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All-solution processed quantum dot light-emitting
diodes with low turn-on voltage

CAQ Li-juan, JIANG Cong-biao, LUO Yu, LI Miao-zi, LI Jia-li, CUN Yang-ke,
WANG Jian, PENG Jun-biao™ , CAO Yong

(School of Materials Science and Engineering » South China University of Technology
Guangzhou 510640, China)

Abstract: All-solution processed red, green, blue-quantum dot light-emitting diodes (R-, G-, B-
QLEDs) were fabricated by using spin-coated silver nanoparticles (Ag NPs) as the cathode. In order
to solve the higher turn-on voltage (V,) compared to QLEDs with vacuum deposited Ag cathode, a
combination of low-vacuum and thermal annealing drying process was used to dry the Ag NPs
cathode. With this new process, the V, of R-, G-, B-QLEDs was reduced to 1.9 V, 2.6 V, 3.2 V, re-
spectively, which was comparable to the devices with vacuum deposited Ag cathode. The results show
that the cathode treatment process may provide a new process idea for fabricating fully printing
display light-emitting devices with low V.

Key words: all-solution process; low turn-on voltage; quantum dot light-emitting diodes; silver nano-

particle electrode; low vacuum/thermal annealing drying proces
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54 22 18] 5y I RS R 5 S Fi BEL 2 R A 280 T 1Y
TEA . SR, DUAR 40 45 4 i 9 KORL - BE it 1y v
WA R AT ATE I A 3B TR B TR 52 B e L
Bz N B e T A (U T R
RCAATY IR T I — 5 1Y Pk AR, L G 4 s 44 oK it
LT 58 Y 3 500 X T T D RE 2 Y AR T R B i L 43
S0 TR 2 B PR BT, S BUR DG AR RE Y 5 1L

S B AR BN, T e A F 5. X T A
BLE SRS 8 SCaE A8 N IR 1 05 8 S
R R U TBOTE — o 3R o i S v P PENR, OK /B 1
HHEREY . 9. 9- ¥ 259, 9- X (N, N-— il
BRI ED 25 D bR T R AW RO R S
T AW T AL 4 O S BCR R G W ROt )
& (Polymer light-emitting diodes, PLEDs) ,{H i1 F
PENR, BRI i A2 0l S BUde i VAR T 725 8
PR 25 O e o B L AR A N I mE B5 4T B 5
24 Ag NPs W AE S B, 52 B0 1T B A 42 %
O TR E AR TSR
B A B SR DR 2 8 LA R PEN 5
AW R R S WA O B 1 i AR (Electron
inject layer, EIL) 5¥ FIH P2, NERE,

PEN/ 1M g 18 AN i 7™ % SR HTAR K v igs 351 19 1=
T, [RVRE A7 S 7 i 0 R SRR IR L BK Bl L R 4
SRS e N P = S YN W
LA K E AL F (Zine oxide, ZnO) 1E Jy By 1%
JZ (Electron transport layer, ETL), €& Ag
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Fig.1 (a) Device structure of QLEDs with solution-processed Ag NPs cathode; (b) Energy diagrams of the

devices; (¢) J-V-L characteristics; (d) J-qce characteristics of G-QLEDs with different cathodes.



788

GRS RN

35 %

R 8. ZnO IH m B FIEB R (2 X107
em’ « V7! e s OHFIE QDs ZEA B IFHIEE VLD
M HE ETL, I+ H.Zn0 EHEMBR A FHA R
S BT R M A R T A R RO T £
FEat, LR EY TFB B FHEHNS 7GERE
HAXK10Pem” « V71 o sTOHT HTL. A B T3
FOF 7 RN R = 2 4 H 30K ) (Electroluminescent
EL)MERE. b 1 BF 58 R A 8] hn T 25 9 B Ak
X R BUROGRE VIR S, fl &S T 3 Fb
AR T2 BB G-QLEDs., 3 it &t & 1

B HEL A % BE ()RR A BE (L) Bl R (V) A8 A 1)
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F XA F, Device A B A sol-vac. Ag NPs,
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EL #EAE . 22 BL0 B MR 10 e 7.3 od » A FUBETS
B V4.2 Vo, 3 Fhods 08 19 PR Be AodE B4 e R
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%1 3% G-QLEDs HylE8EC 2%k
Tab.1 Device performances of the three kinds of G-QLEDs
Performance at 1 000 + cd m™?
Device V./V PeEma/ (cd e AT Luw/Ccd s m™®)

