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摘要 为了研究亚带隙发光二极管的微观过程, 本文选用红荧烯(Rb)衍生物2,8-Di-tert-butyl-5,11-bis(4-tert-butyl-
phenyl)-6,12-diphenyltetracene (TBRb)为空穴传输兼发光层, 富勒烯(C60)为电子传输层, 制备了具有亚带隙开启电

致发光特性的TBRb/C60器件, 并测量了器件在不同温度和电流下的电致发光磁效应(magneto-electroluminescence,
MEL)和磁电导效应(magneto-conductance, MC).实验发现,传统Rb/C60器件MEL曲线仅表现为系间窜越(intersystem
crossing, ISC)和三重态-三重态湮灭(triplet-triplet annihilation, TTA)过程决定的线形. 然而, TBRb/C60器件MEL曲线

表现出三段式变化的新奇磁场效应: 随着外加磁场的增加, MEL先快速增大(0 mT<|B|≤27 mT), 再减小(27 mT<
|B|≤100 mT), 再缓慢增大(100 mT<|B|≤300 mT). 结合MC曲线进行机理分析可知, 这种新奇现象主要归因于ISC、
TTA和三重态激基复合物-电荷湮灭过程(triplet exciplex-charge annihilation, TECA)的综合效应. 其中, TECA过程是

由于TBRb比Rb材料的空穴迁移率更小, 导致TBRb/C60异质结界面多余的电子与三重态激基复合物(triplet exci-
plex, EX3)发生猝灭. 大电流下, TECA过程增强, 而TTA过程基本不变; 低温下, TECA和TTA过程展现出相同的非

单调变化, 即先减弱再增强. 本研究有助于深入理解亚带隙发光二极管中激发态间的微观演化过程, 为高性能亚带

隙发光器件的设计提供思路.
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近年来, 有机发光二极管(organic light-emitting
diodes, OLEDs)因具有自发光、视角广、可弯曲等优

点, 在照明、显示和信息产业领域展现出广阔的应用

前景[1~6]. OLEDs发光的关键机制是外加电压下电极注

入的电子和空穴进行辐射复合. 由能量守恒原则可知,
器件电致发光过程产生光子的最小驱动电压(或开启

电压VT)等于发光材料的带隙能量(Eg)除以基本电荷(
e),即VT≥Eg/e[7].然而,人们在一些特殊器件中观察到VT

小于Eg/e的情况[7~16], 并称之为亚带隙开启电致发光过

程. 例如, Lian等人[7]基于1,2,3,5-Tetrakis(carbazol-9-yl)-
4,6-dicyanobenzene (4CzIPN, 带隙为2.35 eV)制备的热

激活延迟荧光器件最小电压为1.72 V. Vasilopoulou等
人[9]在基于bis(diphenylphosphine oxide)dibenzofuran
(DBFPO)/diphenyl[4-(triphenylsilyl)phenyl]phosphine
oxide (TSPO1)界面激基复合物的高效率蓝光OLEDs中
得到低于带隙(3.8 eV)的开启电压为2.5 V. Izawa等
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人[10]基于2,5,8,11-tetratert-butylperylene (TBPe, 带隙为

2.68 eV)制备的蓝光OLEDs开启电压低至1.47 V. 值得

注意的是, 早在2007年, Pandey等人[11]在红荧烯(Rb)/
富勒烯(C60)异质结器件中获得的电致发光开启电压为

0.9 V, 该值约为发光材料红荧烯带隙能量(2.2 eV)[11]的
一半. 目前, 尽管科研界已从不同角度对亚带隙电致发

光的物理机制进行了深入研究, 并提出了多种解释, 主
要包括俄歇电子机制 [11 ,12]、三重态-三重态湮灭机

制[13~15]、带间复合机制[16]等, 但对激发态的微观演化

过程仍需深入研究.
本工作中, 我们选用具有优异光物理特性的红荧

烯衍生物材料TBRb[17~19]作为空穴传输兼发光层, C60

作为电子传输层, 制备了TBRb/C60器件. 利用有机磁场

效应(包括电致发光磁场效应(magneto-electrolumines-
cence, MEL)和磁电导效应(magneto-conductance, MC))
这一灵敏且无接触的探测技术[14,15,20,21], 深入研究了亚

带隙发光二极管在不同偏置电流和温度下的激发态动

力学. 实验发现, 传统Rb/C60器件MEL曲线展现出两段

式变化, 即MEL随着外加磁场的增大先快速增加再逐

渐减弱, 表现出系间窜越(intersystem crossing, ISC)和
三重态-三重态湮灭(triplet-triplet annihilation, TTA)机
制决定的线形. 虽然TBRb/C60器件与Rb/C60器件具有

相同的能级排布和电致发光光谱, 但它们的MEL线形

却不同. TBRb/C60器件MEL曲线展现出新奇的线形:
在0 mT<|B|≤27 mT的低磁场范围内, MEL随外加磁场

的增加快速增大; 在27 mT<|B|≤100 mT的中等磁场范

围内, MEL逐渐减小; 在100 mT<|B|≤300 mT的高磁场

范围内, MEL逐渐增大且未出现饱和现象. 分析随电流

和温度变化的MC曲线可知, 这种新奇的MEL线形主要

由ISC、TTA和三重态激基复合物-电荷湮灭(triplet ex-
ciplex-charge annihilation, TECA)三种机制决定. 其中,
由于TBRb比Rb具有更小的空穴迁移率[22], TBRb/C60异

