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Abstract: Ultra-low voltage organic light-emitting diodes (OLEDs) can be fabricated using triplet triplet annihila-
tion (TTA) up-conversion organic luminescent materials, which provides the possibility for the realization of high-
power efficiency OLEDs. However, the working mechanism of such devices still needs further research. In this pa-
per, we fabricated Rubrene/C70 orange and m-MTDATA/PIAnCN blue OLEDs, and studied their electrolumines-
cence (EL) performances. It can be seen that both devices have achieved ultra-low turn-on voltages, with the orange
device reaching a turn-on voltage of 1 V and the blue device as low as 2 V. Experimental researches have shown that
due to the large barrier between the two organic layers, an exciplex is first formed at the interface during the EL pro-
cesses. Subsequently, the exciton energy is transferred to the triplet levels of Rubrene and PIAnCN, ultimately lead-
ing to TTA up-conversion emission of the two molecules. The EL processes can be experimentally verified from the nonlin-
ear relationship between luminance and current density at different current densities, i. e. at low current densities,

luminance is proportional to the square of the current density; while at high current densities, luminance increases
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linearly with the increase in current density. By establishing an exciton dynamics model, the EL process is further

proven, providing a physical basis for exploring the mechanism of low-turn-on TTA up-conversion OLEDs.

Keywords: low-turn-on; organic light-emitting diodes ; triplet-triplet annihilation up-conversion; exciplex
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Fig.2 EL characteristics of low-turn-on orange TTA up-conversion OLEDs. (a) J-L-V characteristics. (b) EL spectrum at 0.9 V
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Fig.3 EL characteristics of low-turn-on blue TTA up-conversion OLEDs. (a) J-L-V characteristics. (b) EL spectra at different

voltages over turn-on voltage

B4zt TR ERSEIEZ LAY L-J
Ferhi . T DUFE 2, 5o 5 el il 4 5 1t B
KEZHBRN L 14,00 U5 T 10 e LR
N, 58 I B F U AR A N, O el T
JET SRR E A . N 3(a) T LI B, %

10°F

—_

(=}
<]
T

Slope=1.14

Luminance/(cd+m™2)
S

10() L

1 1 1 1
0.1 1 10 100

Current density/(mA «cm™)
Kl4  JFJE ol i 2.2 V A9 IRTF IS HL R B8 06 TTA B Fe i
OLED F - Ji - it U 2% JiE R 1
Fig.4 L-J characteristic of low-turn-on blue TTA up-conver-

sion OLEDs over turn-on of 2.2 V

B MR T 2 VAR ER B8 A6k 4, B 5(a)
BT F2VHEEFMELSHE ., "TUES,E
1.85 VHLE T E &kl 8 T2 AW Lt
W, Il RS B TS 1 WO R G U, HLRE % L TR
1935 A0 T, 6 R OGO E G W kOt
U B R BB L 7E 2 VI RO B ROk HOOT IR &
B FL R i /N T AR B PIANCN A1 B AT 3 34 19 i
(2.77V). BIS(b) &I TART 2 VKT #64%
PR L-J R PR 4, R 1,83, 1L B4 T 2,
LA B, WO & 1 00 52 B 5 H It % R 2 ) A 5
BT ARG AR L OC AR L 2 MUY TTA e %
SEHFEAE . X E K, m-MTDATA/PIAnCN ¥ 5
OLEDs Ik Ja e Fe et 2 h THOE Z AW e
BRI TTA b4 A 45 21 .
3.3 BFHhHhESW

X T TTA b %4 5, H 5 Ry 1 2 o J2 X2
SrFARL MR EL &G f . b T X B R R A
W6 TTA 5 4 OLEDs i EL 45 PEA 5 I A 1Y 2



1506 % )6 2 Eitd %47 %
(a) (b)
T —170V 10°F
: —1.80V
—185V
= 08 —190V
2 —195V
5 ——200V 2 10°F
E 06 =
~ o0
g £
5 E
< . (=}
% 0-4 = 104k Slope=1.83
~
02F /\/\v
0 L I L L 10°k L !
400 500 600 700 10 10°!

