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B ENETHEZEIT Rubrene/Cg &
ERXEZREFHEARBBERFEE

v IER BE XNRE AR I&E
AR KWl HR R

(PR R BIRL 2 S HOR B, A ZS DGR 2 H R R L0 %, K 400715)
(2024 4E 6 A 22 HIg#; 2024 45 9 A 18 HULEMEEH)

2L BT SR R R LR G A M ) —Fob B R %, H 7 A2 (electron injection layer, EIL) U1
AR5 T 22 35 R T RS 04 BIF 500 R AR . A SOk B 1T A% R A PO IR AR 19 EIL A1 28 7 = 2H #5441
e, R IKE EIL BT 88 S MR IR B AIG, #8440 09 FF )3 o e 430 2 30 21 4 B (half-band-gap) FF S . W2 BR
(sub-band-gap) JFJ8 F1E % HFE P BEL G . #5818 & G IR AE BE RN (magneto-electroluminescence, MEL) %4
R WIR: BIL L FIiE R R & A RS B BT 8 E B F = FEA- = H A K (triplet-triplet annihilation,
TTA, Typy + Tiry = Sipy + So) i BEABERAR 78S AFATF R HRE (1.1 V). {BAE EIL HL 53588 R ETAY 2805
OMEAE ZH FREAMAB F ISR EIL LAt & 09k, WHGHE T TTA o BB T8 iR,
A EE EIL B FF B B R R AR R B R R A RS (2.1 V) FIE#HE )G (4.1 V). 14, &
EIL P B R4 b TTA 3R, BT S, X 2R THATER T EZHEN =ZEHRESY EX; &

I id Dexter BE L 1% i3 B WL T gy A TAEHE— 2R T %F Rubrene/Cey 2 45 14 o L 71258 0 IF )

e 52 1 £ B g LK AR S BEROULMIL A A AR

KR AL, FABIT IR, TR R, —HA- AWK

PACS: 72.80.Le, 73.40.—c, 78.47.da, 78.60.Fi
CSTR: 32037.14.aps.73.20240864

RS IENB N SRVIW - i G RIUPAY = L ENA RO P VAL
RE B T &G A R 5 L 4 2 T HUE (highest
occupied molecular orbital, HOMO) Fl iz Ik &
P53 THIE (lowest unoccupied molecular orbital,
LUMO) Z[a]ar B 4. {2 Rubrene/Cyy BIAHLA
Y& A (organic light-emitting diodes, OLEDs)
T AR S0, BAT A BT IR AR, RIS
MR (52EHR 1 ed/m? BIHE) &2 Rubrene
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WP RERE (20 2.2 eV) BRUA— LA B far (1) — 2
(Z4 1.1 V)PL {HXJ 520 Rubrene/Cqy, 4 OLEDs %
TE e HL R A ) BRAIOW AL RIATS AN W . BRI, #R 5
OLEDs 47 BRI i Rtk () Py BEAL I 5 | S 9T 2 1Y
B S 10, Pandey Ml Nunzil®! & S B H F-HY
AR AL R IR RIS R r R L, BI7E Ru-
brene/Cgy FHHANE A IS B4 (planar hetero-
junction) LI &Y BMRERAL B L Cop LUMO
AR, SRR AT R80T Rubrene i Cy
i LUMO fiE ¢ (8] ¥ #4251 ik Rubrene [ LUMO
AEZ, X S B H 15 Rubrene HOMO REZ - HY
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2R S, BT R IR RS AT B
£ 2019 4, Engmann 55 [0 57 AL 4 BB AL R i
B Rubrene/Cqyg a4 2F47 B 5 #8414 {H Chen
S5 T 45 B R I BCROG AR Y (magneto-
electroluminescence, MEL) H W Z¢%] Rubrene /
Coo #/4H Rubrene i) = A- = HATE K (triplet-
triplet annihilation, TTA) i #% (Ty gy, + Tygry, —
Sirp + So), HHFRAFBUAO LR IR S T A Y
TTA I FE. A8 X LERFGE AN [F] £ B2 A R 1 2ty
B I e 1 T RE LA, (H R 246 b T F5T Ru-
brene Fll Cyo FHIAE A3 I 7 #2. M HL7E
AJZ (electron injection layer, EIL) 28 % Ru
brene/Cgo BLERF 1T I HUT [FIREAT 36 AN v] Z A0 Y
SR, AHSCHTFEIR R WA .

