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R T - AT A EAE R (triplet excition-charge interaction, TQI) 75 i & MHUH P A E 2L, H E AR
B 25 0 )2 A ] 532 i = 2 25 0T ) A7 25 RIS L K HL % (magneto-conductance, MC) 1F £ 2Z [A] 1 5% 7% .
AR SCR R Az B R R0N iY HAT-CN 1R R 28 7OE A2, 38 FIRERON AR S T B 28 44 P 3 SOUL AT 2
TTAaY. S5 R SN ERAA R A | iR . B = N FR1E#E Y, A Lorentzian Al non-Lorentzian bR %
X MC #EATHLG 3715 LA GG IE. WK 40308 T 800+ B e 5 &% B BE M iY 8RS 40 40 BV . B RE A3 o, 250X
WA RS 2 U 2 0 7= A 3R T AN, $R i T S R ARCR, ST s U B R e kR
T BTN S R EOE A BT R B R T SRS, (R R, AR T A
DMWY A8 &G, MC H Ks/Kr (AR L) 86, 8RR/ Ks > Kr, A AAHTE K, /=4 1E
MC; BEHL RIS K Ks ~ Kr = K, ILi Ks/Kr /8T 1, 367 MC; JLHAEME T, MC#h il A TR
ZE TR A B =S T 0 B AV e MC IE B 22 8] 1) A8 $2 AL 3 S %

KA HAT-CN, AP A, =70EAR, #iiT

PACS: 71.35.Ji, 76.60.Jx, 78.55.Kz, 78.47.da

1 3

BHLE SRR HAT-CN(1, 4, 5, 8, 9, 11-hex-
aazatriphenylene hexacarbonitrile) K HH A H R 1
AR 555> F B (lowest unoccupied molecular
orbital, LUMO) &% FAARF 925 70 ABLTI, 76
HHLKRIE % (organic light-emitting devices,
OLED) HF ¢ 4Tk A SZ BRI )12 T 2. BIFSY
LW, B HAT-CN 72425 70EAJZ (hole injection
layer, HIL) R 42 i i 42F BH AR (09 2 pR E50R 25 /XA

i
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R B Jf HIEET HAT-CN Hg i 132 AR Rk, Al
il 28 R ARUE 52 L 828 7O AR Y OLED g4 1,
AN EAER T HAT-CN 2 AR S5 BT 2000
T DARIOBOR B BB RE G, DTG R 1 2
TR RE T LA T B A5 A T s B4
A DA R 2 X A4 L PRt o 4 il By
FRRES M RE T /DN, BT AT ARLE) S iU PR RE DY
SVERE, X EA FE R I A.

TEHEASM T, OLED 284 Fh Hu b i AR HE,
TR FOE MBI T, ENEARIBROLZER, =
LEAPLT (triplet excition, T) 25 HAH B & )i

* R ARRIFES (EHES: 61874016) . FKT A AR EE S (LS CSTC2020jcyj-msxmX0282, CSTC2021jcyj-msxmX0576)
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(triplet-charge interaction, TQI)IS. YEA #L2f-Fk
MR, TQL M ST (singlet excition, S)
5 T W LSRR A 25 BE R RN, Sl TEREIAAE
T, T#TF2m4 3 MBI ARISE R —Ff2
T WFEECIIERT 5 A B A Ay sl A g o
N fift B I R, RIS OB Y A H A
29— FE T S A B2 & A U,
T3 T W R AR R S AR TR R 1R,
B RE T PRI, B T 75 B B A E
HEREZREEER N PLESHES 245 5
T %25 VI AH S R R P S 28007 B IR 1 it R 3 A T
WG —IAR 10120 JF H ) E HAT-CON ##F b2k
- WA S50 ] A R AR SR L TQL Y i 2 ?
AR BE]. AL, $EE T B A AT
DIRR I — 843 FL A R AR B A A8 % 720 Ay i 5 O,
MM 5 OLED #1414 HE BUR JE 0% i 8 4l
K, BT TQI HLELRA ML SRR R i AT
JEHL D A5 SUE D)5 M i) SC SRR} 2 ) R
ASCHIWE T — RINGEHAIE 27 GEA R e 42
AR E7ESE OLEDs. HAT-CN HA AR 45 7 E
AJR, f§i#F HAT-CN/NPB (N, N-Di(naphthalene-
1-y1)'dipheny1-benzidine) FTii j= A= 2k i+ P A 44
N, B AT S A AR e B RGO S E .
BRI BRI PR 4E OLED — £k 2331 10 i 15 AL
ST NERTHOWAILTR, FIFH L BUR ECRERUY, (magneto-
electro luminescence, MEL) FIfl; i 5 (magneto-
conductance, MC) f Jy 45 L0 3 T H 47 HH K WF
S8 B BRI, a8 N TE R A L A B L O
AR RREYs, 5 Lorentzian PRI non-
Lorentzian PREO A TIIA A LIS UE. HAT-
ON g4 3 m —F Mr B 2500 A AE, i 128 /XY
AR, (HA5 2 58 BE R TR, T WM
A R 2 ) R AR T RO, H 3
TP RN 5, AT R R R EORR T
K, MRt R HLmT R T OO, S EURORRRE
I, XTSI AR AL B & 3 R I B AN B X
fiffe 5 FIT RIS P A A TR Y, RS T3
ZFan AR T 3T, IF H MC 2o ffA.
MC H Ks/KrfHi ], Hrf Ks, Kr5 08 S
T, TP EAHER. BRI Ky > Ky,
HILAXTECR, 0™ 4 1E MC. B R —0 3
K Ks~Kr=K, W Kg/Kr#aix T 1, i
MC. X MC HURHEATRDT, AMUAFI T OLED

