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Low-temperature solution-processed molybdenum oxide and
its application for QLEDs
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Abstract: Hole Injection Layer(HIL) plays a key role in Quantum dot-based Light Emitting Diodes
(QLEDs). Herein, MoO, nanoparticles are prepared with a solution method under low temperature, next
they are coated on the surface of Indium Tin Oxide(ITO) substrate by means of spin casting with following
anneal under different temperatures, and then used as HILs to fabricate QLEDs. The experimental results
show that the energy level of MoO. film is matched to those of the ITO and Poly-TPD, and MoO; is suitable
to be used as HIL for QLEDs. By analyzing the performance of all the fabricated devices, it can be
concluded that the QLEDs, corresponding to the MoO. film annealed under 100 °C, exhibits the best
turn-on voltage, External Quantum Efficiency(EQE) and brightness. In detail, this device has a low turn-on
voltage of 2.5 V, a high EQE of 11.6%, and the highest brightness of 27 100 ¢d/m” at 10 V.
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Light Emitting Diodes

it ¥ 4 (Quantum Dots, QDs)& M B EIETEAS , KOG WS E ", 8 0 bR B s R, &
DU AT AT 55 AT DL OGS O A R s A X, H A A A, AR, B B — O ARL, 7R RO
T (LED) R BRI s R 44T )2 Y B 1994 AR A RO TG (QLEDS) RS — B4R 1T, 1925
T SR I T 2R Wikt , QLEDs MITEREC A M K $E &, Wndh i + 2% (External Quantum Efficiency,
EQE)7E 20 22 90 4F4R/NTF 0.01%, 11 2014 4, Wi VL K% 52 % NI RS 4L i & 941 5% QLED 19 EQE Tl it 20%,
T2 2 000 571 HAT, QLEDs i HL 1% % )2 (Electron Transfer Layer, ETL)KZ X HJCHL TiO, 5 ZnO 4
KWL, 1 a8 A% #i )2 (Hole Transfer Layer, HTL)W A 1,2,4,5-PU (= % FF %£)7K (Poly(9-vinlycarbazole), PVK), %
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(9-2 % "R ) (Poly(9,9-dioctylfluorene-co-N-(4-butylphenyl) diphenylamine), TFB)@X Poly-TPD(Poly[bis(4-phenyl)
(4-butylphenyl)amine]) 45 , & JH 5 (3,4-F & — % JLWE Wy )-8 (K 2 M5 1 R )(Poly(3,4-ethylenedioxythiophene)-Poly
(styrenesulfonate), PEDOT:PSS)H 25 713 A J2 (HIL) I 3 M &M )2 . 4 i 79l PEDOT:PSS 5 55 2 1 , % 5 J& ik 1TO
A, HEBB W P iR, SRS 7RI

W LAY 3 U 4 B 4k ¥ (Transition Metal Oxides, TMOs), 1 V,05® MoO;P , WO;!" 45 | H A ¢ 85 1Y 3 ok %,
H ARG R B AR HIL, WA HLA S A L KRB 55 . SR, K250 TMOs 48R I B 25 28 9% DU R I A o
X7 25 Ty 1 UMORHR B, HANEE & KRR AE 77 o A2 W 07 1 5 (R, ARG, DRI (o 9% W5 il 48 TMO's
h—FAZ I 2013 4F, M T K% 5 i A U RS T A IR WOs 9k ik, I B H A AE
T QLEDs ', 15%| TMEfEMIXT R 9 QLEDs. 2016 4F, B 5 Bk A2 BRm B AR 41260 B i ik il 4 TV, 05
GOK R, JEAEA HIL HF & F A kobas b, 43T EQE N 7.25%. HLIRACR N 10.91 cd/A i QLED #14 -
2016 4F, 75 [ 37 I K 2f IR R IR 4L 80 C R /UK A MR A 3] T MoO, 4k ik, 21
fiE 1% (Ultraviolet Photoelectron Spectroscopy, UPS)ill%E, MoO, FIT %A 5.6 eV, Hft PEDOT:PSS {4 QLEDs
) HIL, #%Fr R ImACEIAE] 10.8 cd/A. A SCF AR IR 7 Wk il 45 T MoO, 49K UkL, IF1E A HIL # kLN FH 7
QLEDs #fFH. ZEA R B X MoO, Wi A7 A, IEXHAH R 45444 7 9 QLEDs #EA7I1K, & B MoO, W i 7E
100 °C F A5, QLEDs #fFPEfE R BUR M, fse)E k%] 27 100 cd/m®, % EQE N 11.6%.