V/V 7]1.1—:/(Cd‘ A

A 2.8 22.6 9.8X 10" 5.0 14.2

B 4.2 7.3 1.5X 10" 6.8 4.6

C 2.6 8.4 1.6 X10* 4.8 6.4

32 BRBESH C) 78 130 C B KGR EE A 15 min B [E] N 3

T ZnO HAT BP0 RS 3 2 ot
PR I 5 80 R0 T B A 25 1 1 VB R A TR TR
FLAE HPTE B gk 2 EEAE ZnO/Ag NPs 5t
T4 . A BT A A i B T e AR TR
B (D ER A PE 57 TGME 78 [ B 5 16 AT fig £
Sl A F B B F7E A5 (2) Ag NPs B R
B o T AR B8 9% R 58 4 AR RS f P 255 (D)
ZnO F1 Ag NPs 7EiR i #2 v a] G 76 5 g sl 2t
1R B B 7 FEBIE - T2 M - T A

T A3 %R TGME (99 5 % (249

@ (b)

FIFTREIA 56 21k £ Bk, JR B TGME ¥ 7 ]
B2 AE ZnO WY 22 51 AR A T, X AT BE
SSHHFEARL2MEGE. N THRER TGME
BREEASGI RSV I #l& T TGME At
B ZnO WY 7858 Ag alh. BARA I T A0 . de
PF5E 1 ZnO JZ il #8555 A 3 000 r/min fY 5% #
130 s BYMFE]E S TGME 8 FI7E ZnO Fifi, I
1E 130 C FiB kK 15 min, G-QLEDs B V-L i1k
K 2 Fis . 2 F V. 2k 2.8 vV, Al #E
WA m 5] A TGME %A £ gsiE vV, .,

©

5
106 } —e— without TGME treatment 106 10
—e— with TGME treatment s—evaAg sol. Ag NPs lf"
&~ 10° ~ 105 1 £ qptf ——1207C 3
2 2 ——130°C 'E ——130°C -~
10t ©oqeef MO 2 ——140°C
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Fig.2 V-L characteristics of G-QLEDs. (a) Eva. Ag cathode devices with/without TGME treatment; (b)
Eva. Ag devices with different cathode annealing temperature; (c) Sol. Ag devices with different

cathode annealing temperature.
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()t 22 TR RRLLE , b7 1k F SR A 4R R I 50 4 K
AR FR 3k 2 4 2 e (40K B R i 7 7E Ag
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45 g K BORE 22 (8] 422 firk S5 %%, HL Bt A AR KO EE Y
Th s BC AR I 7% 5 52 4, Ag NPs 22 [a] fil & 45 58 i
% TN Ag NPs i T3, F L. N
THEE Ag NPs HBEA L S 2  BRAR VL Hil 4 T
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(b)) A1 2(e) W78 THE 120,130,140 “CiE AR E T
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Tab.2 Turn-on voltage of devices with different cathode

annealing temperature Q%)
Cathode none 120 °C 130 C 140 C
eva. Ag 2.7 2.7 2.7 2.7

sol. Ag NPs — 3.2 3.9 4.0

TR G BB g 1 VAR AR
XF ZnO/sol. Ag NPs # 1f 1 JE 5 # 17 7 SEM
AL, WK 3Ca) Frn . ZnO/sol. Ag NPs 19 A
AEMW, AT RE A T S AR O T R IR
B A7 46, I AT 43 5 W i T ZnO, sol-vac. Ag
NPs, sol. Ag NPs, eva. Ag., ZnO/sol-vac. Ag
NPs.ZnO/sol. Ag NPs il ZnO/Ag i I 1 5 )5
ik 3 Ppron. W LLE B, B IR KR ZnO/Ag
NPs ¥ i 85 5 /N T 20 5000 4 /9 ZonO #1 Ag
NPs JBEJEZ 1, U ZnO/sol. Ag NPs F 1 & 4
AR IR AT RE 7 A2 T 2 0 A B B R 3R
e f iR ({15 G-QLEDs [V, FriE . N THRR
ST AR AR i B A R AT R ] TGME %
I ZEVRHFN Ag NPs ¥ W 78 VR0 il 28 5 04 8% 18 (B
BB 47 78 AL #1, BAR 9 #4E n ) . o
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B B RN A LU ITO 388 Fr s SR 5
PN F 3] 130 °C A9 I BE T i 34 8 1 45 4
B A 1 BCFE R, 2895 A0 3 3 min; A PR S
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_______________________________________
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Date :28 May 2019
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Fig.3 SEM images of ITO/ZnO/Ag NPs cross
section. (a) Annealing directly; (b) Low