质结界面多余的电子与三重态激基复合物(triplet exci-
plex, EX3)发生TECA过程. 此外, 还探究了这两种过程

的电流和温度依赖性. 具体来讲, 大电流下, 注入载流

子增多导致EX3数量增加, 从而引起TECA过程增强,
TTA过程基本不随电流变化 . 当温度从300 K降至

100 K时, 载流子迁移率降低导致TECA过程减弱[15,23],
TTA过程的吸热特性[18,24]使得该过程也会减弱; 当温

度进一步降至20 K时, 由于热声子的扰动减弱, 使得三

重态激子(EX3和T1)寿命延长[23,25], TECA和TTA过程增

强. 本研究揭示了亚带隙开启OLEDs的激发态动力学,

对深入理解多种微观机制的综合效应具有指导意义.

1 器件制备与测量

如图1(a)所示, TBRb/C60器件的具体结构为ITO/
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS, 40 nm)/TBRb (35 nm)/Fullerence (C60,
50 nm)/bathocuproine (BCP, 10 nm)/LiF/Al. 为了对比

研究亚带隙开启有机发光器件的激发态动力学行为,
还制备了传统的Rb/C60器件作为参考. 该器件除了发光

层为Rb以外, 其他功能层参数与TBRb/C60器件完全相

同. 两器件的具体制备和性能测试方法如下: 先将PED-
OT:PSS水溶液旋涂于ITO玻璃基底表面, 再将样品放

于hotplate加热仪上烘烤, 使PEDOT:PSS均匀成膜. 而

后 , 将玻璃 / ITO/PEDOT:PSS样品放入超高真空

(<10−6 Pa)蒸镀系统, 将其他各功能层材料依次蒸镀到

PEDOT:PSS薄膜表面. 材料的生长速率和厚度用INFI-
CON公司生产的XTM/2型膜厚监测仪全程进行原位监

测. 器件制备完成后, 从蒸镀系统取出. 为了降低空气

中水氧对样品的影响, 应快速将样品安装于电磁铁两

磁极间的真空闭循环冷却系统中. 电磁铁内部由铜线

圈组成, 磁场的大小由通过线圈的电流大小来调节. 通
过与高斯计相连的霍尔片可测量加在样品上的具体磁

场值. 样品两端的电压由Keithley 2400万用表提供. 样

品的发光信号由硅光电探头和亮度计测定, 有、无外

加磁场的电致发光强度EL(B)和EL(0)由Keithley 2000
输出, 有、无外加磁场时流过器件的电流强度I(B)和I
(0)由Keithley 2400测量. SpectraPro-2300i光栅光谱仪

用于测量器件的电致发光光谱. 整个测量系统由计算

机的Labview软件控制. 最后, 将测量的数据导入编好

程序的Origin软件进行计算, 就可以得到MEL和MC曲
线. MEL和MC的定义式如下:

B MEL= EL
EL =[EL( ) EL(0)]

EL(0) × 100%, (1)

I
I

I B I
I  MC = = [ ( ) (0)]
(0) × 100%. (2)

2 结果与讨论

2.1 器件的基本结构、能级排布及光电特性

图1(b)为TBRb/C60器件和Rb/C60器件的能级排布

图. 据文献[11,17]报道, TBRb与Rb分子具有相同的最

高占有分子轨道(the highest occupied molecular orbital,
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HOMO)和最低未占有分子轨道(the lowest unoccupied
orbital, LUMO)能量值, 使两器件具有相似的能量转移

过程和激发态形成方式. 具体来讲, 如图1(b)所示, 电激

发条件下, ITO阳极注入的空穴经空穴注入层PEDOT:
PSS的HOMO能级后跳跃至TBRb (或Rb)的HOMO能

级. 同时, Al阴极注入的电子经电子注入层LiF和电子

传输层BCP后到达C60的LUMO能级. 由于TBRb (或
Rb)与C60的HOMO能级差和LUMO能级差( EHOMO =
0.8 eV, ELUMO = 1.3 eV)较大[13,17], 使得电子和空穴在

