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Research Progress of Tandem Quantum-dot Light-emitting Diodes
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Abstract: Tandem quantum-dot light-emitting diodes (TQLED), as an important extension of quantum-dot light-
emitting diodes (QLED) technology, have achieved remarkable improvements in external quantum efficiency, brightness,
and operational lifetime through the introduction of multiple emission units and charge generation layers. They have
thus become a major research focus in the development of next-generation high-performance display devices. However,
despite the substantial progress made in TQLED research, it still faces several critical challenges, such as imbalanced

charge injection, poor compatibility with solution-processing techniques, insufficient environmental friendliness of
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materials, and inadequate stability of devices during long-term operation. This paper first introduces the basic structure
and working principles of TQLED, compares its advantages over conventional single-layer QLED, and elaborates on
the working principle of the charge generation layer as well as its key role in the collaborative operation of multiple
emission units. Subsequently, focusing on inverted, conventional, multiple emission material-based, and other innovative
tandem device structures, the paper conducts a systematic analysis of the research progress in improving device
performance through different material systems, processing technologies, and structural designs. It also summarizes the
breakthroughs achieved by TQLED in terms of efficiency, brightness, and stability. Finally, it identifies current
challenges in TQLEDs and proposes potential future development pathways alongside research priorities from
perspectives such as material innovation, structural optimization, and process refinement. Special emphasis is placed on
the importance of developing environmentally friendly quantum dot materials, innovating solution-processing
techniques, and constructing stable interface structures. These analyses aim to provide theoretical guidance and technical

references for the subsequent technological development of TQLED, accelerating their transition from laboratory

research to industrial application.
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Fig. 1 Comparison of working principles and parameters between

conventional single-layer QLED and two-layer TQLED
(a) Single emissive layer device; (b) Tandem device with two emissive layers;

(c) Comparison of core parameters between two types of light-emitting devices
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Fig. 3 Inverted tandem device structure and optimization effects(>* 38-3% 66, 68]

(a) Schematic diagram of energy level arrangement of inverted TQLED devicel®]; (b) Wetting angle change before and after IPA addition[*]; (c) PL decay curve of
red quantum dots on different functional layer thin films[®); (d) Energy level structure and electric field induced charge generation of semiconductor-metal-
dielectric material CGLP#; (e) charge generation efficiency of CGL with and without microstructure™; (f) electroluminescence photos of green and red tandem

anti-counterfeiting devices under 8 V (left) and 13 V (right) driving voltages!>*!
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Fig. 4 Conventional tandem device structure and optimization effects4 32 72-731

(a) Conventional TQLED energy level structurel’; (b) PL spectra of green quantum dots covered with ZnMgO/AI/HATCN/MoO3

before and after chlorobenzene rinsing!’l; (¢) White TQLED working diagramZ; (d) Color gamut diagram(’?; (¢) Comparison of

lifetime between tandem and single-layer devices*?!

2.3 ZRAEMBBESH

b TG 2 onE T AR BRGE I, TR
FE FFURIR B A BRI AR R, 4
HEZMEIHHRAMRE B ZEN . XKL
I CGL K PIAA RN R AL e R0ER:, 7E45
GANSE AR iV 0 PR o] T B S U g SR
A Z I, 2RI tERe. IR 2 S )2 KOG
P 53— EEE T
231 REETR/ANEBRLX-RE

Chen %571 2016 4F42 Hi 5281 T QLED/OLED
(1) R RS 2 A IE B A A A S(a) TR . AT TR A
ZnMgO/AV/HATCN fE N CGL, SEEl T 4%t 5
QLED 55t OLED WA RHEL, MM EE H 2L
B A FERTR G BT o 2 A A AE AT
MEEH MBI R, 7 H KRS T RCERR
. w40 EQE miE 25.9%, & EALT AR
QLED(EQE 7.81%)#1 OLED(EQE 19.04%) .70 [H]HF,
PRI G 6 58 L OLED ] 68 nm P& % 44 nm(|&]

5(b)), SEZHLT 100% NTSC 357 35 (K 5(c)).
232 FEKE /AN ER LA RE
RERERETAAEHANERRI, (HE—
86 R EOR T m AU A A L . BEAh, FRE SR
IEAEER MRS P REEE R R A, X R A& T
SR BE T AR S DL AR B IR R R e R ES R
PRI G v 2 O B R SR AR e () B T R AR 3 )
2O, BT RERET AL B RAE m I aal
FE L BPE ARG AL, N ORI R IR S B R4
PEERHE T AT RRUY, B T IX LR A, Sun SFEHEH T —
Fi 5 YA ERE R Ot ¥ T(PLED) 585 OLED 1) £ Bk
J7 %, I EFERE R 5] N F P=0:Pb #H HAE A
SRBEALA, A RS T R Gk S AR S
HE IR RS E, e /o6 PLED HIAIGAL
K. ZWENHICS OLED HEUEMEH M ABRE
W, H EQE #RFFE 24.3%, FEENRE M S
Ffn 7 AL T G kT fon, I TR /A
HURE 5B = R 7). A PLED ek



s [76]

75 B X R Wk — AN A E G HAT-
CN/MoOs/CBP CGL # 454k PLED 15 OLED 44,
FR T —ME ARENIRA R LED, #1F4iH
Wl 5(d)fr. £ CGL H 5l AR MoOs )=, ¥
BT PR HB, WaR T R (B 5(e)), XA
IR Y5 T AT I AR R T, IR R T EEE
PN . B IRA LED R UL s 4 S g
5 K EQE #id 40%, WEAE A 176,000 cd/m?
[FIIORAF T2 30 nm (197 R 5~ 06 i AR T 42,000
h B TR 4r, B st 17 CGL HiJE )
Fiy LA e R TR XS b SR /A HLIR A B2 LED
EATTE A R 45 46 AN DU TC 5 350K 1 A% 5 R HL A AN
W, AR PLIX R, Lee ZEUTHEIT AL,
Bt I X T 4N “h-tandem valley” FG2A T 45

Kong

H, BEAE AR SEIL A A RO, BT BT liE T —
Bl O ERER” B, SRR IE S(g) R, 1%
SER IR RS IR R R, AL T AR
BN, IEEEERET PLED A1 OLED AN 62 8] 5K
YT AT 58 36 1) HLRT P o X R R AL A A4S A8 1F
PERES 2 E KIEFH, EQE &k 37.0%, Hk R 28
BT PRAN L BTG IR 2 . RIS, SR R Al
FEML R, RO TEACN 27.3 nm, B S(h)y B R
JGH T B JE AR R G .