vacuum drying before annealing.
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Tab.3 Film thickness for different processes (nm)

b A eva.Ag sol. Ag NPs vac-sol. Ag NPs
ITO/ZnO 40 40 40
ITO/ cathode 120 127 116
1TO/ZnO/cathode 163 146 154

ZEVRAE . G-QLEDs myJtr M REan Al 4(a) Al 4
(WP . R, R 28 R AL B, TC e
& TGME 287538 & Ag NPs 728 R & i 15 g 1 1tk
RESUBIAE 22.V IH 2 4.8 VAL 7.5 Vager PR
0.54 cd/A F10.20 cd/A, HH, ] Ag NPs i ik 7%
FACFRAY B PEBE B 22, 60 Ag NPs I8 I h b A
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Fig.4 (a)J-V-L curves and (b) J-ncg curves of QLEDs with steam treatment; (¢) Illustration of steam treat-
ment; (d) I-V characteristics of G-QLEDs with different cathodes.
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(a) J-V-L characteristics and (b) J-7¢g characteristics of R-,G-,B-QLEDs with solution-processed Ag

NPs cathodes; (¢) Histogram of peak gcg measured from 20 devices for R-, G-, B-QLEDs respectively;

(d) Histogram of V|, measured from 20 devices for R-,G-,B-QLEDs respectively.

() 100
80 |
<
60 |
£
5
E
& 4}
20 F
——ITO/ZnO/eva.Ag
5 —*1TO/ZnO/sol-vac.Ag NPs|
1 2 3 4 5 6
Voltage/V

P 6 Cad AN [l B A v BB I 25 S35 18T 5 (D) AN Rl B B T -V 42

@
100,

80k eva.Ag
N sol-vac.Ag NPs
?
Qo
g 60}
b7
Q
G40 e —
4

20}

ol . . 2
400 500 600 700
Wavelength/nm
Fig.6

odes.

JER B TR TS 2R WM T QLEDs
E/‘J Vr'ﬁ%%}g Ag Bﬂ*& QLEDS —gb{a%%ﬁ: E’:] 7 cE
Fss B 2% (R D, Wl 6 TR, sol-vac. Ag

(a) Reflectance of different cathodes film; (b) I-V curves for electron-only device with different cath-

NPs 3 I 55 R AUH eva. Ag HE K — 2, i LA
sol-vac. Ag NPs b B3 8 i) B F B 0 2% 1 K T
eva. Ag N BAM W25 . Chen %P #E Ag NPs



792

GRS RN

35 %

55 Dy REJ= F TR I B O B 8O R B A AE % T
PR 5 5% B A A LY 2 B 7 i A5
I 4 WO T g 1 PR RE B B AR O T T Ag NPs
WA B S AR 0 7O L L Ag NPs
HEEAE AR i e v B B A AL PR ok B T AR SR
TET Ak B A HRL R i L AR T A P FL O L D
TP R 2

L 25 T AW WO T/ QLEDs, ffi R-.G-.B-
QLEDs B V.23 %°h 1.9,2.6,3.2 V., 578 Ag
MR =, B KRTAMR RS TR R T
ZnO Fl Ag NPs Ftim 4k i IR I Bk, 4 15 5 1 3
W7, IFAE B AR T O 1l BRCHR 422 ik, RS T A A A
Az () By BEHL I 1 A A L H SE BRI T K A
B 2R AR A5 A e 22 0P B A AR R F V

BARM AT 0550 ASCH WRARBES 7T Ag

4 % 7w NPs 15 B, 52 i B Al A w322, 888 VI &
T g LS AR A B R ) 3 O s A R
ASCHRET —F TR T LS Ag NPs BT R T2 B

& £ X

[1] MURRAY C B, NORRIS D J, BAWENDI M G. Synthesis and characterization of nearly monodisperse CdE (E =
sulfur, selenium, tellurium) semiconductor nanocrystallites [J]. Journal of the American Chemical Society ,
1993, 115(19): 8706-8715.