TBRb/C60或Rb/C60界面发生聚集并形成激基复合物.
由于三重态激基复合物和TBRb (或Rb)三重态激子间

能量差较小, 激基复合物会通过Dexter能量转移过程形

成TBRb (或Rb)中的三重态激子[14], 三重态激子发生湮

灭形成的单重态激子可退激辐射产生荧光. TBRb/C60

器件和Rb/C60器件室温的归一化EL谱如图1(c)所示. 可

以看出, 两器件具有完全相似的EL谱, 即TBRb/C60器件

的EL谱主峰位为569 nm, 肩峰约为607 nm, Rb/C60器件

的EL谱主峰位为562 nm, 肩峰约为602 nm. 这说明两器

件的发光只来源于TBRb和Rb, 而不是界面激基复合

物. 同时, 对于TBRb/C60器件而言, 温度降为20 K时,

EL峰位略微发生了红移, 与文献报道的Rb/C60器件EL
谱的温度依赖性一致[14]. 此外, 图1(d)及其插图展示了

室温的亮度-电压和亮度-电流密度特性曲线. 可以看

出, TBRb/C60和Rb/C60器件在1cd/m2亮度下对应的电致

发光开启电压分别为1.0和1.2 V, 这两个值约等于TBRb
或Rb的带隙能量(2.2 eV)除以基本电荷的一半. 两器件

的亚带隙开启特性也与文献报道的实验结果一致[14].
据文献[26]报道, 外量子效率(external quantum effi-
ciency, hEQE)主要与三个因素有关, 包括EL光谱、亮度

(luminance, L)和电流(I). 当器件的EL光谱相同且通过

器件的电流固定时, hEQE与L成正比, 即可以表达为[27]

kL, (3)EQE

其中, k是与EL光谱和电流相关的系数. 显然, 从图1(c)
和(d)的插图可以看出, 室温下Rb/C60与TBRb/C60器件

的EL谱基本重叠, 并且在任一固定电流密度下, TBRb/
C60器件比Rb/C60器件的亮度值更大. 因此, 根据式(3)可
以判断TBRb/C60器件的发光效率更高. 下面, 我们将通

过分析MEL和MC响应曲线来探究TBRb/C60器件的激

发态微观演化机制.

图 1 TBRb/C60器件和Rb/C60器件的基本光电特性. (a) 基本结构; (b) 能级排布图、能量转移和发光过程; (c) 300和20 K温度下的归一化EL谱;
(d) 亮度-电压和亮度-电流密度特性曲线
Figure 1 Basic optic-electronic characteristics of TBRb/C60 and Rb/C60-based devices. (a) Structure schematic of devices; (b) energy level alignments,
energy transfer, and light emission processes; (c) normalized EL spectra at 300 and 20 K; (d) luminance-voltage and luminance-current density
characteristic curves
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2.2 室温下偏置电流对器件MEL曲线的影响

TBRb/C60器件和Rb/C60器件在室温(300 K)下MEL
和MC响应曲线的电流依赖性如图2(a)~(d)所示. 可以

看出, 尽管两器件具有相似的EL光谱和能级排布, 它

们的MEL和MC曲线却展现出完全不同的线形. 具体来

讲, 从图2(c)中可以看出, Rb/C60器件的MEL曲线在|B| ≤
18 mT的低磁场范围内, MEL值随B的增加而快速增大;
在18 mT<|B|≤300 mT高磁场范围内, MEL随B的增大逐

渐减小. 该线形与文献报道的Rb/C60器件中TTA过程决

定的MEL线形一致[14]. 图2(d)中Rb/C60器件的MC曲线

在低磁场范围内, MC值随B的增加快速减小; 在高磁

场范围内, MC几乎不变, 展现出RISC过程决定的MC
线形[15]. 相比之下, TBRb/C60器件的MEL值随外加磁

场的增加先快速增大(0 mT<|B|≤27 mT), 再逐渐减小

(27 mT<|B|≤100 mT), 再逐渐增大(100 mT<|B|≤
300 mT), 如图2(a)所示; MC值先快速增大(|B|≤18 mT),
再缓慢增大(18 mT<|B|≤300 mT), 如图2(b)所示. TBRb/
C60器件MEL曲线呈现出如此新奇的线形在文献中还

未见报道过.
为了对比TBRb/C60和Rb/C60器件MEL曲线在不同

磁场范围内的电流依赖性, TBRb/C60器件MEL的低场

效应值(low-field effect value of MEL, MELLFE)、中场

效应值(mediate-field effect value of MEL, MELMFE)和高

场效应值(high-field effect value of MEL, MELHFE)的绝

对值可以分别定义为: |MELLFE| = |MEL(27 mT)-MEL
(0 mT)|、|MELMFE| = |MEL(100 mT)–MEL(27 mT)|和
|MELHFE| = |MEL(300 mT)–MEL(100 mT)|. Rb/C60器件

MEL的低场效应值和高场效应值被定义为: |MELLFE| =
|MEL(18 mT)–MEL(0 mT)|和|MELHFE| = |MEL(300
mT)–MEL(18 mT)|. 为了进一步解释两器件MEL曲线

存在较大差异的原因, MC曲线的低场效应值(low-field
effect value of MC, MCLFE)和高场效应值(high-field
effect value of MEL, MCHFE)的绝对值分别定义为:
|MCLFE| = |MC(18 mT)–MC(0 mT)|和|MCHFE| = |MC
(300 mT)–MC(18 mT)|.因此,图2(a)~(d)中MEL和MC值
在不同磁场范围下随电流的变化被总结在图2(e)和(f)
中. 从图2(e)中可以看出, Rb/C60器件的|MELLFE|值随电

