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WY B IR BE W 215 (Rubrene) 47 FHB 34 4E — & £K1E 8 &K OGJZ 0 OLEDs 1, fA7E —Fhim e = E R T
(Tyrup) H R 18] FR ) B3 A2 (HL-RISC, Sy, gup < Togun)- THASCE I LA Rubrene £k 4l & 62 LI W1 (1
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R (S1+Sy) — Ty+Ty), 2 BE WG B1% Ty gy, ¥ F A9 HL-RISC o B2 10 H., S5 B A 9 K H 5 Fl 25 7 CFE 4l
Rubrene K& 62 H B33 A JE Bl 4k 7 X (polaron-pair, PP, 1 PP;) [ &R ] & ot #2 (ISC, PP, — PP;)
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TR ) A B U, T ZEom M A2, 25 g i Rl Bk A
TEZFh AEIR G, MEL W R0 A i R a4
M) 97 B4 B i &5 1L 14, 1SC, RISC Fl HL-RISC i3 72
B ERG Z0AH B I EE , A nwg S iz A
51 MEL 68 ) 2 56 5 5 HA LA 2% (mT),
H ISC 5 RISC il HL-RISC 5 ;& MEL 4554
JZ; 1 SF Al TF 512 MEL 4k 5% — Bt /e 5 —#
DT MEZEEREE LT mT) &bF—4 5
K ALENTFF S WA . Rk, 7ES2I0 5 0Ly
P — i L Ak 4k B HE AR Y 500 mT REZVE B, 4
w A PP AR, MEL th4 %
FH 2 BN R PR 43 2 AR, BIMIRE% (1 B| < 20 mT)
W58 (20 mT < |B| < 500 mT) #4y, Hik
AIE. 525011,

IT4FK, Rubrene (5, 6, 11, 12-Tetraphenyln-
aphthacene) [N EA m300 8 6L ST (B 56
JEEAMA) | AR A B A RN, BT
Z N T 2R e OLEDs RO o B-7. S
& MEL 5T 45 58 B LIS /) Rubrene
B RA R —HENRFREEN EARIE RN
)2 (emitting layer, EML) ) OLEDs H', 7= i
TAEE— P REAE I KI5 RO e = AT
(Toruw) HY HL-RISC 332 (Syrup < Toub), 994
BEEZ AW EHARL A T2 R 16.1% WAME T
WOR B, BRI, ASCRBE: L4l Rubrene 1
4 EML HHP R T 5 EWAFEE Ty g,
TR R EIER) OLEDs H, kA MEL 7%
/ﬂ%?ﬁiﬂ%@i“iﬁgiﬂg SF (S17Rub+SO,Rub - Tl,Rub+
T ) 1, I REWLEER)IZ Ty g, ¥ T 19 HL-
RISC it % i H., fe LA i B HL i 28 o CFE 4
Rubrene & )2 1 B H:E AJE Btk b+ XT /9 ISC
i1 (PP, — PPy) WA g%

R T A8 ER AN SR SR IR IS I ON
YR HLE] , FAT L4l Rubrene F B & 70 50N 5%
(5 TCRFIR UL, #4745 it & 73 %0) ) Rubrene 8%
FEARAE R EML K il % OLEDs, JfXF #5 Fh #5144 1)
MEL #7488 5258 78 A4l Rubrene /£ 8 & 52
sl A, IR MEL fiZ6{U RN SF £k Y
(EP MEL #h£ A @3 ISC # HL-RISC i #2);
MR 2 200 K I, MEL #h4E i 3728 Rt %
FL I B3R MM SF 5748k ISC e iR 4k 2k

K% 100 K #1 10 K i}, MEL fh£k iim4e il — &
T K ISC LRI 2 2 R I 745 2 DR Ol i 2 T 38 14
BEAR, Toga, BF B 54 (internal conversion,
IC, Ty rup = T4 Rub) b R O b T Ty Rub il
BH, SEA BN HL-RISC 3 #2855, M
A FEACIE T B ISC i A2 (I8 MEL #h
2 M AR ) 2 A R il W4 N AT 5 A R PP AR
ISC 5 Ty gy, #F HL-RISC i B NNTE). hitE
FHREA S ZABETREE (B T)pw > Torw)
BB, =T MEL 4k irRim 4 i 3
By HL-RISC £ 84 (Bl Ty, ¥ HY HL-RISC
5T PP AW ISC i #2), I HLBE & 5B R,
HL-RISC #5583 J& AR T Ty g, 4 fir 1 28 fir
Sl B2 ARG R IC it FE B 3  (H 3T K Y
Ty pup, BT 45 i %7 HL-RISC H 5 Wi 55 38 . I Ak,
4li Rubrene & A% A1 Rubrene 10 &K A5
e % MEL 4 7E =R T R0 SF £k
AU Bt TR A FRAR, MEL Hh£R A R SF 5%
AR TF 27, ORI SF 2 #ad 8 Bl S:
B S, jup, JF AR, AF T SF kA (HFE
MRSIER ZFAMT T) g, WA, T) g, RAHE
AR MG TF 38T SFI,

