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Alq;/HAT-CN & FE B EUA LR 4R
A FIRAENEIERR

EFH (BT HE TR KE— HE
U BWE FE!

(B DRI R B 7 TR B, BTG DI REARL B L0 %, IR 401331)
(2023 4E 6 H 12 HUk#; 2023 4£ 8 A 1 HikZIEUR)

ZEA P L LA (organic electroluminescent device, OLED) R % iy 1 F B 3 200K i A4 s B 1R
ZRTE. ASCR I Alqs/HAT-CN A Hh 1] 45 )2 il # 1 XUOEHI0E 2 OLED, Xt Hoi it 4 RE A i1 i 4
MLRIR ST . G5 5R %, 76 80 mA /em?2 L B E T, & )2 OLED M55 (11189.86 cd/m?) FIRLH (13.85 cd/A) ik
BT HREHIT OLED (525 AR 435 4007.14 ¢d/m? F15.00 cd/A) 19 2.7 £5. HE =\ T, #iH15E AL FXT
M R A8 i (intersystem crossing, ISC), ¥ = T A F (triplet exciton, T,) ¥R, 1 78 f ff S0, fE MG
&t (magneto-electroluminescence, MEL) 1 i 37 & 33 38 fin A =5 1 37 28 18 7+, 24 & % ML, Alqs/HAT-
CN 2R E S/, S8 T, 58 M K (triplet-charge annihilation, TQA) 855, 2 {#f MEL L F1ig
B B /0N B R R B K, Ty MR T TQA 5817 ISC 55 . MR, MLl 55, Ty W R K, fff Ty 8 K
(triplet-triplet annihilation, TTA) 3458 . P b, 38 o 2048 v A H 3 AR BE v R 4 T i vk B, 3F i 52 ﬂr] ISC,

TQA F TTA B5i8 55, T ECH #4265 207 8O A9 18
A TAEA B TR #1782 OLED KOGHLH, %R B HOG R PR fE

45| & 2 OLED & WRUR 5
AEE i A LB AL T 225

S TRV, PR, R R, = T R R

PACS: 72.80.Le, 71.35.Ji, 76.60.Jx, 78.60.Fi

HHHRECO MY (organic electroluminescent
device, OLED) Pk B %0 ARAEHD | H 580 | 24K
SEAL AR, B2 N T Al A B 4 iﬂil A,
{H,Z, OLED fER—Fh M i ak s iy e, HLose BE bl
Eﬁyluﬂﬁi‘ﬁﬁﬁi‘jﬁ SRS KA LR 237 A B Y
PR IO LAS PR R 756 -7 DR, Anfel e
556 FRL D2 2 4[] IR 418 g 4 28 B2 B OLED A
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G AU ) ] B2 — . 2003 4, Matsumoto 4 8
WA LA A GER DT i v ] i 4 2 T S
& )Z OLED, SCBLSE MR & —1. &2

SR AR B T %58 OLED i
471 R RIT L I8 A58 R A A 4 [ A (79— 141,

1% T % /& OLED TEREH s HI4R ST, 1EAE 2
X RN TR S, 2017 4F, Liu 55 19 @ i JF
IR SCIRER AR ) AR BE R LiF /Al/Cg/rubrene:
MoO; JEHEJZFEAT /00T, 55 Wil A Al BERE [
R I AT 3 2 R T AR . XA
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AT 7 R Z AR )2, SEE K
SRR S RE Y3 5. 2020 4F, Yuan 457
X HAT-CN/TAPC - 1 A AL 5 [t 25 1% 4 2 ik
7058, H1T HAT-CN/TAPC ({5 45 5 1 AR
=i R Tl i S W B S PR N e NN N
HL A2 XA T LU, 2 T &2 OLED K
AR, 2022 4F, Wei 45 M 38 i 541G T RETE XT Li:
Bphen/HAT-CN/TPBi 1Y & 5% 42 )2 MEAT 0F 52,
BRI 2 A R B AL i R AR R R
ICEE; I H X ot 7REIERW] Li 4848 Bphen
T & JR-A LA S P ZRERT ILAHLIL S 4s i,
S s FE I AR e AR DA B DAl i IR A R
fiE LA K B8 335 %) 3% £2 )2 AT LB AR 5T, IF X & 2
OLED MEREM 42 TH#EAT T M e (Hik = MR [H)EE
i (intersystem crossing, ISC) 1 =5 25 Hi fay i
K (triplet-charger annihilation, TQA) % PN &R 1
MALHI S B2 OLED #4284 5 14 B PR A
A IS