[2] PENG Z A, PENG X G. Formation of high-quality CdTe, CdSe, and CdS nanocrystals using CdO as precursor [ J].
Journal of the American Chemical Society, 2001, 123(1): 183-184.

[3] CHEN O, ZHAO J, CHAUHAN V P, et al. Compact high-quality CdSe-CdS core-shell nanocrystals with narrow
emission linewidths and suppressed blinking [J]. Nature Materials, 2013, 12(5); 445-451.

[4] ZHOU]J H. ZHUM Y, MENG R Y, et al. Ideal CdSe/CdS core/shell nanocrystals enabled by entropic ligands
and their core size-, shell thickness-, and ligand-dependent photoluminescence properties [J]. Jouwrnal of the
American Chemical Society, 2017, 139(46): 16556-16567.

[5] DAIX L, DENG Y Z, PENG X G, et al. Quantum-dot light-emitting diodes for large-area displays: Towards the
dawn of commercialization [ J]. Advanced Materials, 2017, 29(14): 1607022,

(6] ZF, mAtsh, shmsh. F. & BB 4 4 £ %5 CsPbBr; & T HLAS 6k 0 & 7 et i g i (10, Ak #F4R,
2019, 40(8): 949-955.

MA X, ZHUANG S W. HAN L ], et al. Effects of synthesis and film preparation conditions on properties of
CsPbBr; inorganic perovskite quantum dots [ J]. Chinese Journal of Luminescence, 2019, 40(8): 949-955. (in Chi-
nese)

(7] #&T%, G E, 5 XU, 5. BEETHMEGO0E F AR SRS RILRW [J] A LFH|. 2019, 40(10):
1274-1280.

XIONG XY, WEI C T, SUW M, et al. Performance and interface of inkjet-printed cadmium (Cd)-based green
quantum dot light-emitting diodes [J]. Chinese Journal of Luminescence, 2019, 40(10): 1274-1280. (in Chinese)

(8] wh35. wir&df, MU, . B TR E RIS IR [J]. B X5, 2020, 13(1): 14-27.

YE Y., YU ] H, LINSY, et al. Progress of quantum dot backlight technology[J]. Chinese Optics, 2020, 13(1);
14-27. (in Chinese)

(9] FRE. &M, X £, 5. CdSe/ZnS kT 10U FFAHBEA LD A% UL ST A HLEOEAF [T]. F Bk 5. 2019, 12
(6): 1431-1441.

YIN M J, PAN T, LIU S H, et al. Top-emitting red, green and blue organic light-emitting devices with CdSe/ZnS
quantum dots down-conversion films [J]. Chinese Optics, 2019, 12(6): 1431-1441. (in Chinese)

[10] DAI X L, ZHANG Z X, JIN Y Z. et al. Solution-processed. high-performance light-emitting diodes based on

quantum dots [J]. Nature, 2014, 515(7525): 96-99.
[11] WANGLS, LINJ, HU Y S, et al. Blue quantum dot light-emitting diodes with high electroluminescent efficien-



i A S5 ARUE S HUR VR O T T R UROb g 793

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[26]

[27]

[28]

[29]

cy [J]. ACS Applied Materials & Interfaces, 2017, 9(44); 38755-38760.

FU Y. JIANG W, KIM D. et al. Highly efficient and fully solution-processed inverted light-emitting diodes with
charge control interlayers [J]. ACS Applied Materials & Interfaces, 2018, 10(20): 17295-17300.

SHEN H B, GAO Q, ZHANG Y B, et al. Visible quantum dot light-emitting diodes with simultaneous high
brightness and efficiency [J]. Nature Photonics, 2019, 13(3): 192-197.

SONG J J» WANG O Y, SHEN H B, ez al. Over 30% external quantum efficiency light-emitting diodes by engi-
neering quantum dot-assisted energy level match for hole transport layer [J]. Advanced Functional Materials,
2019, 29(33): 1808377.

WU Z C, CHEN Z H., DU X, et al. Transparent. conductive carbon nanotube films [J]. Science, 2004, 305
(5688): 1273-1276.

RAFE, BKE, @, F. ZRERIKE B A0 W B G 8 A HUHEZE A ORHR B 7 B A R AT gE (1], %414k %,
2018, 46(11): 1794-1801.