B THRFEAE EIL X} Rubrene/Cy, B #54-FF
Ji P B Ay BRAOULHIL AR 2 miel, A S35l LA A
LR 103 cm?/(V-s)H12 104 em?/(V-s)!12
#1107 em?/(V-s)314 1) 2. 9-Dimethyl-4, 7-diphe-
nyl-1, 10-phenanthroline (BCP, ##f4 1), 4, 7-Dip-
henyl-1, 10-phenanthroline (Bphen, #x{f 2) 1 1,
3, 5-Tri(1-phenyl-1 H-benzo[d]im-idazol-2-yl)phe-
nyl (TPBi, ##{F 3) £ R EIL, #il4 T bk EIL KA
AN DI RE 2 S50 58 A AR R 1 RO ER1F. T4
4 B L IRE-4 B2 -HL . (current-brightness-voltage,
LB-V) ¥tk &ML BCP 1E A EIL B9 #5141 W
Iz 5 SR — SR RO B (1.1 V)7
1L Bphen F1 TPBi /£& EIL (Y35 2 #4443,
HOIVJE #2300 A B PR (2.1 V) FE# T
A (4.1 V). B4R, EIL WA FEB A E 20 T 4%
P JF 5 R, B RS EIL J2 B B R KR
REA, 280 13 (9 FF R R AR TS (11 V —
21V — 4.1 V), K A 1 I a R
W B X W TR 1R L PR R R &
BCP £ EIL, AN 285 9 f HOoR fe k71
AL R 2E 1A TTA 3 72 BES A R A
R IF A R, BT LAE EIL J2 B FE B i
arlF 1R IR AR, TR 2 RO 3 1Y
TEIR 530 i S At B I RE T, 2
B R RR R T 2. SO A TE AR 2 FdR R 3
EIL 43414 Bphen Fil TPBi, B 114 T BCP H
A AR TR, BT LA 2 = 1 HUR Al EIL
2R AR RE ARG I F 7 AL EIL |3
TN R SHGE TTA S REXTIF S f R R ARAE

H. EIL (BB R AAIK, T ZE34 0 e Fb o, o
DA 2 FNERF 3 A 3R3W J WHy B ¥ I R E &
Ja. MXaEsk s ds i MEL 2k, &8 EIL HLFiF
MRS TTA S FEFEE. XEH T EILHE T
TR EME THEARTFEERENZ >, BIL H
TIEBREWAE 1 A EZ MR T EAIFHER
7 Rubrene/Cq 7t I AL, 28 J5 B 5 £ 80 & 1Y
EX; Fl ¥ 5% 1Y Dexter fE i {£ 1 it 2 (EX; —
Tygy), TR 1 p TTA S RREGR, KGR
K. WEEESE 1—3 4, % EIL B FEB%R
WA, "EATHY TTA 1R & 6TE BE 158 55 )10
FFRAE 1 > f80F 2 > fR0F 3. LAk, BEE IR
FEAIK (300 K — 100 K) #4413 (19T Ha R 3 i
B S ANIR], EIL 308 5% i 1 i eI T TP s
BRI R PR A I R AR h R R
FEAIS, (EAHEE T2R0F 1, #8442 FIgs 4 3 19 EIL |2
THEARE ST 22, T AT B0 i 1) O i Fh PR e
FHIFEAN. R TAEFEAMT T A F BT %
1 EIL 5| #2 Rubrene/Cqy %! OLEDs 77 B JF )i
HL R & A AR B AL, IR T #E Rubrene/Cg, %Y
OLEDs HHLFiE R RN g i Hi R B AR DG B
BTS2 0] ) A