流变化较小, |MELHFE|值随电流增大而增加, 表明TTA
过程会随注入载流子的增多而增强; 从图2(f)中可以看

出, 随着电流增大, |MCLFE|值明显增大, |MCHFE|变化较

图 2 TBRb/C60和Rb/C60器件在室温不同偏置电流下的MEL和MC响应曲线. TBRb/C60器件MEL (a)和MC (b)曲线的电流依赖性; Rb/C60器件

MEL (c)和MC (d)曲线的电流依赖性; 不同磁场范围下MEL (e)和MC (f)值随电流的变化
Figure 2 Room-temperature MEL and MC response curves of TBRb/C60 and Rb/C60-based devices at different bias currents. Current-dependent MEL
(a) and MC (b) curves for TBRb/C60-based devices; current-dependent MEL (c) and MC (d) curves for Rb/C60-based devices; current-dependent MEL
(e) and MC (f) values at different ranges of magnetic fields
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小, 表明RISC过程会随注入载流子的增多而增强, 这些

变化规律与文献[15]保持一致. 对于TBRb/C60器件, 从

图2(e)和(f)中可以看出, |MELLFE|和|MELMFE|值基本不

随偏置电流变化 , 而 |MCLFE|值随电流增大而减小 ,
|MCHFE|和|MELHFE|值随电流增大而明显增大. 这些变

化看似复杂, 实际上也不难理解. 据文献[28,29]报道,
有机半导体器件的EL与电流和外量子效率间的关系

为: EL∝I×η. 由于外加磁场的变化会引起EL、I和η的
变化, 因此, EL/EL= I/I+ η/η. 类比式(1)和(2), 可以

定义效率磁效应(或称磁效率, magneto-efficiency, Mη)
为Mη= η/η且 η=η(B)–η, 其中η(B)和η分别表示有、无

外加磁场B时的外量子效率. 也就是说, MEL实际上等

于MC和Mη之和[28~31]. 换句话说, MC的产生机制也常

被用来辅助解释MEL的变化. 根据指纹式MC曲线可

知[15,32], ISC过程决定的MC曲线表现为半高全宽为几

mT的倒置洛伦兹线形, TECA过程决定的MC曲线表现

为半高半宽为50~100 mT的倒置非洛伦兹线形. 因此,
图2(b)中MC曲线的低场由ISC决定, 高场由TECA过程

决定, 说明图2(a)中MEL曲线除了包含ISC和TTA过程

的作用以外, 还包含了TECA过程的作用. 下面具体分

析TBRb/C60器件具有复杂MEL线形的原因.

2.3 机理分析

电激发条件下, TBRb/C60器件中载流子的复合和

激发态间的相互转化过程如图3所示. 具体来讲, 电极

注入的电子和空穴载流子到达TBRb/C60界面后, 形成

能量简并的单重态极化子对(singlet polaron pair, PP1)
和三重态极化子对(triplet polaron pair, PP3). 这些极化

子对能够参加3个演化通道: (1) 以dS和dT的速率常数直

接解离形成二次载流子; (2) 以kS和kT的速率常数分别

形成单重态激基复合物(singlet exciplex, EX1)和三重态

激基复合物(triplet exciplex, EX3); (3) 在超精细作用下

发生自旋混合, 即相互转化(PP1 PP3), kT>kS导致PP-
ISC过程(PP1→PP3)通常占主导[33]. 此外, 激基复合物

在超精细作用下也可发生相互转化(EX1 EX3). 由于

EX1态的寿命较短, 使EX-RISC过程(EX3→EX1)通常占

主导[34]. 对于EX3态而言, 除了进行EX-RISC过程外, 还
参与了两个过程 : ( 1 ) 由于TBRb的空穴迁移率

( 2×10− 3 cm2 V− 1 s− 1 ) [ 2 2 ]低于C6 0的电子迁移率

(1×10−2 cm2 V−1 s−1)[35], 激基复合物界面会聚集一些多

余的电子载流子并与EX3态发生湮灭(即TECA过程);
(2) EX3态与T1态间较小的能量差使EX3态还可以通过

Dexter能量转移过程形成TBRb中的T1态. 两个T1态发

生聚合(TTA, T1+T1→(TT)1→S1+S0)可以形成S1态. 最

后, S1态退激回到基态并向外发射光子产生荧光. 由于

TBRb/C60器件中几乎没有电子注入势垒且空穴注入势

垒约为0.3 eV, TBRb的HOMO和C60的LUMO间能量差

约为0.9 eV, 导致TBRb/C60器件的驱动电压应为1.2 eV
左右, 该值约为TBRb带隙的一半. 因此, TBRb中TTA
过程也是产生亚带隙电致发光的原因.