Hh R A5 O A B A LA P OUALEE, de oAl
i FPEREAR AL T I PEmTT R,

2 S

A i 3 AR 2 TG AR R BT B g
Bl NPB AN 2 Uiz, Algg 508, CsCl
B ZE vhZE, TTO AL 43 g 2 iy BE AR
FI#K . H 459 4 Indium-Tin-Oxide (ITO)/HIL
(5 nm)/NPB(60 nm)/Tris-(8-hydroxyquinolinato)
aluminum (Algs)(80 nm)/CsC1(0.6 nm)/Al(120 nm);
Hh 8 1 S E L HIL, 420 2—4 /9 HIL
7504 MoOs, PEDOT:PSS (Poly(3, 4-ethylenedi-
oxythiophene):poly(styrenesulfonate)), HAT-CN.
Horhai A TTO BES IR 0935 R Y M7 L A T
TRAL PR AR i L e AT BE AR I SR B e e
TR, KB ITO Fimze i mig, BERH % &1
KPR B R TCHLIAR AR HE TR A T DA PRI
2B /K oK B NERA S 15 min, XFkf
JRAEATIE K AL HE, 5 Je AT T RAEAR P 220
PAL RS SRS, Gl i (R E AR ) % PEDOT:
PSSy, HARDIRRZE RS B RET (1074 Pa)
HI TP 2% A A2 45 DI REJZ MR ZR B, dl i T 28 %
R AT L P AR DTG R 2B R
R VA P R JEEAG I (ST-TM206C) Wi . SR A
RO B I, K A T L BLER (Lakeshore 643)
Z I AR R GEVe Sk L, IR Sk BB T — X R B
AR ). AR SN i Keithley 2400 HL IR
S It ]I AR R R, SR ARG i — A RSk
WA RIS R BUROEIR I, - f-RE— Ak
AZRGE, # 2 as RSO0 i 2 idls. MEL & MC
43315 X H MEL = [EL(B) — EL(0)] /EL(0) x 100%
HIMC = [I(B) — I(0)] /1(0) x 100% , ENZE75 M4MI
W3 (B) gAY AOEIR L (EL) F1H R E (1)
RAARXAEAL BT 3 b A BUR T i
PR-655 G A I 45 21, # R PEAT B2, Il
TERTIEL N AT

