB I A AY 25 9
B A B L -2 # S 72 TAPC/PO-T2T
U X e RS S AL T PR AN AN [F Y 4
E, IR HEMTEECW S BE T2 &IE K EX
2. N THIE Dev. 1 fll Dev. 2 H EX 25191 WL,
D T X g EL 3% L& TAPC 4l PO-
T2T 4 i il TAPC:PO-T2T I8 M I 19 PL %,
mE 1(d) P, ATLVEH, TAPC:PO-T2T HiR
JER) PL &S (570 nm) ABXF TAPC 4ifiEA1 PO-
T2T 4R PL &S (372 nm 1 375 nm) HA
BB B RESE. X Fm TAPC:PO-T2T it
() PL %23 TAPC:PO-T2T i E 5 k4. 5

3.1

TAPC:PO-T2T #EH) PL 1%L, Dev. 1 1 Dev. 2
) EL i /8 TAPC/PO-T2T I8 5Y1 % 5.
R E—2EE5E Dev. 1 fll Dev. 2 BISEHL R,
D 7 3 P A~ 22 B F - S RN EQE-FE U %% B
T4, WIE 1(e) AN 1(f). WTRAE Y, Dev. 2
FFF A B Dev. 1 BBEIK. iX 2 Dev. 1 il
Dev. 2 HA MR HBETFEAGE S, (0 Dev. 2 Y%
TOEARESI L Dev. 1 W HE5E. HARHL, Dev. 1 F1
Dev. 2 H1 M\ LiF /Al B#i %] PO-T2T #y LUMO 1
HFEARL2IE 0.1 eV, {H Dev. 2 F I HAT-CN
) LUMO #| TAPC iy HOMO [ 25 7CiE A # £
(0.2 eV) /N F Dev. 1 H1 )\ ITO/PEDOT:PSS FH
W F] TAPC 1y HOMO %8 7UEA S22 (0.4 V).
AR M TF Dev. 1% 7E AL (0.4 eV),
Dev. 2 (925 7EA SRS (0.2 V) H 21T Hil i
A4 (0.1 eV). HaltEil, Dev. 2 PRI F1E
A Dev. 1 G F-fif, MTT51HL Dev. 2 A H
Dev. 1 B &% EQE. 88K i 20 71 AR LA
e AR R EQE, [HHA T I/ R R 6= 5850 1
AT, X PR AR T 1 T A BB B O &
5, B pEPAEAE PP AR EX A0 £ Ry B oWt
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- (d) o o) 200 f(¢) 101
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& Dev. 1 (EL) i 150 o
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£ s C 1t
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Bl 1 SR RER MR (a), (b) Dev. 1l Dev. 2 IBREZ 4544 ; (c) TAPC A1 PO-T2T M fb2% 4> F4544; (d) TAPC 4l

JE, PO-T2T 4l i fl TAPC:PO-T2T LR M5 (% PL 3% LA & Dev. 1 #l Dev. 2 ) EL i%; (e) Dev. 1 #l Dev. 2 [ H i - B 457 ih 2% ;

(f) Dev. 1 M Dev. 2 i) EQE-H Jii 4 J3 45 i 2%

Fig. 1. Energy-level structures and photoelectric properties of devices: (a), (b) Energy-level structures of Dev. 1 and Dev. 2;
(c) chemical molecular structures of TAPC and PO-T2T; (d) PL spectra from pure TAPC and PO-T2T films and TAPC:PO-T2T
co-deposited film and EL spectra from Dev. 1 and Dev. 2; (e) current-voltage characteristics of Dev. 1 and Dev. 2; (f) EQE-current

density characteristics of Dev. 1 and Dev. 2.
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PRI H ik S BRI 2 M 5 5 I DO R . 3k et
BAUFRES S ZHEAZMEA ISC Ml RISCP-1)
SEAS 2R MR T ZE R TQAMSL DL K
—HA-ZH A K (triplet-triplet annihilation,
TTA)M=1 GnsCk [4—9] FrifiE, X Lot #n] DA
B MEL X A48 a0 T2 R ARG, Hitk, 4
THER EQEH# &P HIALJE, Dev. 1 fl Dev. 2 (1)
MEL Hi 4R AR5 S3CHE.