图 3 TBRb/C60器件在电激发条件下异质结界面激发态的形成、能量转移过程和TECA过程示意图
Figure 3 The formation methods of excited states, energy transfer process, and TECA process of the heterojunction interface in the TBRb/C60-based
device under electrical excitation
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从以上分析可知, TBRb/C60器件包含了4种激发态

转化机制: PP-ISC、EX-RISC、TECA和TTA. 其中, 由
于PP-ISC和EX-RISC由超精细作用决定, 其指纹式

MEL曲线的特征磁场仅为几毫特斯拉, 理论上讲, 它们

的共同作用决定了低场MEL线形. 然而, 这两个过程具

有近似相反的指纹式MEL曲线[15,32], 且图2(a)的低场表

现为倒置洛伦兹线形. 因此, 可以判断PP-ISC对低场

MEL线形起决定作用. 同时, 结合TECA和TTA过程决

定的特征MEL曲线的演化规律[15,32]可知, 图2(a)中MEL
曲线中场由TTA过程决定, 高场由TECA过程决定. 室

温下, 随着偏置电流的增大, 形成的PP态和EX态数量

增加, ISC和RISC同步增加, 导致总体表现出来的ISC
过程基本不随电流变化. 虽然载流子迁移率不会随电

流变化, 但大电流下注入载流子增多导致EX3态数量增

多, 因此TECA过程增强, TTA过程基本不变.

2.4 温度对器件MEL响应曲线的影响

为了进一步分析环境温度对TBRb/C60器件中新奇

MEL线形的影响, 我们还测量了器件在200和100 K温

度下MEL和MC曲线随偏置电流的变化, 如图4所示.
可以清晰地看出, TBRb/C60器件在200和100 K温度的

不同偏置电流下, MEL和MC曲线具有与室温(图2(a)和
(b))完全相似的线形, 即MEL值随外加磁场的增加先快

速增大(0 mT<|B|≤27 mT), 再逐渐减小(27 mT<|B|≤100
mT), 再逐渐增大(100 mT<|B|≤300 mT). 也就是说, 低温

下MEL仍主要由ISC、TTA和TECA机制决定, 而MC由
ISC和TECA过程决定, 只是各机制的强度随温度发生

了变化. 为了更加清晰地分析温度对各微观机制的影

响, TBRb/C60器件MEL和MC曲线的温度依赖性如图5
(a)和(b)所示. 同时, 与之对应的不同磁场范围的MEL
和MC值随温度的变化被总结在图5(c)和(d)中. 此外,
Rb/C60器件MEL曲线的温度依赖性和不同磁场范围

MEL值随温度的变化被呈现在图5(e)和(f)中. 从图5(e)
中可以看出, 随着温度降低, Rb/C60器件的MEL线形基

本不变. 从图5(f)中可以看出, Rb/C60器件的|MELLFE|随
温度基本不变, |MELHFE|随温度的降低而明显增大, 说

明TTA过程在低温下增强了, 与文献报道的Rb/C60器件

中TTA的温度依赖性一致[14]. 相比之下, 从图5(d)中可

以看出, |MCLFE|随温度基本不变, |MCHFE|随温度降低

先减小再增大, 说明TECA过程在低温下先减弱再增

强. 从图5(c)中可以看出, |MELLFE|随温度基本不变,
|MELMFE|和|MELHFE|值均随温度的降低而先减弱再增

图 4 TBRb/C60器件在不同温度下的MEL和MC曲线. 200 K温度下MEL (a)和MC (b)曲线的电流依赖性; 100 K温度下MEL (c)和MC (d)曲线的

电流依赖性
Figure 4 The MEL and MC response curves of the TBRb/C60-based device at different temperatures. Current-dependent MEL (a) and MC (b) curves
at 200 K; current-dependent MEL (c) and MC (d) curves at 100 K
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大, 说明TECA和TTA过程先减弱再增强. 本文认为

TECA过程的非单调变化是由两种作用的竞争作用所

致: (1) 低温下载流子的迁移率降低使得TECA过程减

弱[15,23]; (2) 低温下热声子的扰动作用减弱导致EX3态

寿命延长[23,25], 该作用将促进TECA过程. 同理, TTA过

程的非单调变化也取决于两个因素: (1) 对于TBRb分
子而言, 其S1和T1态能量分别为2.19和0.98 eV[18,24]. 显

然, 2E(T1)<E(S1), 说明TBRb中TTA过程是个吸热过程,
该特性使得TTA在一定温度范围(300~100 K)随着温度

的降低而减弱, 这一特性与Rb中TTA过程的温度依赖

性相反[14]. (2) 在更低温度(100~20 K)下, T1激子寿命

的延长将导致TTA过程的增强[15,25].

3 结论

本工作利用MEL和MC响应曲线 , 研究了基于

TBRb/C60异质结的亚带隙开启电致发光器中激发态演

化机制随温度和偏置电流的变化. 实验发现, 与传统的

Rb/C60器件相比, TBRb/C60器件在不同温度下的MEL
曲线均展现出新奇的三段式变化: ISC过程决定的低

场变化; TTA过程决定的中场变化; TECA机制决定的

高场变化. ISC过程具有较弱的电流和温度依赖性;
TTA过程随电流的增大而基本不变, 随温度的降低先

减弱再增强; TECA过程随电流的增大而增强, 随温

度的降低先减弱再增强. 分析载流子迁移率、激发态

能量和寿命随温度和电流的变化可知, 注入电流增大

时, 尽管载流子迁移率不受电流变化影响, 增加的注入

载流子将形成更多的EX3态使得TECA过程增强, 而

TTA过程变化不大. 当温度从300 K降至100 K时, 载流

子迁移率降低导致TECA过程减弱, 本身的吸热特性将

导致TTA过程也减弱, 而随着温度进一步降低至20 K
时, EX3和T1态的寿命延长使得TECA和TTA过程增强.
本研究工作深入分析了各微观机制随电流和温度的变

化, 加强了对亚带隙发光器件中多种机制共同作用的

理解.