7E OLED H, WL 7 H1 =S sy i A e A &0
AN ETE BT S O AR, JEDeE s E 20k
PERE SRR F AR, Bl 7S IEA IR Z
(] AL S ORI 3R # & 4%, 2003 4, Kalinowski
55 9] R fEJ2 )22 OLED HlsR IR i B4 . B
Je AR AT T & I, RSB0 AT AE Ry — R R s A
FR O AIL i ) 4 22X T o181 HORT A SR
ISCI, Jz Z& [B] 4 (reverse intersystem crossing,
RISC)[8, TQAM! | FAE AP FZ4AF (singlet fission,
STT)R0, = A F% K (triplet-triplet annihi-
lation, TTA)P! ZEHL L.

HAT-CN(1, 4, 5, 8, 9, 11-Hexaazatriphenylene-
hexacarbonitrile) 7E7] WG F P T, BAT i
BH R SR HE 5 5 25 T ACRE 9022281l T AR
R ERACA 5 7 FH1iE (lowest unoccupied mole-
cular orbital, LUMO) REZ I HYHIFR (4.2 eV),
JIT AR 2S by e 32 ok 1A AR B e o5 U8 43 LA
(highest occupied molecular orbital, HOMO) ft
Gy HL T, DT A R 7 A H A L PR, AR S
VL Algy (Tris-(8-hydroxyquinolinato)aluminum)/
HAT-CN i £2 2 il % 17 4544 2y ITO/MoO;/
NPB(N, N-Bis(naphthalen-1-y1)-N, N-bis(phenyl)
benzidine)/Alqs/LiF /Alqs/HAT-CN/MoO;/NPB/
Alq;/LiF /Al & )2 OLED. HOtHMERE BoR, 76
L 2% B2 R 80 mA Jem? B, AH X F B8R L B T

OLED (%5 (4007.14 cd/m?2) FIZ& (5.00 cd/A)),
%% ) OLED M9 5% & (11189.86 cd/m?) Fl &L %
(13.85 cd/A) $ 5 2.7 1%, F W] Alg;/HAT-CN J2&
FRU SRR . IR HE R R R, DA
KON Ry EEARRSE vk, R T & 6 HIT OLED
& JZ OLED 1Y #% Ha 3 % )t (magneto-electro-
luminescence, MEL) F1#% FL 5 (magneto-conduc-
tance, MC) 14k, Z5REW, FEFW T, i f &k
) MEL ih£k th TR 75 SRR A 2 AR (hy-
perfine interaction, HFT) ., # Ak X} 8] & 4= 19 1SC
5l MEL X#3 (|B| < 25 mT) P b I 2224,
&Y (|B| > 25 mT) Bf MEL i1 L7, &
U5 T 1 3 W = H T (triplet exciton,
T,) ST A& ARUERN (TQA) S22

AN G, W8 ISC A TQA A FF
PERAR YRR, TR ALY S T, WRE
A OG, JE a AR A H G RITR B R T VR
PEMIRZ 1SC, TQA F1 TTA KI5RES, 451 E 5
PFh T B R CH BE S (singlet exciton,
S)) Bl 1Ak, HeZas S )7 OLED M5 B FLE
R .