3.2 254H) MEL fhZk

&l 2(a) FEl 3(a) 43504 Dev. 1 #il Dev. 2 H1
HL AR MEL k. MEL 82 XA S g
Y RN TC AN NG 3 055 254 2 D8 B 7 A % A2 A 1461
(1) XFros. Hrb, EL(B) #1 EL(0) 43 313" A

SMIRESA TSI INRE A 8 (4 R G -
EL(B) — EL(0)
EL(0)

& 2(a) PR, Dev. 1 MEL [Zo bk -
THIMEZRON (low-field effect, LFE)(B < 10 mT)
FIZEM b TH & 50 (high-field effect, HFE)
(10 < B < 300 mT) ZH 8. HR3 4% SCiik [9—11] HRiE
ARHE MEL 4k, Dev. 1 #) LFE 1 HFE 4351
RGN d G PP A1 ISC it B2 RIp i M
il EXy &0 TQA 2. thAh, ISC i Fil # JE s
TEH B RO R, RIVBE R it Y3 s -1,
X PR R O O S AT LA TG R A v i L U
AR KR T o B2 o #5710 i P R SR
0 R TR R o, @R BB s . PR D Y

MEL = x 100%. (1)

5 5
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&l 2 (a) Dev. 1 e J AR M i) MEL i & F e T BLA M4 (H @55 4); (b), (¢) ARTEAHF T Dev. 171 ISC, RISC Al

TQA i T B 58 B 4 7

Fig. 2. (a) Current-dependent MEL traces of Dev. 1 and their fitted curves (white solid lines); (b), (c) intensity factors of ISC,

RISC, and TQA processes in Dev. 1 at different bias-currents.
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SR L SR PP S H I EUR B, ITLL PP &
() FE A, TR PP 2SI ISC 7. A4 Bk,
IR Dev. 1Y ISC I A/ ML (1—25 pA)
TRRIEE AR OCR, B2 BRI (25—
200 pA) FHA R W TIKE R . Wi,
— N IEH ISC B 1SC ad R e k. X
R ARAR DA SRR .
T RN, Dev. 1 HHLIOIAY MEL
ek (2) XA L1190
B? B2 B2
B2+ B? C2 + B2 +03(|B| + By)*’
(2)
1 (2) i, BN ISR 2L PR BT — R824
PRELSY HIRAY ISC, RISC F1 TQA 5372, B Z&4Mil
W%, By(~10 mT), By(~10 mT) Fl By(~100 mT)

MEL = 4

43I 1SC, RISC A1 TQA 3 FR (R B35 K/,
Cy, Cy Fl Cs 43 B IR 1SC, RISCHI TQA i
TR R T, A& 2(a) 7R, FEGREIA LS
SR ZE ARG —EL. 748, Dev. 1 #1 ISC, RISC
I TQA S FRAEA R A TR T 158 B 543 5]
PR ZELER 2(b) FIE 2(c). T 30K R0 i B ix 4t
SRR T, 3 R RIS Dev. 2 fEARREA BT T
B MEL £k, 4nl& 3(a) fr7n, Dev. 2 7€ 1-—5 pA
HIHLIR T 9 LFE F1 HFE W0 3R png sz
ISC Al TQA i #2, I H ISC 3 HA 1IEH A HL IR
W R, AEIEREE TN 1 pA HKF] 50 pA,
Dev. 2 () LFE MR I % A8 S Pt T j%, ok
B VBB IR AR 25 PG 70 R T B IR AR g5 .
HRAE O A SCik [9—11] Hg i 1R IE MEL Hh 4k,
P T R LFE 5 T8 mdl 0y EX AR
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&l 3 (a) Dev. 2 " Ji AR i i) MEL it & F e T 81L& M4 (H @55 4); (b), (¢) AREA BT T Dev. 2 71 ISC, RISC Al
TQA i F2 (158 & 7

Fig. 3. (a) Current-dependent MEL traces of Dev. 2 and their fitted curves (white solid lines); (b), (c) intensity factors of ISC,