2 ABHHFHEEFNE

PIAEE RN S e e SRV AE S 2 N
3 i Rubrene/Cg, ! OLEDs #% 14, i 40 #5 14 45
W 1, Hop PEDOT:PSS &2 7 A2, &8k
1 Poly(3, 4-ethylenedioxythiophene):poly(styrene-
sulfonate). #¥{4 1. #5142 Fn#efF 3 43512 LL BCP,
Bphen fl TPBi {E N HF A ZM KL, WA 1TO
BFBI, 1) 38 358 el SIS AN 5 o i FH 381 B A LR R 2 DA
R 2 W SE. | e A TTO AR B B8 ) IS
MK 2B F7K . Decon 90 B IHEVE VR . oK 4
B DR P S IR TR, K SO R ISR T T
e m R S LR 2= 7 GE AR PEDOT:PSS Jighk
FEBEAEA ITO B—M, F 120 °C 1B K 15 min,
B PRGHDR A I 7% 2 L s A . oA HILE
REE MR K LiF /AL FE 53 A UTRR A 25 Js A
T8 OREE, 25 A B2 1A A R 23 AR B TR
KA (XTM/2, INFICON 725 7)) #E47 A7 Wi
FEn 2SS U, AR G 2 T B PR
A FRKIRAE, LA J5 SR OG- HL -G RE I 5. 7E
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F£ 1 #E 13 HERGEH

Table 1. Specific structure of devices 1-3.

Device name Structure
Dev. 1 ITO/PEDOT:PSS/Rubrene (35 nm)/BCP (3 nm)/Cgy (50 nm)/BCP (10 nm)/LiF (1 nm)/Al (100 nm)
Dev. 2 ITO/PEDOT:PSS/Rubrene (35 nm)/BCP (3 nm)/Cg, (50 nm)/Bphen (10 nm)/LiF (1 nm)/Al (100 nm)
Dev. 3 ITO/PEDOT:PSS/Rubrene (35 nm)/BCP (3 nm)/Cgy (50 nm)/TPBi (10 nm)/LiF (1 nm)/Al (100 nm)

MEL {5t 52 2 v K 1 25 G R A o 22 2 A FL G A2
(Lakeshore: EM4) % 1% i) B 25 M 1 2548 21 R 42
(Janis: CCS-3508) HY¥% =k b, #3777 In] 5 FE 5 3R
AT, R ARG IR ETE 300—10 K #£:0]
V. 5T Keithley 2400 H Y2 ) g7 AR AL T /R
T, wFIY & G T Siot i A
a5t Keithley 2000 R4E, F-HHHLKIR Labview
KRR IC s 504, K OLEDs Bk o
Bl S 0 3 9 R T AR AR BRG E S MELD 17,
HAREIR A

MEL = % x100% :EL(BE)L;OI)EL(O)
o U EL(B) 1 EL(0) 435k #84EE A L Tehh
Intg T BRI, #ROEY EL G
FErp, 1L Keithley 2400 457 {4t i e Je 4 H %
6, #E R GE hE BT R Pri AR IS
S A Spectra-2300i MG IEAL 43 5 AR
WA ROCAR 5 AL B F 5 5 H B R g v
fF5 R, 5 IR RAE 52 O FEL
PEFEA.

x100%. (1)

3 EBER5ITH

3.1 SRMHMBEREHSERRE

A T #5¢ EIL % Rubrene/Cy, % OLEDs %
PEIF IR RS2, )48 1 AN TR EIL A9 = Fh il
alh, HAER AR R A 1(a) ias. R HEER

EIL MR RERES SN g A F AT IR B, e 1.

e 2 FgsF 3 /& 43 5 L) BCP, Bphen #l TPBi
Y&k EIL #8. BATH LUMO BEZ%43 51 3.2 eV,
2.9 eV, 3.0 eV, X4 LUMO {55 LiF/Al 213
PREL (2.9 eV) MIEAEAERFIEAS S, IR
T E IR AEREE A AR A, R, IR AR
2R, BT B AR R R SR AR 2.
KL, #80F 1—3 9 EIL ARG REGLEE Xt g8 14T
Jo LR BB IR AT LA M. A0, S BRI R 2
Rubrene f LUMO (-3.2 eV) 5 F &5 )2 Cqy
) LUMO (-4.5 eV) BEREFSHE (AE) 2 1.3 eV,