2 ABBHHEEGNE

A SCR A TTO (193 BB RS IE, LI/
TR Algs I HAT-CON YE#E42)2. B 5el &k
)t (electroluminescent, EL) HL.oC#% 144 A (H) ¥ %
Jt B0 OLED), 45#45 4 ITO/MoO,4(5 nm)/NPB
(60 nm)/Alqs(80 nm)/LiF(1 nm)/A1(120 nm); ¥
RIGHITINEZE OLED #/4 B, 4544 ITO/% 1
A~ EL $.50 (EL1) /LiF(1 nm)/Algs(10 nm) /HAT-
CN(10 nm)/%5 2 > EL 5% (EL2)/LiF(0.5 nm)/
A1(120 nm), HH Alqy/HAT-CN K 8] iE 4% 2
EL1 f1 EL2 BY25#9°5 MoOg(5 nm)/NPB(30 nm)/
Alqs(40 nm), Z5H7R EEANE 1(a) Ps.

FEi £ SR F 200, T ITO R IH A 7E A
W, e LA 2B O Hab AT ig vk . Bl
K IR ITO KM #E1T 30 min H A A0 2145
R, RIHERTIK, TOKCBEFINERAT 15 min
P AL B, S H SR T AT HE T 5 S R AL B
2% DI RE JZ 1 ) o J0) 388 5 vy L s A S ol
e 2l 28 I B A A CE AR RGIR R SE (Janis CCS
350 s) Y& 3k N, A ik AR v B R 3 R R I DR
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43 ) LR Bk &R 48 (LakeShore-643) il Keithley
2400 FEAE. T EEE 0 L ORGSO HL 1 RE
it PR-655 45O RS .

3 HERGWI
3.1 EEOLED #HHHBREE-TE-&X
R
K 1(a) R T A FIRSE B IZ5H R B,
Pl I Algy f1 HAT-CN B4y F 454, Hitp MoO,
A NPB R RS 70 A2 2 UL 2,
N TR Algs 180 &G)Z, LiF fE 8 LT

(@)

I LiF EL2
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ELL [
ITO \ ITO | |
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B1 e E A RIS OE B RS M R ol U R - 5 B - O e

AR, ITO F1 Al 73 3WE R IR AT 18] 1(b)—
(d) M RCHITTIRIE A FIER)Z R Alqs/HAT-
CN &2 B 1YL -5 - F Ui 26 T P i 5 -
5o B 5 LR RO AR E FR . K 1(b) A
K 1(c) " LA Y, IR N 80 mA /cm? i), &%
A5 BRI K518 7.96 VI 17.45 V,
SEREAY ISR 4007.14 ed/m? Fl 10410.00 cd/m?. i
2N Alqs/HAT-CN & )Z4F B (99K HL R
SEPE ST B B OG R TR A Y 2.19 £5 T 2.60
. X2 R Ry s B ek AN A ] Y B ' BT
b 4 2 FR IR AE — kS, A M AR T8 R G BT AR
A BN IR MEC TSR CHITEHT A, B2 4%
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(a) RSP I LA K Algs, HAT-CN 1943 454 ; (b) HE-22

B R 2%, A P R R - B R IR 2 (c) BRI B -2 B R 2R LA S AR S B A 1000 ed/m2 AT 15000 cd/m? [ AR BRI I (d) LR

e AR

Fig. 1. Structural diagram of device A and device B and their current density-luminance-luminance efficiency curves: (a) Structural

diagrams and molecular structures of Algz and HAT-CN; (b) voltage-luminance curves, insets shows the voltage-current density

curves; (c) current density-luminance curves and color coordinate insets at luminance of 1000 cd/m? and 15000 cd/m? (d) current