参考文献

1 Cai X, Su S. Marching toward highly efficient, pure-blue, and stable thermally activated delayed fluorescent organic light-emitting diodes. Adv

图 5 TBRb/C60器件在1000 mA电流下MEL (a)和MC (b)曲线的温度依赖性; MEL (c)和MC (d)在不同磁场范围下的幅值随温度的变化; Rb/C60

器件在1000 mA电流下MEL曲线的温度依赖性(e)和MEL曲线在不同磁场范围下的幅值随温度的变化(f)
Figure 5 The temperature-dependent MEL (a) and MC (b) curves of the TBRb/C60-based device at 1000 mA; the amplitudes of MEL (c) and MC (d)
as a function of temperature for the TBRb/C60-based device; the temperature-dependent MEL curves (e) and MEL amplitudes (f) of the Rb/C60-based
device at 1000 mA

2024 年 12 月 第 69 卷 第 34 期

5048

https://doi.org/10.1002/adfm.201802558


Funct Mater, 2018, 28: 1802558
2 Hong G, Gan X, Leonhardt C, et al. A brief history of OLEDs—Emitter development and industry milestones. Adv Mater, 2021, 33: 2005630
3 Byeon S Y, Lee D R, Yook K S, et al. Recent progress of singlet-exciton-harvesting fluorescent organic light-emitting diodes by energy transfer

processes. Adv Mater, 2019, 31: 1803714
4 Tang X T, Pan R H, Xiong Z H. Abnormal current-dependent intersystem crossing regulated by the combined interactions of exciton and exciplex

states in rubrene-based light-emitting devices (in Chinese). Chin Sci Bull, 2023, 68: 2401–2410 [汤仙童, 潘睿亨, 熊祖洪. 红荧烯发光器件中激

子和激基复合物共同调控的系间窜越反常电流依赖性. 科学通报, 2023, 68: 2401–2410]
5 Zheng C, Dai Y Z, Chen L F, et al. Principle and technique of sensitized fluorescent organic light-emitting diodes (in Chinese). Prog Chem, 2020,

32: 1352–1367 [郑超, 戴一仲, 陈铃峰, 等. 敏化型电致发光器件原理与技术. 化学进展, 2020, 32: 1352–1367]
6 Ahn D H, Kim S W, Lee H, et al. Highly efficient blue thermally activated delayed fluorescence emitters based on symmetrical and rigid oxygen-

bridged boron acceptors. Nat Photonics, 2019, 13: 540–546
7 Lian Y, Lan D, Xing S, et al. Ultralow-voltage operation of light-emitting diodes. Nat Commun, 2022, 13: 3845
8 Salehi A, Dong C, Shin D H, et al. Realization of high-efficiency fluorescent organic light-emitting diodes with low driving voltage. Nat Commun,

2019, 10: 2305
9 Vasilopoulou M, Mohd Yusoff A R, Daboczi M, et al. High efficiency blue organic light-emitting diodes with below-bandgap electroluminescence.

Nat Commun, 2021, 12: 4868
10 Izawa S, Morimoto M, Fujimoto K, et al. Blue organic light-emitting diode with a turn-on voltage of 1.47 V. Nat Commun, 2023, 14: 5494
11 Pandey A K, Nunzi J. Rubrene/fullerene heterostructures with a half-gap electroluminescence threshold and large photovoltage. Adv Mater, 2007,

19: 3613–3617
12 He S J, Wang D K, Jiang N, et al. Auger-electron-stimulated organic electroluminescence at ultralow voltages below the energy gap. Phys Rev

Appl, 2015, 3: 054011
13 Qiao X, Yuan P, Ma D, et al. Electrical pumped energy up-conversion: A non-linear electroluminescence process mediated by triplet-triplet

annihilation. Org Electron, 2017, 46: 1–6
14 Chen Q, Jia W, Chen L, et al. Determining the origin of half-bandgap-voltage electroluminescence in bifunctional rubrene/C60 devices. Sci Rep,

2016, 6: 25331
15 Tu L, Tang X, Wang Y, et al. Dynamic behaviors of exciplex states in rubrene/C60-based OLEDs with sub-band-gap turn-on electroluminescence.