FHL 38 o B At 944 DRI R A H
FHF47E Rubrene/Cqyy FHHI T IT. [FIAEHL, Rubrene
Fl Cgo B9 HOMO REWWAFTE 0.8 eV I AE, K i
25 I B 7E Rubrene/Cgy AR, ZEFMMYEEL
HIMR SR, (7T Cgo LUMO EF4HLF-H1 Rubrene
HOMO 73 R AR AT U T S 45 T
B (exciplex, WHEH. , —FHAEM EX, Al EX;). 5
IR, PA S 7E Rubrene Fl Cg, Hh[E] 4
AT 3 nm B BCP, X /&% Engmann % 6 % B
5% BCP i#xFA L, BCP ZREN KIEHE T 7%
P52, It EA g I . B 1(b) J&
T A 1—3 IH—fL L EUR G (electrolumine-
scence, EL) 3. b WEEE 1(b) AlAL, #844F 1—3
BAMIFR EL 3, BT ACIES AT 567 nm,
HAE 606 nm ARFFTE/R %, 3% -5 3CHR P HGE FY Rub-
rene (1 EL & —F 119, I, X = AN 8500 1 &6
#BAUE T Rubrene ML & 4.

Bl 1(c) R T #F 1—3 W2 -HE (B-V)
FEPEM e, 52 MO EE B S8 F 1. 28 2 Fndsft 3
B A R (G2 1 cd/m? B R ) AH2E TR K.
HARMF, #70F 1 B9 RHEEN 1.1 V, /& Rubrene
HBARE R (2.2 eV) BRUASAL, M7 Y —2F2, 53¢k
B Al BT A R Y SR g A5 R 8L AR 2
BT LA 2.1V, AT BRFF R BUE (BT
Rubrene HFBRBER 2.2 eV BRI BN HL i H 75 T2k
W ). 48 3 R RN 4.1V, 428 Ru-
brene 47 B I HL R B PR . 8 T DRSO
HEAREIDNTEIE U RS2, AT G T 8844 1—3
FHLIR-FE (V) RptEfh e, el 1), &
AR 1 0 AR 1SRy, #e i 2 FHaR, T
a3 e, WAR, BAESRA I AR R B BT,
a2 Fgs A 3 AL AR 1 TR S A . L
A LUE AR EIL B9 AR ) (B 1288
) WIS A A AN A 2R 52, o
- 1—3 A EIL (4338 BCP, Bphenfl TPBi)
B JE FE AR [RIER A 10 nm, HLHLF M LiF /Al 7 EAF
X =H EIL AATERE R 2.
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Fig. 1. (a) Energy level diagram of device 1-3; (b) normalized EL spectra of devices 1-3; (c), (d) the brightness-voltage and current-

voltage curves of devices 1-3 at room temperature.

3.2 SRHREMEERYLH

¥ 2 f& 7R T Rubrene/Cqyy %Y OLEDs Y &
AT AR FEAMInE I E TS, BN B 1
AR HAFF1ZE 7 5 ER BCP*/Cg Fil Rubrene/
BCP*#t1H (BCP*¢#8 Rubrene 5 Cgqy Z[7]
2). B FECHEAER, Rubrene/BCP* 3t [ AY
Z 1 Cgo/BCP* LI T RAER G, I IRGE I &
SIREAINALTXT (polaron pair, PP) 4. T HIiE
W mAR[E], PP &S AR FECH 1 1 PP & (75%) [
By A e THCN 0 19 PPy 25 (25%) 1 =A% 20,
Fi4h, BHA PP, Hl PPy S RYREZL AT, PP, Ml PPy
STEHAEAIA BEAER (hyperfine interaction, HFT)
TR A TR AR B R . o, PPy ] PPy (1)
AL FR R AR B (intersystem crossing, ISC) i
T2, 1M PPy [ PPy BFEACHR N S 1) R [H] B (reve-
rse intersystem crossing, RISC) i & 2021, [A] i},
87> PPy Hl PPy 270 Lk dg Rl dy i 5 1% A Hh
BT RS TR s | A E R R i — 2
FEIT, PPy, PPy 203l LA kg Rl by B FIE IR EX,
EX;. B 5 EXy & 0] L&Az LAF PAS Ak 0 72

1) 7E BCP*/Cq #ifil L ZRMH TS5 EXy B
B, =48k (TCA, EX; 4+ e — Sg px +
o) 1AE; 2) T EX; WAEE S T, gy, MEEEAHII,
EX; i Dexter REffLi# (Dexter energy transfer,
DET) id B M Ty gy, A AE Rubrene JZ &R
TTA & (Tyry + Trrs — Sirn + So) B S, gy,
BES Sy gy, IRIEEIIEDS (Sg) I AIIEIRDEN ho.