density-luminance efficiency curves.
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F B A6 210 P R BE O 55, AT i 1
TR A S . T AR L R S A%
F B () EL1 th iy (&5 ) L 2, S 3O S)
L B R T A B9, X Ui Alg;/HAT-CN
AT DU SR KO BT R ERTE — i, O HiE i 2 A
A A 1 ) P SR /N L PR . A () i 2
T B YR OERR (12.9 cd/A) R 25 F A
(5.00 cd/A) 19 2.59 £5, an&dl 1(d) Frs. Xik—
Ui Alqs/HAT-CON & 2B A 800, FATRESAE
HEAEZ A IE A Y LT RE AR A A S A
LRI AT TR A O, i ROCIR N T
BT, M H, &2 OLED @k w4, filn
M2 100015000 cd/m? f {5 A8 bR A8 4k, #
7 A M\ (0.3207, 0.5582) #3h% (0.3164, 0.5527), A
BRIIFE SN (0.0043, 0.0055), Ti#s: B M (0.3397,
0.5706) #] (0.3378, 0.5667), HA (0.0019, 0.0039)
A5, I TCIRIE o 02 y Ahn B34 AR 20l
BT A /1N (0.0024, 0.0016), HZ$E A F B 1
AR AN 1(c) W R, SfE i tERETER 1 h
JER.

3.2 Alq;/HAT-CN E#ZERNBERE~4E R
nE

FEAIE Algs/HAT-CN 3% 2 )2 WA 5ok, %
H MoOj3(5 nm)/NPB(30 nm)/Alqs(40 nm) /£ &
KNI (ELL M EL2), #il &6 TiE#E N S2
OLED. H:45# % ITO/EL1/LiF (1 nm) /] 3% 4
JZ /EL2/LiF(0.5 nm)/A1(120 nm), a4 32
2 o #: )2, Algs(10 nm), HAT-CN(10 nm),
Algs (10 nm)/HAT-CN (10 nm), Al (3 nm)/Alqs

(10 nm)/HAT-CN (10 nm) #1 Algs(10 nm)/HAT-
CN(10 nm)/TAPC(5 nm) Wy & F C—H, & 2 K
AR BB A . K] 3(e) MR ICHITARE A F
B2 C—H BH— L BUOGEIE R 8
1 B FestE F a5t ErhR BoRasE B. Kl 3(e)
BoREHE A P AIEIEN 516 nm, 5 3CHR [25] H Y
Alqs &GN —F. # i C—H 1Y &GN 73
1 536, 540, 532, 528, 544, 528 nm, K EHEE NS
JZ OLED 5 & &I kAR 3 M i
F B8N T BB G AR AR A A T2 RS 125:260,

] 3(£) Ay FEL I % B8 - H R 1R BURT 45 8], HGrEL I
% BN i Mott-Gurney 232X #744 C—H #£47
?y\% [27.28]:

2
J = gereo,u%, (1)

Hrpr JHRE R, e AL eo v H A
IHER dNTHERE, E Y, p bR E
3. K ITO FKRIH I HE TR R AT Bk ER
RERIETOF MY, Bk, IR H EPuE, W H Poole-
Frenkel A0 IR:

u(E) = poexp (BVE) . 2)

Horb po HEGINEI TR, BN Poole-Frenkel

FAC AR (1) A (2) AT RN O Y HL R R
ik

J = gereouoEg exp (—0.895@) . (3)

Kl 3() s ithZerh 3 FRA-Aa s 1) MRz ik

[X. (Ohmic); 2) 5[] HL A FR A FLIA X (space charge

limited current, SCLC); 3) FgBHFIE 7811425 [8] H fr iR

F 1 BROCHITHE A AEEZEN Algy/HAT-ON &2 8 B, LAEARIEEREME R4 C—H rotHkRE

Table 1.

Photovoltaic performance of single EL unit device A, tandem device B with Alq;/HAT-CN as the interconnect

layers, and tandem devices C—H with different interconnect layers.