3 #RE5ith

3.1 ESRMHEARCEMEREIER TR
[R3E

K 1(a) Nz 752 NPB Kt 2—4 v HIL
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4> LR E. NE 1(b) i EL 3 a] mes 2k 13
IEAEH R 520 nm, HOGH R F [ S Algs B9 HLEL
RIGENT. 4 HAT-CN 1B 25 A2, #3544 4
WEAE XS R 540 nm, FHEFSH AL 20 nm,
HAT-CN 2—Ffi 321K, 45| A HAT-CN fE
Hzs sOE AN ZE, BB T R REBEVER, Has T
TR R AMX R, S8 EL G & 4 20% 20 nm.
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Kl 1 (a) MoOs, PEDOT:PSS, HAT-CN, NPB 43 F45#4; (b) #F 1—4 (15— L BOR GG A, 4 K & G R R A (c) &
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Fig. 1. (a) Molecular structure of MoOs, PEDOT:PSS, HAT-CN, NPB; (b) normalized EL spectra of devices 1—4, illustrated as loc-

al magnification of luminous peaks; (¢) device structure diagram and charge generation schematic diagram of device 4; (d) lumin-

ance-voltage curves of devices 1—4; (e) current efficiency-current density curves of devices 1—4; (f) ITO/HAT-CN/NPB energy level

arrangement diagram at the interface of device 4 14,
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W= A BB 4 B PR BERIA &2, i NPB/Alg,
B L =25 /XX (electron-hole pair) ¥k BE 520
A4 . I H MoO,, PEDOT:PSS By 5| Afdii52s
T ARE S, LR 2S RO IR, R
W2 TN £ T, i TQI A —AN A F il v 4%
PF. NE 1(d) A 1(e) ATTEMTE H, #50F 4 (052
J&E RN K 65 o R i 43210 cd/m2, 9.8 cd /A,
B T 13, BiAR HAT-CN A3 4= L 5 g
9.9 eV, Hfg & 555> 7 HUiE (highest occupied
molecular orbital, HOMO) 5 By 2 0] #)
PR T UE AR ETA 4.05 eV. 1T HAT-CN &4
6 ML TEREM] C = N, i H EL45 i v 1SR A,
M LUMO 5 Ep e #:iE, 33 HAT-CN/NPB
ST = A B B AR 25 & i i HAT-CN i LUMO
BRI By o 19, 3% HAT-CN/NPB 5t
TR A LT ) JR B, 256 SCHR 4] MBSl , fad T
’l 1(f) " HAT-CN/NPB j# JIi 7 1 1) 5 2 HE 51 .
ML L(E) AT T Ry S AR S5, 7 A RS
JEH T HAT-ON (5 H T e 5 R i A m i ik
T. INREZL K AT E 1, NPB 545 19 HOMO [# &
1E Ep LLFHY 0.52 eV 4b. HAT-CN BE24 BN
4.2 eV, H: LUMO BeZAX L By 75 0.15 eV, At
114444 %] HAT-CN 9 LUMO #1 NPB ) HOMO
Z A RE SRS B I FEL AT A LA 22 R 0.67 eV,
M #E HAT-CN/NPB FE P i P-N 45, I 1 bl
FEAE— AN Y. HAT-CN/NPB S A H A
PR R A AT RS T AR O PO R
i, i i+ HAT-CN (1) LUMO £ # 3 ITO 1Y Ep
H 23 EA R Z T, HAT-CN i LUMO fig4t
RAK, 5 NPB z 8] LUMO BE4% 25 ¥ iU K i B
6, (HF HAT-CN BA R R, HAT-CN
K RELR 5 RIAR, NPB 12K EES 5 HOMO
REARAE, PRI TH ] 28 7 R AR ERAH 0.67 eV,
(e A VOE-= Rl i & R i I = A A
RO B 38N ASSUR T 9815 A b g 2 kB,
A R Z , NS SR A A2 T ELIE REA A
PAFE T P10 A B BT

3.2 234 4 A ER F MR N X R R B
=]