A/nm

Current density/(mA «cm™)

El5  (a)JF iR T 2.2 V BRIF A AR 6 TTA %% OLED A A EUR G635 R (b) R It 25 32 - A R R 1k
Fig.5 (a)EL spectra at different voltages and (b) L-J characteristic of low-turn-on blue TTA up-conversion OLEDs below turn-

onof 2.2V
fi BATEESE T T s e i R
Bl 625 th TG DE TTA E# 4% OLEDs
AT A R b R IORR A A ) R e B
L fof %% #% (Charge transfer, CT)JE 09, Kl I CT &
WFBECT . 2B FHE[T]MALEY
T % B[S TR u o B AT DL R B B R 5 R Ok
R
dier] _a(J)J _

k[CT] - kelCT], (1)

di qd
% - k"'[CT] - kT[T] _fkTTA[T]Za (2)
d[S]

TszTTA[T]Z_km[s]_kr[s]’ (3)

1T CT 25 307 2547 09 97 1k i e 2 08 By 7
AR N TR, A ICTHURR CT &5 1 LA S
WS =AW TEE ko MUEHALES =
LS WT R Y BRAT 0 A S BR O A SRR R, T
LR, o (J) O L 528 X P R, g T
B, d NI A X SEE SO TTA 1§ 4
R PIAS RSB T e R R — A R ST
AIRE A b kKo hor 2 ke 230278 CT 28 =58

25% | 5%
ISC %
S TET

s, .—}‘ L0( +TTA I I .
— 1

l hv hv
S, 3

Exciplex TTA up-conversion molecule

K6 IRTT A FL R A 6 AT €3 TTA E %40 OLED FY 7 i8
fid o m A
Fig.6  Schematic diagram of exciton evolution processes of low-

turn-on organic and blue TTA up-conversion OLEDs

W T TTA 43 F = 26 8 0 1 1% 3% 1 % o 8.
TTA 73 F HL 28 25 B+ 4 S BR AT A9 10 48 1 40 TTA
O3 F LA BT JCHR 5 BR AT 1) TR H B TTA 43
T EERBWM TR T2 A R UL & TTA
B A o R A TR R
X iRy B E TR A R, B A (D) AT LA
F CTAWFHEMREA N
alJ)J
Ler] =<ku+Fkl»qd’
A (3) AT LAAS 2 TTA 43 1 b B2 508 1%
2k

(4)

_ fkTTA[T]Z
[s]= k, +k (5)

FFAR(2), T TTA b3 5 72 2 — A4 XU
Tt R DR A SR i = R A5 0T 4 AT LA IR
HL T R R 5 L R A S LY R AT R Ak
Ab T

FEAG L % B R TTA b6 34r 7 1 — 2%
BT HEERM, SRR TR B,
TTAF R ERNTE D, SABMTEEBRME
FRAAGHHSFREASR. Bk, A (2)F
R TTA X4 7o B2 09 W I3 m] L Z0m otk Bt
SR T EEN AN

[r]= 2L (6)
TR B T L TTA L3684 T L =45 i

F R OR I O TTA XUy F b 88, B A
B 50y 15245 i B T LB 2200 I = 2 ST
E SR SN WA

(1) |

wer)”

ﬂTT,\



5 8 ]

LA, & WEE SRR RRE 58 TTA ¥ OLEDs 1T 3 71 2% 53 B B AL 2R3 1507

R IR T 145 5 4 2 25 5 1 5 005 1 1
FEIT I H T 5 AR (4) 5 AR (6) 1R A

AR (), 7T LN E)
] mbila()T

(k. + k)krg*d* (k, + k)
EEmBREET , HAXDE5AXMRAL
K (5), T LI
ka(])

[s]= b+ b )k, + hopdgd
X (8)F(9) fron , H R E i ¥4 w4, wI LA
FELAEMAEREET , AEASMTHE SHINE
FE I R T W IE HE 5 1 7E R LU R PR SR
TS R B — 7 BLIE B . #F OLEDs
OEL R S A ST MR RE L, ik, ]
IS 2 851 EL 38 B 5 W 0 %5 FE I G &R - R
R Lo fEm IR BN, Loc ], Be AR 4T 1
ST IRATT A RS A TTA 5 ¥ OLEDs
HELME S ENBERETRXR TR T
TTA b5 OLEDs I 52 F H (1 P B U8 .