H T PR E R EA R TR A
FE A L HAH OC A Py SO AL, 25 4F 1—3 9
FRAOUL AL 3 43 51 R s ZEE] 3(a)—(c) . (HAS T
RS, SR IF 1A E 2 MEHE 3R T EIL J2 A
LIAR, Sefbaity oA AT 22 5, Horp oA m] Z 00y
& BIL AR L 515 88 A8 BRI BRI, H:
Ht BCP, Bphen I TPBi i HL T i %53 51| 20
103 cm?/(V-s), 10* cm?/(V-s), 10° cm?/(V-s).
P& Hosokawa %5 22 g3, ke JEHF i3 )5 EL AY4E
IR () 5 B AR A R L, SEIR I a] s, 28
R R R, AR 13 MBS R EUR O
(transient electroluminescence, TEL) |+ i £k
(WANFE#FRHA ST (online)) AT LA H: g4 1—3
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0 -0

4 ﬁ:\
: v 3
&)
1SC @
PPy —> PP; \% N4
RISC S
k. ke 1, Rb
EX .. RISC v DET TTA |
! T EXy =
T1rb T1Rb
EXs; + . L
[ v
TCA
SU, ex SO, Rb
Rubrene/BCP*/Cgq Rubrene

&l 2 Rubrene/Cq T &5 4 H i 2 25 WO oML AL i B2, 3 B 43 3 B 7R T Cgo AT Rubrene 1k 2% 53 F 45 74

Fig. 2. Microscopic evolution processes of excited states occurring in the Rubrene/Cg, device. The inset shows the chemical molecu-

lar structure of Cgy and Rubrene.

(b)

Rubrene

(c)

Rubrene

B3 (a)—(c) #81F 1—3 WROMALEL R 2

Fig. 3. (a)—(c) The schematic diagram of microscopic mechanisms occurring in devices 1-3.

H EIL BRI RN E R 2 BCP > Bphen
> TPBi. 7EHZIERT, AHLA RN HOMO
LUMO ¥ & A5} 2. 28 Rubrene (1 ¢cm?/(V-s))
il Cgo (0.3 cm?/(V-s)) #BELAT W 125 B 203 T 7%
L2 FF L Rubrene 1 Coo EFEHR G INEH T
HOMO F1 LUMO it ) 72 BE AN B b AHXT B, H
T EIL i FiE B R BT B 1—3 1 EIL &
A B e TR, JOf H i B R I EIL B9 fE
HARHERIA 2, ROREFPIURIEREE: #0041 > #4842 >
etk 3. FEAMIIMYER R, 0 T 1 EIL A
IR T, T Z Al IR RS R AL (R 2 At
8 3) /Y EIL _F b o8 s A e e (A5 i FaE %
RIY EIL & A 3R B RE (0RE, TGN EIL H
TFHOBCR. BP0 2 MR ¢F 34 BIL T EH &
(R R R AR A L BT 5 280 1 MR A F T4, R
FlE 2 AN 3 rhobta i i) e 2 i v A A I T )
HUE, [ASFERRIE 2 FIgeil 3 A WAL Bl it
TR, FIREHE, 270808 BIL BB, #5401

FL R 2 I REAIR. W S2(a)—(c) (online) 7.
B 77 T A5 9750 (10 mm — 5 ), 28
PR TS Fo R A AN TR R B AR AR, R AT I r
FERARA HFEMRE/)N. 132 f T2 AR RO Y
HL T ZEAE R BIL b 58 & i i . (H
EIL /Y 5 nm 5 10 nm JEEEAHZEEN, Bt LTS H
JE R R4/

Ak, BIL ARAY HL #8355 3 Rubrene/Cy
Sk 2R H R E A, TS I B L EX
A, WRER B EIL 1 FAEB ST/ Rubreno/
Cgo FHHIAL Y EX 88 8D T EXy %R
Z /¥ E RN DET i BRI 55, EXy B2
DET i fe#lsm. BARM =, 5 asfh 2 FdsfF 3 41
I, BIL IR m et 1A B 20 7l
i EIL #|ik Rubrene/Cy, A ALY W E £ 1) EX3
A EXy SR Z S RESME 1R DET i 72,
I AL BRI T gyy- 10 T gy, BCRAGSE 2
) TTA 2 72 B9 I T gy, B0 Z 19 884 1
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HH TTA R #GR, B =/ 880 TTA 525554
FER I TTApeppy > TTAsepo > TTAseps H
T TTA i 7277 LUK A fig B35 R WO S 19 T
FeAg g PR VIR AT Y Sy ry,, PIHGERAY TTA i FRKS
SCELSR ) HBUR O, RIS LR R E
TTA SR RAE L 27, 284089 I-B-V G H P GE
AR UESE EIL LB 384500 TTA SRE.
Il 1(c) Fizs, EIL 3B 8% 5 & 0y g A BA & i &
JETERE (RRF 1 > #84F 2 > #%0F 3), X %KW EIL
MR R S AR TTA SRR,