R R E 4 YEH R RE R AR JEIA, XY

THOMAL R HEAT IR AR ST, 18 2(a) Bon 2 4 7E4

hNwE3 F MC Fil MEL #2230 il 28, 76 AH W) &

T, MEL B3 1 MC K. i T AE a5 5 B i
MRS, TR X Z TR B B e T2 A
B, 298 Mt AL F-XF (polaron pair, PPy 5§ PPS, ),
WAL T xR P Sh R e 2R 1 M IE
MEHEAEGWTES ST THT) MER, X
PR S W 2 B A T IR R S, XA K00t
FEAETTRR; B 2 MR B AR LA, 3 A
iy ] g F AU IR AL X, o8 4l B
A FR R B T, X e A A R RS N AR TR
P, HEAUIE A A 0 R S R MR R 1, T3
BERRAL T HCS HA BS AR TSR] Z W A E 2 AR
i s /N 1, FEAEREUE T MEL H MC AP
MIE 2(a) iBATF H MEL RFEINAT5 R HTTR,
i MC 7E 0 mT < |B| < 6 m'T 95 P 32 30 4 )
MR S KL 2(b) IR, #eFR MC 7E/Mi
Y By N +6 mT I B W2k, i it et A
PR 4 R 1) XU AL T8 22, 2 Alq, g fF
FHT BRI T AT 72 DA U T AU 2 H B B (R A
AR, AEARU SRR S IR S Jm EA TN, PRI 4R
R U LT AL 2) TQI O B el . A 25 30 3
HL 0l B SR TE R M A, HARSUETEAE T
W rFY 588 % (WL mT BJLE mT)R,
AL 2(b) PRI SL SN 6.8 mT, Joik & A:fift
2. 3) E AR (singlet exciton fission, SF),
1 Alqgs BURGEF i B S A = 2R R B L 43
H Eg =28eV, By = 2.0 eV AEgp IR/NR L
KA SF . 4) -2 SO AR 291, R 728 9%
XITE PP BRI AP A RS, 20 5 REME I BIRY
S AERSMNINRE Y B A RS A BLAE A
ARG By B By = B + By, o By IR
SR 20 L R R A

H = gug(Sy By jor + Sp Bg fot)5 (1)

Hrp g Rtk 71 g N+, up RRBIRHET, o
TR T, BRARE I, SFRAREI T ATERST,
HLF A ES 25 X A ERE By "R 5t 5,
Byt SR AN ], S5 R HE -2 XWTE ST S
T TSR (R ATESHIRS). X450
WG, By, Fedl KA+ A Teny ks, ffifs
HL P25 7 S — T AL IR, #63%|B| > 6 mT
J& , AN s TGRS By, HLFR1ZS SUFE
Bio T B 500 T —E, DT S -
227N S — TFE AL, i b S 838 41 MC 78
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a — Li it
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© & &
< y e
E 10t o o | (eee:i—eee
= SC ) 3PP, | - .
> Scattering /~ @
= e o~ AFE )
T | T L =R AL S
g 1C nt densit, k, 4 . . \‘ o
5 Nurru_] ensity s 3PP _ -Dissociation
- o weighting ) \ F—— @
g 10-1F Intercept —1.98251 £ 0.06 S -
I Slope 0.31247 + 0 A kr
= *) Residual sum of Sq  1.43775 k
5 Pearson’s r 0.98745 scat q+T
10-2¢ @ A Sawre Oorass —|-+-|"_ keon [k
j. R-Square 9745 col s
- - P - s TF(LT) T+q >y gtet+h
3 6 9 12 15 L ] (T'+-@)i \ kguen
Voltage/V So a+5o

Bl 2 W EE 4 RN (a) 3—5 VIEY MCHE (8 Rl 4), MEL(& R M14); (b) 3 VA 0 mT < |B| < 50 mT i {4
MC £ (c) FL L% B - R ML 25 (d) YRR BIOM AL ) s o7 S B e TF(LT) Rm AR S PRI e A = - =R WT
WK g AT AE MR 2E; Sy AL PP FISPP 2305l 4 A S AL T A Z RS T 5 heon 29 = ZR ST 1 HL AT A8 Y
AT HG Kocars Faisss Fquen 730 A FHCET 0T | AFF 125 30 1 1 VS 20 300 L 11 300 46 5 0.

Fig. 2. Magneto-effect of device 4 at room temperature: (a) MC (blue curve) and MEL (green curve) at 3—5 V; (b) the MC curve
within the scope of 0 mT < |B| < 50 mT at 3 V; (c) linear fitting curve of current density-voltage; (d) reaction principle of internal
microscopic mechanism. TF(LT) represents the triplet-triplet exciton annihilation process at low temperature. ¢ is the charge. AE is

the energy range. S; is the ground state. 'PP and *PP are singlet polaron and triplet polaron respectively. k. is the rate constant

at which triplet exciton and charge meet. kyaq, Kgiss and Kgyen

quenching channel, respectively.