XFEC DA SR ge s A, B A5 46 Rubrene &
AR = I N A PP A ISC A Ty gy, T
) HL-RISC i 72, I H. i e & A i % LT
—E, FECEASAEMIE it MEL 1F 456 24K,
Jir AZE MEL 2l st b B 3 T SF b 2, Mk
AEW L ISC 5 HL-RISC i #2, XAt 54 1Y)
IR AE SR IR AN G 8. AR, Rubrene & —
FAHLE SR “BIE” PR (BR7TH T Rsiceg eoh,
W32 T A ALK FHRE H i A AL AR, AR
TAEHE—H R T % Rubrene 13X #f “BH &7 #4 %l vh
AR — 22U Ot 2 SR & (i BAY
2T, 5 'S, e AR T, 5 S, AYREEHEIT) HYBRARE.

2 HBBHMFHEENE

AR SR AR v FL S AT Lo 5 AR DUAR B A K Al
# OLEDs, HAKH &% 4549 )y ITO/Poly (3, 4-
ethylenedioxythiophene)-poly(styrenesulfonate)
(PDEOT:PSS,40 nm)/4,4',4"-Tris(carbazol-9-yl)
triphenylamine(TCTA, 60 nm)/EML(40 nm)/2,
4, 6-Tris[3-(diphenylphosphinyl)phenyl]-1, 3, 5-
triazine(PO-T2T,60 nm)/LiF(1 nm)/Al(100 nm),
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Horp #3444 A B9 EML 24l Rubrene %, #5F B
) EML 4 TCTA:5% Rubrene 8 22 IX, #514 C
1) EML & PO-T2T:5% Rubrene B4 K. 5H
ITO PR 9 3% B854 R EL A Jir A A 350 DR 28

w3, el g A B K R 90, JEK OB

PRI S8 Y VR VR IR A IS, DRI Ae) IS 3R 1 0 I
UGE T AT 28 70 A2 PEDOT:PSS gk 76
P L, IR FH MO FLERE | (AT DL 47 b A
M TEART IS E IT I8 3 1 R 10 i B 5 0 e A
PEDOT : PSS 1Y% h il i i J1 A& FEAF 5 B 73 F 3R
DU B2 AR 7888 & A DL RE 2 AR b
B LiF /AL 476 HLJZ i A K S 5 R 8RR i
AL (XTM/2, INFICON 28wl ) 47 B Az Wl
FE S A SE UG, KRR R R E S5 R
AL BRAKERAT, DA a2 - Fe - PR RE I
TEAMF B HLEUA Y (electroluminescence, EL)
Mk AR rp ) 5T Keithley 2400 25 #5556 i g, &
(BB ol Y s LB U N By ] BE 781} et £ 20
BHAE SHA | Spectra-23001 JEHMPE IS 436 5
RS ISR OE S 7 S HAE5 JE BT OR
el LR S HOR, fa B AR5 5 2 ok
. MEL Wl 5 A8 b B il 28 4 i A i e e A
FL4 2k (Lakeshore: EM4) i ] EL25 PAAE A A
Z4 (Janis: CCS-3508) MRk I, #EYg 77 I 5
MR TAT. KR RGE R AE 300—10 K #4E4E
AR Z IR RS it Keithley 2400 $5 il #5250
HEAH LA TR, #3000 2Ot R LR
e L E B 9148 Keithley 2000 Hi HLAN 9 Labview
UK P05 S5 FEME . MEL 195 X K: MEL =