Phys Rev Appl, 2021, 16: 064002
16 Engmann S, Barito A J, Bittle E G, et al. Higher order effects in organic LEDs with sub-bandgap turn-on. Nat Commun, 2019, 10: 227
17 Kim H, Kim K, Kim J. Highly efficient, conventional, fluorescent organic light-emitting diodes with extended lifetime. Adv Mater, 2017, 29:

1702159
18 Wei F, Chen J, Zhao X, et al. High‐performance hot‐exciton OLEDs via fully harvesting triplet excited states from both the exciplex co-host and

the TBRb emitter. Adv Sci, 2023, 10: 2303192
19 Liu H, Chen J, Fu Y, et al. Achieving high electroluminescence efficiency and high color rendering index for all‐fluorescent white OLEDs based

on an out‐of‐phase sensitizing system. Adv Funct Mater, 2021, 31: 2103273
20 Pan X, Kwon O, Khanal D R, et al. Disorder‐induced dispersive magneto-electroluminescence of blue emitters in organic light emitting diodes.

Adv Opt Mater, 2021, 10: 2101334
21 Liu C, Chen Z, Du H, et al. Manipulation of magneto-electroluminescence from exciplex-based spintronic organic light-emitting diodes. J Mater

Chem C, 2023, 11: 11262–11269
22 Fong H H, So S K, Sham W Y, et al. Effects of tertiary butyl substitution on the charge transporting properties of rubrene-based films. Chem Phys,

2004, 298: 119–123
23 Chen Y, Jia W, Xiang J, et al. Identify triplet-charge interaction in rubrene-based diodes using magneto-conductance: Coexistence of dissociation

and scattering channels. Org Electron, 2016, 39: 207–213
24 Abroshan H, Coropceanu V, Brédas J L. Hyperfluorescence-based emission in purely organic materials: Suppression of energy-loss mechanisms

via alignment of triplet excited states. ACS Mater Lett, 2020, 2: 1412–1418
25 Davis A H, Bussmann K. Large magnetic field effects in organic light emitting diodes based on tris(8-hydroxyquinoline aluminum)  (Alq3)/N,N′-di

(naphthalen-1-yl)-N,N′diphenyl-benzidine (NPB) bilayers. J Vacuum Sci Technol A, 2004, 22: 1885–1891
26 Okamoto S, Tanaka K, Izumi Y, et al. Simple measurement of quantum efficiency in organic electroluminescent devices. Jpn J Appl Phys, 2001,

40: L783
27 Tang X, Pan R, Zhao X, et al. Achievement of high-level reverse intersystem crossing in rubrene-doped organic light-emitting diodes. J Phys Chem

Lett, 2020, 11: 2804–2811
28 Sheng Y, Nguyen T D, Veeraraghavan G, et al. Hyperfine interaction and magnetoresistance in organic semiconductors. Phys Rev B, 2006, 74:

论 文

5049

https://doi.org/10.1002/adfm.201802558
https://doi.org/10.1002/adma.202005630
https://doi.org/10.1002/adma.201803714
https://doi.org/10.1038/s41566-019-0415-5
https://doi.org/10.1038/s41467-022-31478-y
https://doi.org/10.1038/s41467-019-10260-7
https://doi.org/10.1038/s41467-021-25135-z
https://doi.org/10.1038/s41467-023-41208-7
https://doi.org/10.1002/adma.200701052
https://doi.org/10.1103/PhysRevApplied.3.054011
https://doi.org/10.1103/PhysRevApplied.3.054011
https://doi.org/10.1016/j.orgel.2017.03.020
https://doi.org/10.1038/srep25331
https://doi.org/10.1103/PhysRevApplied.16.064002
https://doi.org/10.1038/s41467-018-08075-z
https://doi.org/10.1002/adma.201702159
https://doi.org/10.1002/advs.202303192
https://doi.org/10.1002/adfm.202103273
https://doi.org/10.1002/adom.202101334
https://doi.org/10.1039/D3TC01885G
https://doi.org/10.1039/D3TC01885G
https://doi.org/10.1016/j.chemphys.2003.11.008
https://doi.org/10.1016/j.orgel.2016.10.006
https://doi.org/10.1021/acsmaterialslett.0c00407
https://doi.org/10.1116/1.1759347
https://doi.org/10.1143/JJAP.40.L783
https://doi.org/10.1021/acs.jpclett.0c00451
https://doi.org/10.1021/acs.jpclett.0c00451
https://doi.org/10.1103/PhysRevB.74.045213


045213
29 Wu Y T, Zhu H Q, Zhao X, et al. Regulating magneto-efficiency in coexistence systems of exciplex and electroplex by changing ambient

temperature or blending ratio (in Chinese). Chin Sci Bull, 2024, 69: 596–605 [吴雨廷, 朱洪强, 赵茜, 等. 温度和共混浓度对激基复合物与电致