ZHANG D Y, CAI Y., SHEN Y, et al. A Solid electrode for detection of silver ion based on copper-based metal-
organic frameworks doped by multi-walled carbon nanotubes [J]. Chinese Journal of Analytical Chemistry ,
2018, 46(11): 1794-1801. (in Chinese)

NA S 1, KIM S S. JO J. et al. Efficient and flexible ITO-free organic solar cells using highly conductive polymer
anodes [J]. Advanced Materials, 2008, 20(21) . 4061-4067.

KRANTZ J S, TOBIAS R, MOSES S, et al. Spray-coated silver nanowires as top electrode layer in semitranspar-
ent P3HT: PCBM-based organic solar cell devices [ J]. Advanced Functional Materials, 2013, 23 (13):
1711-1717.

AR, 3] BT R ATl R AW IR S A 0 s RS R BT S L) 4 AT AL F L 2019, 47(12) .
1960-1966.

ZUO S S, XI S. Study on fabrication process and actuating performance of conductive polymer actuator based on
polypyrrole [J].Chinese Journal of Analytical Chemistry, 2019, 47(12): 1960-1966. (in Chinese)

SEO J T. HANJ. LIM T, et al. Fully transparent quantum dot light-emitting diode integrated with graphene an-
ode and cathode [J]. ACS Nano, 2014, 8(12). 12476-12482.

FRA, KRB, FAa F. RMEA SR BN 2 B R RERIT]. 244 F, 2018, 46(7): 1039-1046.
DONG Z J, ZHANG P, L1 S H. et al. Flexible graphene platform-based electrochemical sensor for sensitive de-
termination of dopamine [J].Chinese Journal of Analytical Chemistry, 2018, 46(7): 1039-1046. (in Chinese)
Kir, @ F,EEHETYOREN PET BJE A &SR EA IR BUR G &[] % & 5 2 7,2016,31(8) :733-739.
ZHU H, TIAN Y. TANG ] X. High-efficiency flexible organic light-emitting diodes on nanoimprinted PET sub-
strate [ J]. Chinese Journal of Liquid Crystals and Displays, 2016, 31(8): 733-739. (in Chinese)

LIDD, LAIW Y, ZHANG Y Z. et al. Printable transparent conductive films for flexible electronics [J]. Ad-
vanced Materials, 2018, 30(10): 1704738.

ZENG W J, WU H B, ZHANG C, et al. Polymer light-emitting diodes with cathodes printed from conducting Ag
paste [J]. Advanced Materials, 2007, 19(6): 810-814.

ZHENG H, ZHENG Y N, LIU N L, ez al. All-solution processed polymer light-emitting diode displays [J]. Na-
ture Communications, 2013, 4. 1971,

SONG C, HU Z H, LUO Y, et al. Organic/inorganic hybrid EIL for all-solution-processed OLEDs [J]. Ad-
vanced Electronic Materials, 2018, 4(2): 1700380.

LEE BR, JUNG ED, NAM Y S, et al. Amine-based polar solvent treatment for highly efficient inverted polymer
solar cells [J]. Advanced Materials, 2014, 26(3): 494-500.

SPERLING R A, PARAK W J. Surface modification. functionalization and bioconjugation of colloidal inorganic
nanoparticles [ J 1. Philosophical Transactions of the Royal Society A : Mathematical » Physical and Engineering
Sciences s 2010, 368(1915): 1333-1383.

MOON K S, DONG H, MARIC R, et al. Thermal behavior of silver nanoparticles for low-temperature intercon-



794 W5 B

35 %

nect applications [J1. Journal of Electronic Materials, 2005, 34(2): 168-175.
[30] CHENJ Q.NING H L, FANG Z Q. et al. Reduced contact resistance of a-IGZO thin film transistors with inkjet-
printed silver electrodes [J]. Journal of Physics D: Applied Physics, 2018, 51(16): 165103.

EE @I

EWHE(1995—) . %, I A BT A, fi+
WS A: 2017 4 FVH M R 2F R A5 2 1 2
A7, FE NI T S R BUR
#1F J7 m  BE5Y . E-mail: 1686746845
@qq.com

FEE 962 —), B, IR T A
+ L HAZ 1993 4T i E RN B K B
SN UMK 5 4 B F 5T AR A Tt 2
P, BN & e R 3R R K B

%%, E-mail: psjbpeng@scut.edu.cn