AEL  EL(B) — EL(0) -
= SRORE Horp EL(B) 1 EL(0) 2&1E

A TCEMINEES B I KOs

3 #XR5i%®

3.1 =¥ A RIBEZRHET \MEL B Z 00
P

Kl 1(a) B T 81F A A5 IIREIZ U RESLHRAT
. #EJH TCTA Fl PO-T2T 43l E Ay %5 7RI B F
ki )2, P TCTA M R & 45 4> 7 #UiE
(lowest unoccupied molecular orbital, LUMO)
(—2.4 eV) & T Rubrene [} LUMO (-3.2 eV), i
PO-T2T 1 f & i P57 F #1118 (highest occupied

molecular orbital, HOMO) (-6.8 eV) i T Rubrene
1) HOMO (-5.38 V), XFEr] LR L 525 70
PR GIFE EML H, AR T s 208 . mie,
TCTA #l PO-T2T W AR = E AT (T,) WIHE
090 2.80 eV Hl 3.10 eV, iZ & T Rubrene
I RE A Topa W F R BEE, W] LLAR 4F Hi 41
TQ_’Rub {)’%% BE%’JE Rubrene Z%%J%DP, Eﬂ TQ’Rub {%f(
TR RE A S SR KA. XA R
TR T ANRE WAL R AL s BB A, T Rubrene
G Topa, A Ty g, B BA R KEER 22 (A
H 1.14 eV), Topu, — Tira, PR 5EH (IC) 13 72
A DLZWEATT ML & 1(b) BEECh g A 1H—1k
1 EL 3%, iZ EL G5 g7 &L T 567 nm, 5 3
fik [15,16] 4[3E 9 Rubrene & GH EL #EAH R, 3
B2 A TP {UA Rubrene 43 F7EK G, [ 1(b) J&
T A ATEER T EABRR S 50 pA B MEL
HiZk. Mz MEL fhZ B 55 2, Ri& w3 0 % 8
Hm, MEL WIR(ETEMLNY (1B] < 20 mT) S5/
W, B AERE Y (20 mT < |B| < 300 mT) &
AR, X5 SCHR [15,17) OB REAERT SF g’
T HLA 148 80X i b7 i 28— 30 /G375 S0 SF
AL MEL fhZe 0 R R 2 /NG i rrek
B3R, g RPERMT (S pw) BT,
PR & ek 55, B MEL #E B0/ ; (2 & wg 2
PN Ir AR, S| gy, BRI, KOCHER, I MEL
WRAEAE S RE S T AR 1516181,

PEREERE, W 1(b) TR MR EE
HFLS: BIFE4E Rubrene 1F i EML B #2544 A H,
HEE T MEL fhk B3 1T SF b &, (HA1%
fie @I LT f &5 OLEDs g8 #5 B PP &1
ISC FI & 7E 5 % 25 4t UE SEAEAE Topa, 19 HL-
RISC s . PRI, — > 0020 R 250 0 R 2 1) s
MEANFEEER E ENTE7EHE £ MEL 1E 7%
TG TR WAL FRATTFEXT L AT ik A IR B 4K
1) MEL iz (Bl 2, 7EfRIR T B8 1 ISC i #2) #i
BAAE MEL 2558 (K 3(c) 5 3(d)) JFIAR:
i A 194l Rubrene & 62 R LA PP 50
ISC 1 Ty gy #F ) HL-RISC Fi i B2, (HEH ™
42 ISC 5 HL-RISC i f2rytR4zir, HEA1 MEL
ith £ 2755 41 S 1) Lorentzian {14k, S:2 MEL Hh
A EHON, FrUIAEE IR T MEL fhZ {3 T
SF i 2, W RE I PP A1 ISC Al Ty gy, 1Y
HL-RISC i #2.
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(c) #8F A BYTOMALE] A2 ; (d) R =Fhid & (ISC, HL-RISC, SF) &4 #44 A 89 MEL fh £&

Fig. 1. (a) Energy level alignments of each functional layer used in device A; (b) the room-temperature MEL curves of device A

operated at a bias current of 50 pA, the inset shows the normalized EL spectrum of device A; (c¢) micro-mechanism diagram of
device A; (d) fitted MEL curve of device A using three different processes (ISC, HL-RISC, and SF).

