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Figure 1 (Color online) Principle of iOLEDs. (a) cOLED:s structure; (b) iOLEDs structure; (c) electron injection energy level diagram at the ITO/ETL
interface of iOLEDs; (d) schematic diagram of Richardson-Schottky (RS) thermal injection principle; (e) schematic diagram of Fowler-Nordheim (FN)

tunneling principle
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Figure 2 iOLEDs devices with metal Mg as EILP”. (a) Structures of
devices with SEL or MEL; (b) current density-voltage-luminance (J-V-
L) diagram of SEL device and MEL device; (c) luminance efficiency-
luminance-power efficiency (L-B-W) diagram of SEL device and MEL
device. Copyright © AIP Publishing
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Figure 3 (Color online) iOLEDs devices with different metal oxides as EILPY. (a) Device structure; (b) current density-voltage-luminance diagram of
ITO/ZrO,/F8BT/M0O;/Au devices with unannealed polymers (O, @) and annealed polymers above melting point (A, A); (c) current efficiency-current
density diagram of devices before annealing (], W) and after annealing (A, &) with TiO, (A, W) or ZrO, (A, OJ) EIL; (d) current efficiency-luminance
diagram of devices before annealing ((J, W) and after annealing (A, A) with TiO, (A, W) or ZrO, (A, O) EIL. Copyright © Wiley-VCH
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Figure 4 iOLEDs devices with ZnO/PEI as EILPY, (a) Structure and corresponding energy level diagram of iOLEDs; (b) current density-voltage-
luminance diagram of cOLEDs and iOLEDs with different cathodes; (c) current efficiency-luminance diagram of cOLEDs and iOLEDs with different

cathodes. Copyright © Wiley-VCH
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PE I (2-ME+EA)RCEE, 275 T R A WiOLEDsIHALE.
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A AN ZE 7 BRESAT R, [RIA Db T A e 75 A B
(I ZnOFUE T2 2 [A] A 3T K.

20164F, Lou N Hh IRl R B R SR 1E1O-
LEDsHSZEUA 0 P AR EE S5, IR T —Fh
K R B H T A RS RLV (electron  injection hot-
spots effect). IZIFFTHE/ N T AIGKBRL(AL nanoparti-
cles, Al NPs)JLFRZITO, JERLHL T AT, KRG
TSRS R, $E5 T iFOLEDsfliPOLEDsIK) & )
SR, Hod, AR IBURE A R/ N A RO Y S

FF30(2) P Fowler-Nordheim & T pE 27 3, 24Al
NPsZ I HL A 25 BE T /o) > 0, = o, HLTAR R HLZ
BEWRE, > E, > E,. iX%&W], ITO -AYAl NPs, JLHJE
/NRGTFHYAL NPs, A DIAE A B ARG, R R
FEL 473 B AT DA F -3 Ao B 2R R0 B0 A 42,
I, Al NPsf Jay e 7 A AT LU EOLEDSRUR. iFO-
LEDsHIiPOLEDsZ: HL2 AUE 5 Tos H— B #1401 7
R, HAEAUBRIZ S EE }0.2 nmit, 28 REIS 2]
et Bk, 38R/ SFAL NPsA B DUE iR 1A
A SR, (R R, SCEHL A AU
AFIHYLEEE .

20184F, Lu A\PYR 3R T T T A RS AK
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ARGE. LB TAEIESE T AR 1 KR 3B
F 37 8 3 — ik 3%, 3 H TiFOLEDsFliPO-
LEDs.

20174F, Zhao% A\P#EZnOZ I ZIENIE R B 40
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Cs,CO4:Alq; P EEBMZnO)Z, i AR 2[R A
AP E A B A EMLIILUMOREZR. k), (38
WOLEDs(white organic light emitting diodes)fJ# i
FR% (external quantum efficiency, EQE) 442.4%, T
% H85.4 Im W
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i 3 8 57 B FTE AR, iIFOLEDsF1iPOLEDs it ¢
KHL AR 8.4H195.3 cd/A, EQEsZ351k14.0%F1
21.2%. B2, MG AR AT & Ag NPsA[ 13 2]
FALEIOLEDs, X 1431l T RA . B el Tolk,
il .

BTG J R, AL S (MoS,) 7E a8 i
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Table 1 Device structures of iOLEDs in papers

e AEy A T4 %30k
2006 ITO/EIL/Alqs/DSA-Ph,Rub@MADN/NPB/WO;:NPB/Al [30]
ITO/EIL/Alqy/DSA-Ph@MADN/Rub@NPB/NPB/WO,:NPB/Al

2014 ITO/ZnO/PEI/Super yellow/MoO;/Al [34]

2014 ITO/ZnO/PEl/Super yellow/WO,/PEDOT:PSS/ZnO/PEI/Super yellow/WO,/Al [35]

. 2018 ITO/ZnO/interlayer/Zn(BTZ),/DBTPB/o-NPD/HAT-CN/Al [36]
i 2002 ITO/Li:Bphen/Bphen/Alq;/TPD/F,-YCNQ:TDATA/Au [40]
2011 ITO/n-ETL/ETL/Ir(ppy);:CBP/TAPC/ReO;: TAPC/Al [41]