4 % ®»

L (8)

(9)

ARSCR T RA TTA b7 £ 1Y Rubrene
JEAT ML & G EHRT PIANCN 3 Y645 #L & D6 44 il

Z F X #:

# T AR S 2 R B9 OLEDs, 8 55 1 R 23 9K &2
1L V2.2 Vo EL &GS FI5E FE -H it %5 52 R 1k
SERTE R R SR ELE S T E S
TTA 540 08 i K L RSt B 7R T 28 AR
Ja e BRAL S o E ST BT B 1 2R AR G b
WA AR 1 - R R M O R AR
TR LT 52 5 H W% B Y R 7 BLE B 5 T AR
o HL I BN B A R A I G R £k
R UE W] T S 45 R, AR E 58 TTA b 4% i
OLEDs 4 AL il %35 F1 44 BT 4 4 i 7 B4R 95 .
SR, AT LA B, 8 T S B TTA b %5 # % tid fe
il %5 193X 25 OLEDs il % >k JHAE 8 2% TTA I % 4
WORME R K62 T TTA b5 b R e W T
1) 2 B T SR AR AR, T BORSF 1 8RR 5
Ko ARk BT A s AL AR E 1 TTA %%
A5 AL K A R B L E 2 ) A2 A Rk L AT A%
R A% e R PR Y AR L R TTA F %% 40 OLEDs,
3 TTA I ¥ OLEDs i & J&& FL i, JL H X T
8 I HL R 5 O OLEDs 19 & J'é S H 78 i3 AL i 7 i
HECBH 50 1 1o G B HL A T S

A3 G R L B A el SN R B
http://cjl.lightpublishing.cn/thesisDetails#10.37188/
CJL.20260077

[ 1 ] TANGCW, VANSLYKE S A. Organic electroluminescent diodes [ J]. Appl. Phys. Lett. , 1987, 51(12): 913-915.
[ 2 ] FORRESTSR. Organic Electronics: Foundations to Applications [M]. Oxford: Oxford University Press, 2020.
[ 3 ] HONG G, GAN X M, LEONHARDT C, et al. A brief history of OLEDs—emitter development and industry milestones [T].

Adv. Mater. , 2021, 33(9): 2005630.

[ 4 ] WANG Q, MA D G. Management of charges and excitons for high-performance white organic light-emitting diodes [J].

Chem. Soc. Rev. , 2010, 39(7): 2387.

[ 5 ] FORREST S R, ARNESON C, ZHAO H N. Perspective: OLED displays singing with the blues [J]. Adv. Mater. ,

2026, 38(10): €19327.

[6 )]s, LR, KRAX, F. SOMAEAIIOCTHRIBIRHERE [T, &5 25, 2023, 38(4): 432-447.
XU M X, LIUS H, ZHANG L T, et al. Research progress in high colour purity organic light emitting devices [J]. Chin.

J. Lig. Cryst. Disp. , 2023, 38(4): 432-447. (in Chinese)

[ 7 ] FUKAGAWA H, SASAKI T, OKADA T, et al. Interface engineering for low-voltage operation of organic light-emitting
diodes [J]. Appl. Phys. Rev. , 2025, 12(1): 011338.

[ 8 ] YERSIN H. Triplet emitters for OLED applications. mechanisms of exciton trapping and control of emission properties [ M].
YERSIN H. Transition Metal and Rare Earth Compounds Il : Excited States, Transitions, Interactions. Berlin: Springer,
2004: 1-26.

[ 9 ] PANDEY A K, NUNZI J M. Rubrene/fullerene heterostructures with a half-gap electroluminescence threshold and large
photovoltage [J]. Adv. Mater. , 2007, 19(21): 3613-3617.


http://cjl.lightpublishing.cn/thesisDetails#10.37188/
CJL.20260077

1508 x Jt 2% Eivd %475

[ 10 ] SASABE H, NAKANISHI H, WATANABE Y, et al. Extremely low operating voltage green phosphorescent organic light-
emitting devices [J1]. Adv. Funct. Mater. , 2013, 23(44): 5550-5555.

[ 11 ] XIANG C Y, PENG C, CHEN Y, et al. Origin of sub-bandgap electroluminescence in organic light-emitting diodes [ J].
Small, 2015, 11: 5439-5443.