R T R ER T A MEL ph 20 £
i SF R, ¥ramadkash A MROUWAHLEE (ULIE 1(c))
KERE. FEE] 1(c) Hr, MHLARIE ARHL 525 XE
B T 5 )2 )5 7€ EML ) Rubrene 431 H 8% il
A, AR A BESE TR, B ST s Al L - 28 7T
X} PP, #1 PP, [ PP, 1 PP, MYAEHILF-fajIf,
TE RS 40 A0 B AE H (hyperfine interaction, HFI)
TR ARG A B ¥ (PP, + PPy); XA
kp > ks, F5 PP, 3| PP, (1 ISC i 72 5 & & 820,
k5 ks 7390 & MR AL 7 X5 JE U R B Ty g, 5
Si.ruy PV, BEf5 PP, A1 PPy TEECHIIET
T EA kg B Ry 38R I Y, S1rub A Ty gy, HIF
St Rub VA ST AR TE : —J& H AR SR I A BR
i 3] 3 2 7 A Wk R 9¢ )% (prompt fluorescence,
PF,), —J2 &4 SF i BIE L T, g, . HHE=
T T Ty 5 Sy, F AR (T,
Fo Sy rup 1 0.1 eV) B 5 T g, FF7E R BEH 22
(Torup H Ty gy #5 1.14 eV ) 1521 B i 8 HL-

RISC # # J8, Sy gy W4T~ (BIAEZE R T Topy, —
T sy 10 P A3 BT B2 A3 ), SRJF S,
W EERNE GIEREEE, Fizid e A m
] ns FE 2 2225, K0 Sy gy, BT HE 242 PF,.
Lkry, fF TCTA #1 PO-T2T iy —E &K T
REfE (41310 2.8 eV Hl 3.1 eV) T ToguY, i
UAFEAEM Ty g, B T rera 1 Ty pooror BIRER
POEIE . 25 ETIR, g A TR 300 K I AETE LA
T =GO ORGSR PP—PPs 1Y 1SC id #2,
Ty gub St rup B9 HL-RISC i3 2 LL K Sy g +Sy —
T} rup+ T gy 1 SF S EE. (HANE 1(b) PR, 1%
T A B MEL thZe L3l 1 SF b2, Pk
ISC Al HL-RISC M~ 72 19 MEL 1E F 4K TH
Ja o .

Y diiE, #E3iA S 1SC 1 RISC 2 F 7= 1
MEL HHZE AT LA53-51)38 15 8] # F1E ¥ Lorentzian 2y
KT R AU A, W SF i AT 19 MEL #h4k
A LI i Lorentzian 23 20 #1 non-Lorentzian 23 2,
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S5Eok 3G MEL #hZ R Alm ik oy 2027,
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o3 EeR SF R R AE R M S A R ERE A N
TIESZ IR T ISC 5 HL-RISC W/~ 32 78 5 BF AH
A, &M (1) X4 1SC, HL-RISC 5 SF =it
T, WAL R RRTER 1(d). ATLAE H: Ak
(ZRfa) H5ocmihge (R f) —30 AEUE LEIRT
ISC i #2 5 HL-RISC i FE58 BEAHSE, FF 5402 A
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SE AT T B2 (IWLSEIEY), AOCH LT
S50 5 R P AE T R R X A
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A1)

TR XA AL S A R B R R
W 1Y 77 A A B 28 PR AR A A X A
HATAS IR S S, RIRFFEAN AR T 1) MEL FLAEXT
e R RO A . Bl 2(a)—(d)
SRR T #F A FE 300, 200, 100, 10 K PO~I&
FE R B MEL 2R, 24358 M 300 K 5]
200 K I, #5F A 19 MEL B354 BI%A &4 5
BB, —HARIN SF d # (H IR RN E 100 K
B, BN SF AV AR Sy TF 48, 78 10 K
ARG TF 280, 32 PR oA Bl 5 B i BRI,
Ty jap, AT, ARG, IS E TF 42
5 V18] R As ) MAIET 2(b) FE 2(c) i E, SF i
TR A P A I s, i TF 5o R B A F IR Y
BEHRE N, XS TF & AR RS B 1 7
BCIE G RS A 29301 2 i i ORI, TF 2o B 58
M SF 5 TF & Hiiny3h 2l #, BAR5
S MEL 14k, #0530 SF 76 = i b H i Ad 3
R85, TF 52 78 Fifi 25 LU0 A 385 0 i 3 5.
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L e —
12} \/
3 \_/
m 6
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—— 5 1A
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(d)
ol
X
~
=
=Y
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-8r ~v— 10 pA
—— 5 pA
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B/mT