2012 ITO/EIL/SPPO13:TCTA:Firpic/TCTA/MoO5/Al [42]

2014 ITO/Interlayer/Bphen/CBP:Ir(ppy)s/TCTA/TAPC/TAPC:MoO;/Ag [43]

ITO/ZnO:CsCO;/Bphen/CBP:Ir(ppy)s/Tapc/MoO+/Al
2018 ITO/ZnO:CsCO;/PEI/Bphen/CBP:Ir(ppy)s/Tapc/MoO;/Al [38]
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2001 ITO/F,-YCNQ:TDATA/TPD/Alqs/LiF/Al [45]
2014 FTO/ZnO-F/2-ME+EA/F8BT/MoOs/Au [37]
FTO/ZnO-R/2-ME+EA/F8BT/MoO;/Au
2016 ITO/Al NPs/Bphen:LiF/A1q3/NPB/M003/Al [49]
ITO/Al NPs/Bphen:LiF/Bphen/CBP:Ir(ppy),(acac)/TCTA/MoO5/Al
B TR %E 2018 ITO/ CG(]/Bphen:LiF/Alq3/N PB/MoO5/Al [50]
ITO/C¢y/Bphen:LiF/Bphen/CBP:Ir(ppy),(acac)/ TCTA/MoO/Al

2017 ITO/Inprinted ZnO/PEI/Organic/MoO5/Al [51]

2019 ITO/ZnO/Ag NPs/Bphen/Alqs/NPB/MoOs/Al [39]

2016 ITO/MoS,/Bphen:Cs,CO5/Bphen/ADN:DSA-ph/NPB/MoO,/Al [52]

2017 ITO/ZnO:PEI NC/Emissive layer/V,05/Al [53]
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2112
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Progress and outlook on electron injection in inverted organic
light-emitting diodes
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With the rapid development of science and technology, the traditional cathode ray tube (CRT) that was invented at the end
of the 20th century has revealed significant deficiencies such as high power consumption and large volume. In the second-
generation flat panel display technology, i.e., liquid crystal display (LCD) technology, deficiencies related to high cost and
relatively mediocre response speed still exist. Users’ dissatisfaction with LCDs subsequently led to the invention of organic
light-emitting diode (OLED) displays. They were introduced to the public with wide-angle vision, high color contrast, fast
response speed, low power consumption, and low cost. Most commercial active matrix OLEDs use low-temperature
polysilicon (LTPS) thin-film transistor (TFT) backplanes. Although LTPS TFT can be used as a p-type transistor owing to
its high carrier mobility, high availability, and high stability, it has problems of complex processing and uniformity being
difficult to guarantee, which affect the display performance of OLEDs screens. Therefore, to pursue high resolution and
stable display, research on inverted OLEDs (iOLEDs) is vital. The bottom cathodes of iOLEDs are connected to the drains
of n-type TFTs for realizing better integrated circuits. In addition, indium tin oxide (ITO) has a high surface work function
(approximately 4.8 ¢V), and for most organic electron transport layer (ETL) materials, the lowest unoccupied molecular
orbital (LUMO) is 2.5-3.5 eV. Therefore, for the structure of inverted bottom cathode OLEDs, there is an extremely high
electron injection barrier (approximately 2 eV at the ITO/ETL interface), which becomes the main factor hindering the
realization of high-performance iOLEDs. Based on two injection theories, i.e., Richardson—Schottky (RS) thermal
injection and Fowler—Nordheim (FN) quantum tunneling, three methods have been introduced to achieve high-
performance iOLEDs: (1) The most conventional method is barrier regulation, which involves the insertion of a low-work-
function material at the ITO/ETL interface to reduce the electron injection barrier, and then coating of the surface with
highly active metal materials such as Mg- and Li-doped ETL or with metal oxides as the interfacial dipole layer. However,
metals with high activity and low work functions are easily degraded in water and oxygen environments, thereby affecting
device stability. Moreover, metal oxides have advantages such as good mechanical and electrical stability, low cost, visible
light transparency, excellent environmental stability, and good charge-transport characteristics. Barrier regulation has
developed into a mainstream modification method. (2) The use of doping technology enhances electron injection to ensure
that the injection barrier is reduced or does not change significantly. On the later, an electron injection layer (EIL) prepared
by the doping method generates ohmic contacts by tunneling through the thin barrier formed by the space charge layer,
which can achieve very effective carrier injection in organic semiconductor devices, allowing the device to reach a very
low operating voltage while maintaining high quantum efficiency. (3) The construction of micro- and nano-sized structures
at the interface based on the interfacial dipole layer or doping system enables electron tunneling under certain conditions,
thereby improving injection. Finally, a brief view of the development trend of iOLEDs is presented.
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