[ 12 ] SALEHI A, DONG C, SHIN D H, et al. Realization of high-efficiency fluorescent organic light-emitting diodes with low
driving voltage [J]. Nat. Commun. , 2019, 10: 2305.

[ 13 ] VASILOPOULOU M, MOHD YUSOFF A RBIN, DABOCZI M, et al. High efficiency blue organic light-emitting diodes
with below-bandgap electroluminescence [J]. Nat. Commun. , 2021, 12: 4868.

[14 ] LIAN Y X, LAN D C, XING SY, et al. Ultralow-voltage operation of light-emitting diodes [J]. Nat. Commun. , 2022,
13: 3845.

[15] IZAWA S, MORIMOTO M, FUJIMOTO K, et al. Blue organic light-emitting diode with a turn-on voltage of 1.47 V [J].
Nat. Commun. , 2023, 14: 5494.

[16 ] SHUI Q J, IWASAKI H, NAKAHIGASHI D, et al. Narrow-band deep blue emission in organic light-emitting diode at
1.5V [J]. Adv. Opt. Mater. , 2025, 13(31): e01576.

[17] YANG Y Y, SHUI Q J, IWASAKI H, et al. White organic light-emitting diodes with extremely low turn-on voltage at
1.5V [J]. J. Mater. Chem. C, 2025, 13(33): 16963-16968.

[ 18] GONG S X, SUNSQ, SUN Q, et al. Triplet exciton energy manipulation toward low turn-on voltage and efficient fluores-
cent blue organic light-emitting diodes [J]. Appl. Phys. Lett. , 2026, 128(9): 093301.

[ 19 ] BALUSCHEV S, MITEVA T, YAKUTKIN V, et al. Up-conversion fluorescence: noncoherent excitation by sunlight [J].
Phys. Rev. Lett. , 2006, 97(14): 143903

[ 20 ] PANDEY A K, NUNZI J M. Upconversion injection in rubrene/perylene-diimide-heterostructure electroluminescent
diodes [J]. Appl. Phys. Lett. , 2007, 90(26): 263508.

[21 ] LINBY, EASLEY C J, CHEN C H, et al. Exciplex-sensitized triplet-triplet annihilation in heterojunction organic thin-
film [J]. ACS Appl. Mater. Interfaces, 2017, 9: 10963-10963.

[22 ] CHEN C H, TIERCE N T, LEUNG M K, et al. Efficient triplet-triplet annihilation upconversion in an electrolumines-
cence device with a fluorescent sensitizer and a triplet-diffusion singlet-blocking layer [J]. Adv. Mater. , 2018, 30:
1804850.

[ 23 ] KIMURA K, MIWA K, IMADA H, et al. Selective triplet exciton formation in a single molecule [J]. Nature, 2019, 570
(7760) : 210-213.

[24] QIAO X F, YUAN P S, MA D G, et al. Electrical pumped energy up-conversion: a non-linear electroluminescence pro-
cess mediated by triplet-triplet annihilation (1. Org. Eleciron. , 2017, 46: 1-6.

[ 25 ] JANKUS V, SNEDDEN E W, BRIGHT D W, et al. Energy upconversion via triplet fusion in super yellow PPV films
doped with palladium Tetraphenyltetrabenzoporphyrin: a comprehensive investigation of exciton dynamics [J]. Adw.
Funct. Mater. , 2013, 23(3): 384-393.

[26 ] PANJH, LIUW, YING L, et al. Revealing the effect of triplet-triplet annihilation up-conversion and improving the oper-
ational lifetime by exciton management in anthracene- and pyrene-based blue fluorescent OLEDs [J]. Adv. Opt. Mater. ,
2025, 13(11): 2403102.

[27 ] CHENY C, QIAO X F, LIM K, et al. Investigation of exciton dynamics on high-lying excited triplet states in anthracene-
based derivatives [ J]. Adv. Opt. Mater. , 2026, 14(8): ¢03658.

W E(1987-) 95w ik = WA 1
LW L R HBE L 2014 4T ) v R
R 2 ARG W 2 i, B NS
B 2 5 L RE AT B AT 5T

E-mail: jiangbingchun_2008@163. com

REIE(1980-), 55, 7 AAn BN, T
T, TARIW, 2016 4F T o [ B2 B K
FARGI L, EENF AR
Je AR RIS

E-mail : msyfdai@scut. edu. ¢n