RISC, and TQA processes in Dev. 2 at different bias-currents.
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RISC i #2. 754k, RISC il Fil # HA 15 1 L
W Z2, BIVE L 3 AR 15 R s 55 110, xR Ry
PGSR A IR EX SR EUR B, A
W EX AR A IS EX &0 RISC 2. H
st lF 2 1y RISC fE #27E 1050 pA BYH T
SR BRI OCR. Wi, KET —1
MIEH ISC (15 pA) [ H RISC (1050 pA)
R, A BRI E, BEE A 10 pA R
F 150 pA, XAH RISC 5628 MIEHR RISC (50—
150 pA) i 2. ILAh, MM 50 pA dE—LHE K
#] 300 pA, XANIEH RISC #6748 K KH ISC (200—
300 pA) i FR. SR, BEFR ISR, MIEH ISC
(1—5 pA)—JH RISC (1050 pA)—IEH RISC
(50—150 pA)—JZ & ISC (200—300 pA) i &)
Fed A XS AR DB GE . S TR
X e B Dev. 2 1 HL YK ) MEL i 48 4%
(2) XHUA. i 3(a) i, HERIIA HZAR i
MR T S2IR 45 5. =T Dev. 2 1 ISC, RISC #
TQA HFEEARFEARG SRR, rIULE 3(b)
FE 3(c). ik 2Lag BE R T4 278 T SCIEAHARRE.

eI FITINEE S SRR
FIETHLH
F T F# Dev. 1 F1 Dev. 2 HHELFARET MEL
M2k, 3PS 2P PP 25 A BX 28 B i F v 25
BLAHI > B a0 E 4(a) FIE 4(b) Fis. ATLIE H,

3.3

Low current

(2)

Transition

FHAR 13 AR 25 7R BRI A B B e e
W Ve 2 AR TE 55 RE 1 PP A,
i PP #1 PPy ELAT (5 3 1 BB H A i B vl LA
TEMRE AR BAE T S2EE, Brlh PP, Al PPy AT LA
it ISC 1 RISC b BAH B %4 P0-22 H ROk, PPy
Fl PPy 43 5l LU BT kg T oy F— 2508 728 155
HA EX A EX. A by 8% KT ks, BT PP,
5 PPy Z I AHEFAIEH 1SC i fE 57 P, 24—
IMMBEAIEE, FIFH PPy(PP; o, PPs ., PP3 )
RIS H 2 T PP, 5 PPy ZIAIAYAESL
ZATSRARVIN, PPy MRSR AT LAEE A2 1L PPy . {H PP,
5 PPy F1 PPy Z[B] M RE 22K, M 3 2K
PP, RAEH:AE N PPy M PPy . X B1E BRI
il ISC A2 A PPy s . Ko PPy UL
BN, B LV 20 PP, AR B EX,, MG fin
EX, %R, XA LA mT WISME5 5 Bl g
W SR A RO, Bt MEL phZe Pk - Tt
) LFERW2 WA sE A R R 1A S1. 5 PP 5 AH
l, K EX, 1 EX; fEREZ FIL-P2fiJFny, By
DL EX A5 2 7E MRS A BRI T 8 i RISC Al
ISC I FAHE A 23], sk [9, 10, 12] Frifdé, EX
A PAH S5 2 RISC i fE 5. RN
EX; M2 EX, 19 3 4% 2, JF H EX3 A1t
EX, & 3 MG . FAMR TR EX3(EX; o,
EX; ., EX; ) BYZE2 0%, RISC i f 2 #5h

High current

0+0 0+0 0+0
PP, I—SE PP, PP, - PP, PP, I?CP PP,
S b O P
()
EX; <+ EX;+ @ EX, <+ EX;+ @0 EX, <+ EX;+ 00
%% RISC — %% RISC — %% RISC
So ¥ ¥ ¥ LFE, - TQA So ¥ ire.- TQA So ¥ ¥V LFE, - TQA
(b) Low current Transition High current
0+0 0+0 0+0
PP, ISC’ PP; PP, ISC’ PP, PP, ISC’ PP;
N Y
EX; EXj; EX; - EXs EX; EX;
RISC RISC RISC
LFE,—
SU%%RFE'i So%%f So%%fLFE’i
B 4 RREEAEG TR PP S EX ML BCAMEZHLE  (a) Dev. 1; (b) Dev. 2