Device Voltage,, /V Voltage/V Luminance/(cd-m~2) Luminance efficiency/(cd-A~1)
J30 Max Jso Max Jzo
A 4.09 7.96 36640 4007.14 5.53 5.00
B 7.65 17.45 21710 10410.00 13.28 12.92
C 4.05 11.73 15200 3353.27 5.29 4.19
D 9.38 18.39 12080 5494.57 9.00 6.84
E 5.43 17.94 9181 3072.57 4.23 3.84
F 7.89 15.32 26420 11189.86 15.35 13.85
G 8.25 18.20 14530 6039.05 8.79 7.54
H 6.76 12.54 13630 6340.97 8.22 7.91

e BRI, Joo BRI SR A 80 mA e, AR B I HUE; MaxBi 5 Z R A0 S 1 o (H.
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S Al
2.4
3.1
ITO NPB //' \:
Alqs
4.8 i ,79’
5.5 =
5.8

H ]
| R

B 2 AFEEEE (LE#EE, Alg;, HAT-CN, Alq;/HAT-CN, Al/Alqs/HAT-CN, Alq;/HAT-CN/TAPC) By #1F C—H A% 4514

P, H A R TREF (eV)

Fig. 2. Energy level structure of device C—H with differ interconnect layer (without interconnect layer, Alqs, HAT-CN, Alq;/HAT-
CN, Al/Alq3/HAT-CN, Alqs/HAT-CN/TAPC), unit is electron volts (eV).

N
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. . - o
- g 10 g 9 |
< < 100F H!
3 E :
N @ = 107'f
& = ) L s '
qc:) = g 1072 F Ohmic |
k3] e S 1073F SCLC g4 $D
£ 5 ToouE P
) 3 = 104 . Frn o
@ o
g ) = E 10-5F o TF-SCLC
< o 5 C
s Q 10-6 Lo . \
g ! ’ . ! . 0 0.1 1 10
E) 20 40 60 80 100 400 500 600 700 800
= Voltage/V

Current density/(mA-cm~2) Wavelength/nm

B3 RHAEZZNEZOLED ##F C—H (L& #)Z, HAT-CN, Alqs/HAT-CN, Al/Alqs/HAT-CN Fl Alq; /HAT-CN/TAPC)
BOCHERE (o) HUR-HUBREBEMIZL; (b) B E-S2 B ML (o) HUBE BE- SR B2 ; (d) M8 - ROCRUCRINEL; (e) H—4L EL
T () 0 C—H R -HL i 2 BE XU Bt 2 14 (R @S 105 T 2k)

Fig. 3. Optoelectronic properties of tandem OLED devices C—H (without interconnect layer, HAT-CN, Alqs/HAT-CN, Al/Alqs/
HAT-CN and Alq;/HAT-CN/TAPC) with different interconnect layers: (a) Voltage-current density curves; (b) voltage-luminance
curves; (c¢) current density-luminance curves; (d) current density-luminance efficiency curves; (e) normalized EL spectra; (f) the

double logarithmic curves of voltage-current density of device C—H (black for fitting curve).

| FLEIX. (trap-filled space charge limited current,
TF-SCLC). & 3(c) F1IE 3(d) A# C—H Ay
WS DA R RO CRR IR SR, A L
80 mA fem? B}, #4F C, E 5241510 3353.27,
3072.59 cd/m?, B HR 4.19, 3.84 cd/A, Has
PEMERE R 25 XM FAHF CH EFEH R/ T
3 VM A SCLC(J o V?2), MAEHE 3V L E

h TF-SCLC(J V™ , m FmatR, HAEN 2--10).
R B i 3R, e B R S 22, S8
FERTERERSZE. HIF 3(a) FIE 3(b) B7R, #34F E
PERERR2E, e E R T C, X FERZ
)4 R . FER 4 E b, HAT-ON BAT30R
) LUMO Be%t, BA KA FoE M Iy, mTL
Ml P AR LT {H MoOy (2 HAT-CN) 5 LiF
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AR R T3 22, PR E 76T R R
TIE AR R £ . i#sff C fE KB IE T FBE
B s, Bl E E RS ERK, i EL2 h
LS O AT IS PA, 88 G 1 (B
AR, AR OG5 FE FBCR IS AR, X FIAA
[FEHREZ T D, G fTH, 7€ 80 mA /cm? HL%
JET, #vF 58 BE R4 5494.57, 6039.05,
6340.97 cd/m?2 Fl 6.84, 7.54, 7.91 cd/A, EPAEE
B0 OLED 19 1.37, 1.51, 1.58 {411 1.37, 1.51, 1.58
5. XM Alqs, Al/Alqs/HAT-CN fl Alqs/HAT-
CN/TAPC ¥ A RGERZ.