+6 mT H BLan B B9 “Wr 2 d: BT Bl R 3 R =
3V UL, Mgz ks (6 mT<|B]<40 mT),
WK 2(a) B, MC £ LT+, HAR S HE. 2
BT ANEL 2(c) FIE A 4 0 i g 2 - v et 26
LA HBRERPR/NT 2, R A R 2 8] H fay B i
Jit (space-charge-limited, SCLC)PS! it B 2% /4 A~
JEEAZIR. HAT-CN/NPB 5T X 5 5 4k
Tt A HL T T A B R 0y, L AR 25 [ Ha £
RR | A2 #4298 HAT-CON #2857 ARCR. 1
Bl 2(d), MEAMBMERE TR, THTFS5A
FH iy AR K L R 1438 20 i R AL -, 38
TR R AR AL R 38 0 B FR il A% B, X R A
T 25 B MBI AR, 72 A
JN: =SS O S R LA R
239X, MR 100 ) ik 5 3 8 P R 4, LT 2
FEWAREREAR, FEAR M 4 WL TR >,

are the rate constants of scattering channel, dissociation channel and

MC M FEREIATE I (6 mT<|B|<40 mT) A
H. Bk TQIALHIS A SEIGEE R, ol I =&
AT e i A JE AL A5 ASRAIE (29);

H=gugB-S+DS?+B(S2-52), (2

Hop SR BT A RFEAT; S, S,y S, AAFTT
] A BEIRAS; 55— TR AN R 2 2 03
ZUHEAEH], HARWH IR T X5, DM E 2%
B ROV AR AR, 18 Algg ', DG
TR ABBON |E| ~ 0.011 e~ (RN #EH L K
12 mT) il |D|~0.063 cm= (M B fEHZ1 M 68 mT)BO,
T T IR S B RIS T8 2L, BE 5
AN, TR SRR S R0 MC TZR Y
&I, BT 40 mT < |B| < 350 mT jufE, MC
2w T, RAMmMZE 2W T A AREK
18 7555 B 1 SR e S, RSN TR ARG )
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HRA R D T B X B R 38 RO, B
IRHLAT RS, A MG S A R LT 52 3 1 T
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Fig. 3. MC experimental curves and fitting curves of (a)—(d) devices 1—4 when the bias voltage is 6 V; (a)—(c) illustrations are the

structure and energy level diagrams of devices 1—3 respectively.
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Carrier ladder effect regulated dissociation and scattering of
triplet excitons in OLED"
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Xu Shuang Peng Ke-Ao  Niu Lian-Bin*

(Chongqing Key Laboratory of Optical Engineering, Chongqing Key Laboratory of Optoelectronic Functional Materials, College of
Physics and FElectronic Engineering, Chongqing Normal University, Chongging 400715, China)

( Received 24 May 2023; revised manuscript received 28 July 2023 )

Abstract

Triplet exciton-charge interaction (TQI) has two forms: dissociation and scattering, However, it is still
unclear how the hole injection layer affects the dissociation and scattering of triplet excition and the transition
between positive and negative values of magneto-conductance (MC). In this paper, HAT-CN, which can
produce carrier ladder effect, is used as hole injection layer (HIL), and magnetic effect is used as a tool to study
it. The results show that there are three characteristic magnetic fields in the device: hyperfine, dissociation and
scattering, which are verified by fitting the MC with Lorentzian and non-Lorentzian functions. The hyperfine
characteristic magnetic field results from the magnetic field suppressing superfine field-induced charge-spin
mixing. With the enhancement of magnetic field, hole injection layer/hole transport layer interface produces
carrier ladder effect, which improves the hole injection efficiency. The triplet excitions are separated by the
hole, then the secondary carriers are produced, which makes the device’s luminous brightness and efficiency
reach to 43210 ¢cd/m? and 9.8 cd/A, respectively. The carrier ladder effect will also lead to a large accumulation
of injected charges, resulting in the scattering of charge carriers by triplet excition, thereby reducing their
mobility, which is not conducive to the formation of excited states nor device luminescence. The MC is
modulated by Kg/Kp (recombination rate ratio), and when the electric field is small Ks>> Kr, the
recombination ratio is relatively large, resulting in positive MC. With the increase of electric field Ks ~ Kt = K ,
Ky/ Kt approaches 1 at this time, resulting in an MC, which is negative in a low temperature environment. This

work provides a novel approach for regulating and effectively utilizing triplet excitons.
Keywords: HAT-CN, organic light-emitting diode, hole injection layer, magnetic conductivity
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