RA &2 A 2 RO P R A,
MU 74545 LED Ho— S5 vERERR T, 1680 B
THAE D REVE S R R, ARRAE B BR EOR
H5Z et s B A ERR g ).

(a) (b) (c)
B oo
. 3 10 —OLEDEL unit | e starie
8 . === QLED, 117%NTSC
-2 > r — QLED EL unit 07 ~-=Tandem, 100%NTSC
3 3 B 98 — Tandem LED onl o
< c
S r 500
g i Z o6 | o
5 -6 B4 ©3,00
w74 N L
S o3 02
-8 E™T 01
-9 2 I PR !
0.0 - T L %80 01 02 o3 04 05 o6 07 o8
400 455 500 550 600 650 700 750 800 X
%) / g X )
g 25 8 g
unit ’(joBg / % A g . &z
; )3 % 20 g 5 I
- 2 & §‘ =13
1 Al ; 2 15F g 3
°
Bphen:Cs,CO; E 10F p
Bottom B TPBI ’ bl 08 a0k T,p=2338 h @100 cd m* Teo = 42,080 h @100 cd m \'; -
unit 0o N f | : L L 10,000 od m
- "0 20 40 60 80 100 120 140 160 1€ 0 2 4 6 8 10 12
L ITO Location in device (nm) Time (h)

Organic emitter

Perovskite emitter h-tandem PeLED

Electron injection layer: LiF

ETL: ZADN/TPBI

tole transport layer: TAPC
o[ é Y

|__| ntype charge generation layer: BCP:Li ?
Electron transport layer: ZADN/TP8I

[

Hole transport Layer: Buf-HIL

170 anode

Glass substrate

550 600

‘‘‘‘‘‘‘‘‘‘

0=
lr’ /
2R
i
N 2

nm

FWHM =21.9 nm
1

1

650 500 550 600 650 500

550

600 650 nm

K5 2ROt BHE R AL KA RRET 76771

Fig. 5 Structure and optimization effects of multi luminescent materials tandem devicesl®” 76771

(a) Device structure, (b) EL spectrum and (c) color gamut of cadmium-based/organic tandem devicel>”); (d) Device structure, (e) simulated electric field before and

after inserting MoO; and (f) working lifetime and surface temperature comparison of perovskite/organic tandem devicel’®); (g) Tandem device structure with optical

microcavity and (h) EL spectra of organic, perovskite, and tandem devices!””]
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Fig. 6 Structure and optimization effects of other innovative tandem devices[’* 81-32]

() Device structure and (b) AC signal controlled output color of the AC driven TQLED!™; (¢) Device structure and (d) full-color pixel working diagram of the

light output control device;#!;(¢) Flexible TQLED assembly processes and working diagram!®?!
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Table 2 Structure and performance of TQLED devices in recent years

EQE/
Color CGL Effect o Lifetime/h Ref.
o
TCTA/MoOs3/1Z0O 1.Energy level matching >50,000
Red ) ) ) 49.01 . [84]
/ZnMgO 2.Potential barrier reduction (Tos"@1000cd/m?)
1. Achieved charge injection balance 19,000
Green 50.3
PMA/AIL:AlOx 2. Suppress current leakage (Tso@100mA/cm?)  [54]
Blue 3. Prevent solvent damage to the lower layer 24 -
) PEDOT:PSS/ZnO 1. Improve charge injection balance
White 28 - [68]
/PEIE 2. Inhibit quenching
1. Improve CGL acid resistance 12,000
Red ZnMgO/PEDOT:PSS o ) 35 [43]
2. Inhibit quenching (Ts0@1000cd/m?)
ZnMgO/Al/HATCN
Red - 344 - [85]
/Mo0Os
53,808
Green 1. Reduced solvent damage 27.6
ZnMgO/Al/HATCN ) (Ts0@100cd/m?)
2. Implemented a matching energy level arrangement [72]
/Mo0Os o 107
Blue 3. Improve the balance of carrier injection 21.4
(Ts0@100cd/m?)
1. Reduce solvent damage
White ZnO/PMA 2. Improve the charge injection and transfer capability 27.3 - [73]
3. High transmittance reduces parasitic light absorption
Bphen:Cs2CO3/Al 42,080
Green - 40 [76]
/HATCN/MoOs/CBP (Ts0@100cd/m?)
Bphen:Yb/HATCN
White - 239 - [75]
/TAPC
1.Prevent solvent damage to the lower layer ~30,000
Red - ) ) ) ) 60.7 [86]
2.High-efficiency interconnection (Tos@1000cd/m?)
1.Improve the balance of carrier injection ~31,383
Red ITO o ) ) 51.2 [87]
2. Optimized optical external coupling (Tos@1000cd/m?)
1. Improve the balance of carrier injection
Red ZnMgO/PMA/AMA 2. Improve CGL acid resistance - - [88]

3. Improve the morphology of thin films

*Tos means the time taken to reach 95% of the initial brightness
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