Fig. 4. Formation and evolution mechanisms of PP and EX states in devices at different bias-currents: (a) Dev. 1; (b) Dev. 2.
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Tnwgizima 002 24 RISC 1 FE9dm ], EX, %L
T, XATEILAS mT 4N Rl P B s s 553
PR ROt ot MEL fh 28 P R %A
LFED0.2) ke AhRFE] S1). 3T LA X g 340
il ISC Al RISC & FEAGHEA, 15t MEL £
LFE & #3740 1 14 1SC 19 1F LFE F18% 54 3741
il i) RISC 1 LFE (Y& . 2 T izl i
TQA I RGIER HFE, R I E 27
SCHk [9, 12, 13] "R TEANfERE, BTSSR,

WE 2(a) FiR, Dev. 1) LFE & ISC i %
F 5, Wt vl 1SC i #3 T RISC i 2. X &
FTQA 32 (€ + EXs — e | +So) KAAEDev. 1 H,
JF H TQA i 78 23 1 Jak 2> EX 1) i o ik 55
RISC 33 #2. N T ##F; Dev. 1 HNIEH ISC [0 R
ISC i FR i 4e , H: MEL th& il s . a4
UL 2(b) FE 2(c). FTLAFE H, B A L
K, Dev. 1 B LFEAH (O, + Cy) e/ NatER, %57
IFn 1SC i RS 55 /5 5%, $592 1, Dev. 10
[ ISC il RISC 12 (O, A1 Cy) # Al 5 J5 Ik 55 ,
wE 2(b) FE 4(a) B, 33X 02 R3S K L i i)
PP &M EX A3 A EE -5 © A 1086 1Y 75 A
4 HAKHL, PP S EX 2 146 % 5 e 5
TR RGN (R EAT A A B H I 3G R
TR . 3 2 A1 Sy PEL 0 ) 184 A3 3 28 1 #4511 v
FERSZEAY. YA RGO, SR 0F Ry 373
5. A4 Onsager Fig, {5 SEH PP &
EX 3780 5, D808 180 ) Ffy 2027,
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Non-monotonic current dependence of intersystem crossing
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Abstract

Intersystem crossing (ISC) and reverse ISC (RISC) between singlet and triplet polaron-pair and exciplex
state are important spin-mixing processes in exciplex-based organic light-emitting diodes (EB-OLEDs). These
two processes usually show normal current dependence which weakens with the increase of bias-current. This is
because the bias-current increases by improving the device bias-voltage. When the bias-voltage rises, the electric
field within the device is enhanced, which facilitates the electric-field-induced dissociation of polaron-pair and
exciplex states and then reduces their lifetime. That is, less polaron-pair and exciplex states participate in the
ISC process and RISC process, leading these two processes to weaken. Here, magneto-electroluminescence
(MEL) is used as a fingerprint probing tool to observe various current-dependent ISC and RISC processes in
EB-OLEDs with different charge balances via modifying the device hole-injection layer. Interestingly, current-
dependent MEL traces of the unbalanced device display a conversion from normal ISC (1-25 pA) process to
abnormal ISC (25-200 pA) process, whereas those of the balanced device show conversions from normal ISC
(1-5 pA) into abnormal RISC (10-50 pA) and then into normal RISC (50-150 pA) and finally into abnormal
ISC (200-300 pA) process. By fitting and decomposing the current-dependent MEL traces of the unbalanced
and balanced devices, we find that the ISC process and RISC process in these two devices first increase then
decrease as the bias-current increases. These non-monotonic current-dependent ISC process and RISC process
are attributed to the competition between the increased number and the reduced lifetime of polaron-pair state
and exciplex state during improving the bias-current. Furthermore, the RISC process in the balanced device is
stronger than that in the unbalanced device. This is because the balanced carrier injection can facilitate the
formation of triplet exciplex states and weaken the triplet-charge annihilation (TQA) process between triplet
exciplex states and excessive charge carriers, which leads the number of triplet exciplex states to increase. That
is to say, more triplet exciplex states can be converted into singlet exciplex states through the RISC process,
causing the external quantum efficiency of the balanced device to be higher than that of the unbalanced device.
Obviously, this work not only deepens the understandings of current-dependent ISC and RISC processes in
EB-OLEDs, but also provides an insight into the device physics for designing and fabricating high-efficiency
EB-OLEDs.

Keywords: exciplex, magneto-electroluminescence, intersystem crossing, reverse intersystem crossing
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