3.3 ZEBT=54H MEL %k

P Sk HRIE 2833, MEL /£ OLEDs B 5%
S T AT DAAS 2 ik L IG5 497 Mo R0 254
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Fig. 4. (a)—(c) The MEL curves of devices 1-3 at room temperature.
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Fig. 5. (a)—(c) Current-voltage curves of devices 1-3 at different operating temperatures; (d) schematic diagram of charge-carrier

transport and recombination in devices 1-3 at 300 K and 100 K.
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Abstract

Half-band-gap turn-on characteristic is a unique photoelectric property of organic light-emitting diodes

(OLEDs), and has advantage in the development of low driving voltage devices. But the physical mechanism

that the electron injection layer (EIL) affects the half-band-gap turn-on characteristic has not been reported. In

this work, the change from half-band-gap turn-on electroluminescence (EL) to sub-band-gap turn-on EL to
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normal turn-on EL is observed by regulating the electron mobility of EIL in Rubrene/Cg, based devices. Three
sets of devices are fabricated by using BCP (~107 cm?/(V-s), Dev. 1), Bphen (~10* cm?/(V-s), Dev. 2) and
TPBi (~107° cm?/(V-s), Dev. 3) as EIL materials. By measuring the [-B-V curves of devices at room
temperature, it is found that the turn-on voltages of devices obviously increase by an order of magnitude with
electron mobility of EIL decreasing. Specifically, the turn-on voltage of Dev. 1, Dev. 2, and Dev. 3 exhibit the
physical phenomena of half-band-gap turn-on (1.1 V), sub-band-gap turn-on (2.1 V) and normal turn-on (4.1 V)
properties, respectively. The magneto-electroluminescence (MEL) results show that the half-band-gap turn-on
characteristic of high EIL electron mobility (Dev. 1) is attributed to the triplet-triplet annihilation (TTA, T g;, +
Tirp — Sigp + Sp) process which can effectively reduce the turn-on voltage. However, the half-band-gap turn-
on characteristic is not observed in the devices (Dev. 2 and Dev. 3) with low carrier mobility, which can be
reasonably explained by a higher voltage that is applied to the EIL with low electron mobility in order to inject
more electrons. The higher voltage offsets the reduced turn-on voltage of the TTA process, resulting in Dev. 2
and Dev. 3 with sub-band-gap turn-on and normal turn-on, respectively. In addition, although the TTA process
is observed in all three devices, the TTA process is stronger and the EL is higher in Dev. 1 with high EIL
electron mobility. This is because a large number of triplet Rubrene/Cg, exciplex states (EX;) are formed at the
Rubrene/Cg, interface, enhancing the Dexter energy transfer (DET, EX; — T gy,) process from EX; to triplet
exciton of Rubrene (T g;,). That is, Dev. 1 exhibits stronger TTA process and higher EL due to the presence of
a large number of T} g, excitons formed by DET process than Dev. 2 and Dev. 3. Furthermore, by measuring
the I-V curves of devices at low temperature, it is found that the reduced carrier mobility caused by lowering
operational temperature increases the turn-on voltages of these three devices. The significantly different
increases in the turn-on voltages of Dev. 1-3 at the same low temperature are due to the different influences of
temperature on the electron mobility of EIL. The tradeoff between the decrease of carrier mobility and the
extension of exciton lifetime makes the MEL curves present different temperature-dependent behaviors. This
work further deepens the understanding of the influence of EIL electron mobility on the turn-on voltage and the

related physical microscopic mechanism in Rubrene/Cyg, devices.

Keywords: organic light-emitting diodes, half-band-gap turn-on characteristics, electron mobility, triplet-

triplet annihilation
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