(a) 300 K; (b) 200 K; (c) 100 K; (d) 10 K. [ 2(b) By 4 &l J& #% 1 A 7F

Fig. 2. I-dependent MEL curves of device A obtained at various operational temperatures: (a) 300 K; (b) 200 K; (¢) 100 K; (d) 10 K.
The illustration in Fig. 2(b) shows the MEL curves of device A at 50 mT magnetic field and 200 K.
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WEZERSE, avF A 7EEIR T 1 MEL K354k
AU SF 28 (H YR BERE 2 200 K B, {74
B 25 BRI A 386 K N ST 2R R 645 oy TSC £k A (L
Kl 2(b) 4 A, iR Ak Z2 R A2 100 K f1 10 K
I, IR I F Iy ISC LR AL, % A LR RUBE A i Ji
DRl 2 B TS ORI, TC S AR5 1), Ty g, HOK
Higb, SEAEE R A BRI HL-RISC i ##
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Fig. 3. Energy level alignments of the doped devices and their Idependent MEL curves at room temperature: (a), (¢) Device B;

(b), (d) device C.
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Fig. 4. Schematic diagram of micro-mechanisms for device

B and device C.
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Fig. 5. Fdependent MEL curves obtained at operational temperatures of 200, 100, 10 K: (a)-(c) Device B; (d)—(f) device C.
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Reasons for “disappearance” phenomenon of both intersystem
crossing of polaron-pair states and reverse intersystem
crossing of high-lying triplet excitons
in pure Rubrene-based OLEDs"
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Abstract

With unique advantages of high sensitivity, no-contact, and non-destructiveness, magneto-electroluminescence
(MEL) is usually employed as an effective detection tool to visualize the microscopic mechanisms of excited
states existing in organic light-emitting diodes (OLEDs) because their evolution channels of many spin-pair
states in OLEDs have the fingerprint MEL line-shapes even with opposite signs. The recently-published MEL
results (Tang X T, Pan R H, Zhao X, Jia W Y, Wang Y, Ma C H 2020 Adv. Funct. Mater. 5 765) have
demonstrated the existence of high-level reverse intersystem crossing process (HL-RISC, S gy, < Togu,) of
high-lying triplet excitons (Tyg,,) in Rubrene when Rubrene with a typical value of several percent in content
is doped into a host with high triplet exciton energy and there are no energy loss channels of triplet excitons
from charge-carrier transporting layers either. Furthermore, this HL-RISC process can considerably increase the
efficiency and brightness of OLEDs operated at room temperature, for example, high external quantum
efficiency up to 16.1% and ten thousands of brightness have been achieved in Rubrene-doped OLEDs with a co-
host of exciplex. Herein, surprisingly, in the pure Rubrene-based OLEDs (i.e. the pure Rubrene film is used as
an emissive layer) with no energy loss channels of triplet excitons from charge-carrier transporting layers, only
strong singlet fission (Sy rup+Sorub — T1rub+T1Rub) Processes are detected at room temperature, but this HL-
RISC process is not observed. Moreover, even the most usual evolution process of intersystem crossing of
polaron-pair (ISC, PP; — PP;) cannot be observed in this pure Rubrene-based OLEDs, where the polaron-pair
is generated through the recombination of the injected electrons and holes in the pure Rubrene emissive layer.
To determine the cause of the underlying physical mechanism behind this abnormal and fascinating
experimental phenomena, two kinds of devices with pure Rubrene and 5% Rubrene-dopant as emissive layers
are fabricated and their current- and temperature- dependent MEL responses are systematically investigated.
By comparing and analyzing these tremendously different MEL curves of these two types of devices, we find

that the positive Lorentzian MEL curves induced from B-mediated ISC of polaron-pair just completely cancel
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out the negative Lorentzian MEL curves induced from B-mediated HL-RISC process of Ty, excitons. Note
that such an abnormal and coincidental experimental phenomenon is the physical reason why the ISC process
and HL-RISC process cannot be observed simultaneously in the pure Rubrene-based OLEDs, and this
phenomenon has not been found in the literature. Clearly, this work further deepeneds our understanding of
some unique microscopic processes and physical phenomena in organic semiconductor “star” material of

Rubrene (such as the energy resonance between 2T, and S; and the energy approach between Ty and S;).

Keywords: Rubrene, magneto-electroluminescence, intersystem crossing, high-level reverse intersystem
crossing

PACS: 72.80.Le, 71.35.Ji, 78.60.Fi, 78.55.Kz DOI: 10.7498 /aps.71.20221060
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