激基复合物共存体系的磁效率调控. 科学通报, 2024, 69: 596–605]
30 Pan R, Tang X, Hu Y, et al. Extraordinary magnetic field effects mediated by spin-pair interaction and electron mobility in thermally activated

delayed fluorescence-based OLEDs with quantum-well structure. J Mater Chem C, 2019, 7: 2421–2429
31 Liu C, Chen Z, Du H, et al. Energy gain and loss processes in OLEDs with spacer‐separated electron–hole pairs investigated by magnetic field

effects. Adv Opt Mater, 2024, 12: 2302192
32 Zhao X, Chen J, Cheng L, et al. Abundant evolution processes of polaron-pairs and exciplex states with various electron–hole coupling distances in

exciplex-based OLEDs by modifying device hole-injection abilities. ACS Photonics, 2024, 11: 230–240
33 Tang X, Pan R, Zhao X, et al. Full confinement of high‐lying triplet states to achieve high‐level reverse intersystem crossing in rubrene: A

strategy for obtaining the record‐high EQE of 16.1% with low efficiency roll‐off. Adv Funct Mater, 2020, 30: 2005765
34 Xu J, Tang X, Zhao X, et al. Abnormal reverse intersystem crossing of polaron-pair states and its conversion to intersystem crossing via the

regulation of intermolecular electron-hole spacing distance. Phys Rev Appl, 2020, 14: 024011
35 Lai S L, Lo M F, Chan M Y, et al. Impact of dye interlayer on the performance of organic photovoltaic devices. Appl Phys Lett, 2009, 95: 153303

2024 年 12 月 第 69 卷 第 34 期

5050

https://doi.org/10.1360/TB-2023-0552
https://doi.org/10.1039/C8TC06033A
https://doi.org/10.1002/adom.202302192
https://doi.org/10.1021/acsphotonics.3c01315
https://doi.org/10.1002/adfm.202005765
https://doi.org/10.1103/PhysRevApplied.14.024011
https://doi.org/10.1063/1.3243991


Summary for “基于TBRb/C60异质结的亚带隙发光二极管的新奇磁场效应”

Novel magnetic field effects in TBRb/C60-based OLEDs with
sub-bandgap turn-on electroluminescence
Xiantong Tang1*, Lin Peng1, Xikui Hu1, Li Li1, Xianju Zhou1, Ruiheng Pan1,
Hongqiang Zhu3 & Zuhong Xiong2*
1 School of Science, Chongqing University of Posts and Telecommunications, Chongqing 400065, China;
2 School of Physical Science and Technology, Southwest University, Chongqing 400715, China;
3 College of Physics and Electronic Engineering, Chongqing Normal University, Chongqing 401331, China
* Corresponding authors, E-mail: tangxt@cqupt.edu.cn; zhxiong@swu.edu.cn

In order to study the microscopic processes in devices with sub-bandgap turn-on voltages, a rubrene (Rb) derivative named
2,8-di-tert-butyl 5,11-bis (4-tert-butylphenyl)-6,12-diphenyltetracene (TBRb) was selected as the hole-transporting and
emission layer, and fullerene (C60) was used as the electron transport layer to fabricate the devices with the planar
heterojunction of the TBRb/C60 interface. The TBRb/C60 device possesses the property of sub-bandgap turn-on
electroluminescence. In order to clearly analyze the microscopic mechanisms in TBRb/C60 devices, we also prepared
traditional Rb/C60 devices as reference devices. Simultaneously, we also measured the temperature and current
dependences of magneto-electroluminescence (MEL) and magneto-conductance (MC) response curves for TBRb/C60 and
Rb/C60 devices. The experimental results show that the MEL curves of traditional Rb/C60 devices decide by the intersystem
crossing (ISC, PP1→PP3) from singlet to triplet polaron pairs (PP1 and PP3) and triplet-triplet annihilation (TTA,
T1+T1→S1+S0) processes. However, the MEL curves of the TBRb/C60 device show a novel magnetic field effect with a
three-stage variation: With the increase of the applied magnetic field, MEL firstly increases rapidly (0 mT<|B|≤27 mT),
then decreases (27 mT<|B|≤100 mT), and then increases slowly (100 mT<|B|≤300 mT). According to the analysis of
current-dependent MC curves, this novel phenomenon is mainly attributed to the combined effect of ISC, TTA and triplet
exciplex charge annihilation (TECA). Notably, since the hole carrier mobility of TBRb is smaller than that of the Rb
material, the existence of excess electron carriers at the TBRb/C60 heterojunction interface can interact with triplet exciplex
(EX3) via TECA process (EX3+e→e’+S0). At large currents, although carrier mobility remains constant, the increased
number of injected carriers can increase the amount of EX3, leading to the enhancement of the TECA process. At the same
time, since the essentially unchanged Dexter energy transfer process does not result in an increase in the number of T1 as
the injection current increases, the TTA process does not vary significantly with the injection current. When the
temperature drops from 300 K to 100 K, the decreased carrier mobility can weaken the TECA process, while the
endothermic characteristic of the TTA process causes it to decrease. This anomalous endothermic property is due to the
singlet state energy (2.19 eV) of the TBRb material being higher than twice the triplet exciton energy (0.98 eV). When the
temperature decreases from 100 K to 20 K, the prolonged lifetime of EX3 and T1 sates can lead to the increase of TECA and
TTA processes, respectively, with decreasing temperature. This study is helpful in understanding the microscopic evolution
of excited states in OLEDs with sub-bandgap electroluminescence, and provides ideas for the design of high-performance
devices.

light-emitting diodes with sub-bandgap turn-on voltage, magneto-electroluminescence, magneto-conductance,
triplet-exciplex-charge annihilation process, triplet-triplet annihilation process
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