AR, FEARCE D i ke SR Bl L 2 B
KICHIT OLED 1Y 2.31 i, {H2 R FIRCRA 2%
7 A 1.37 £, XTRT Algy (5 HOMO FI MoO, fY
HOMO BEZAHIZIT, A Algy J5 nlKE AL =4
)L AR 2 ELL Hr, {200 884 00 A 5 BE A Ak
RET A A EIIA Alg, BURSELE 6 V LI
L SRR i, 7E KT 6 'V A HL R X EH T R B
W%, F38 TF-SCLC WL, fe 258 a4 i ok
SR, AR D SRRSO HA SR A B
1.37 5. fEg8F G A H rhg| A ALFI TAPC Pifbt
#15 Algs/HAT-CN 4 % $2 )2 . Al/Alqs/HAT-
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Fig. 4. The MEL, MC curves of single EL unit device A and tandem OLED device B at different current: (a) MEL curves of device A;
(b) MEL curves of device B; (¢) MEL;yr and MELypg; (d) MC curves of device A; (e) MC curves of device B; (f) MCypp and
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Fig. 5. The MEL and MC curves of different interconnect layer tandem OLED devices D, F—H (Algs, Alqs/HAT-CN, Al/Alqs/
HAT-CN and Alq;/HAT-CN/TAPC) at room temperature, and the variation of MEL;pp and MELypg with current: (a) MEL

curves; (b) MC curves; (¢) MELypg of the current variation; (d) MELgpg of the current variation.
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Abstract

Tandem organic electroluminescent devices (OLEDs) have attracted widespread attention due to their long
lifetime and high current efficiency. In this study, a double-emitting unit tandem OLED is fabricated by using
Algs/HAT-CN as an interconnect layer. Its photovoltaic properties and exciton regulation mechanism are
investigated. The results show that the luminance (11189.86 cd/m?) and efficiency (13.85 cd/A) of the tandem
OLED reaches 2.7 times that of the single electroluminescent (EL) unit OLED (luminance and efficiency of
4007.14 cd/m? and 5.00 cd/A, respectively) at a current density of 80 mA /cm? This proves that the Alq;/HAT-
CN is an efficient interconnect layer. At room temperature, the polaron pair undergoes intersystem crossing
(ISC) due to hyperfine interaction (HFI) when a magnetic field is applied to the device. This increases the
concentration of the triplet excitons (T;), thus promoting the charge scattering. The result is a rapid increase in
the low magnetic field and a slow increase in the high magnetic field of the MEL. When the injection current
strength is constant, there is less uncompounded charge in the Alqs/HAT-CN device than in other connected
layer devices. Triplet-charge annihilation (TQA) is weak, resulting in a relative increase in the value of T,
which is not involved in the TQA. This suppresses the ISC and leads to a minimal increase in the MEL. As the
current strength increases, the T; value increases, causing TQA to increase and ISC to decrease. Since the TQA
is related to charge and T, value, lowering the temperature reduces the carrier mobility in the device, resulting
in the relative decreasing of charge concentration and the weakening of TQA. Lowering the temperature reduces
the quenching of thermal phonons and increases the T; value while extending its lifetime, resulting in the
enhancement of triplet-triplet annihilation (TTA). At low temperatures, the high magnetic field shape of the
MEL changes from slowly increasing to rapidly decreasing. Therefore, the T, value can be regulated by varying
the current strength and temperature, which further affects the strength of ISC, TQA and TTA, and the
luminescence and efficiency of the device can be effectively improved by reducing TQA and ISC. This work is of
great significance in understanding the luminescence mechanism of small molecule tandem devices and studying

the mechanism for improving their photovoltaic properties.

Keywords: tandem organic electroluminescent device, interconnect layer, intersystem crossing, triplet-charge

annihilation
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