1 SCIEERSY
1.1 ##l

K53 (99.5%) . JoIK ZBE(99.8%) . T EAL R (H,0,, 30%). EBETIK. NEH(95%). BINEE(95%). /KA B
PR £ (99.995%) . P4 H I S SR AL 44 (98 %) o 7K £ I | 1E 27 %56 (98 %) S AR #5(99.9%) . — HH JL W 1(99.9%) . PEDOT:PSS .
Poly-TPD. CdSe/CdS/ZnS QDs.

1.2 523§

MR TR W £ MoO,: 0.1 g SHRYEE 5 i H o2 243 HUZE 10 mL JB/K LB, ARG AR & ImA 0.3 mL
() Hy02(30%), RIZIEFE RN 24 he BT OBEP I EE T3 A S L M6 b, W@ KA R, )54
UG W0 . HEE KA AR 40 CIEAE THAA T T, BE¥ THRAAMHREMBE 10 mL B IEK OB 155
I mg/mL A9 H, ,MoO, % . S EENZE, FlH&IREY, EZTRERINUT 2 MEA: 2) WEHEMN S H,0,
Z BRI LR N, 5 B N T s b) AE Bk R R AR AR B e AR T, DR AR T A SRR S, AT
Al #5153 2] Hy MoO, ¥ »

ZnO 9K R H 5 . 0.626 5 g K A BEFR B M AE 30 mL (19 W BT P, FRic MIEW A 0.996 7 g
DU R SR AR B IR AR AE 10 mL JE/K Z g, FRiC MR B. BHIATR B B AR A, BERERN 1 h, RIS
A 160 L - ZBERE, FPEPER N S min J5 51k RN o 1o R RO 3 A OR, BRI A auiiE, B Zno 4
KAURL . ¥ ZnO GHK UKL i 75 oK LB, Bl ik B2 R 30 mg/mL A9V, PRAFTE VKA TH R A .

QLEDs M@l : H 1TO LIRS 43 BIAE LB K . . SNBEP &8 15 min, 8509 1TO 33 H A
SR, AN AL AR HE 15 min, WE SRS HH 3 000 rpm, FHES W AR B H, ,MoO, ¥ Wi TR 3 7 =
HER 7 ITO I, BEW 50 s JGHCT ITO B3, e in b b DLk i BE A 7iR kA3, 30 min J5, 145] MoO,
WM . ARG 1TO B3 7% 31 246 1 (0,<20 ppm, H,0<20 ppm), LL#JE 2 000 rpm, B[] 30 s HEUR poly-TPD
2S5 A ZE , ITFE 120 C T MAALEE 20 min FF%E0 . 2R 5 LA E 2 000 rpm, A (8] 30 s Jigk CdSe/CdS/ZnS QDs,
FLLEFE 2 000 rpm, [F[E] 40 s fE ZnO 9K B0k, #5325 60 CHE LK LA . G 7E 4x10°° mbar Y B 235 FR5E
T, MIAZE LAY R ZEHE 100 nm & | ARLHEAUN 4 mm® 194/ AL .

2 HBRHWMEITIE

2.1 MoO, HERH NI 5 R1E

1 1 mg/mL 1) H, MoO, ¥ WUIE I 75 22 58 4h R4 AL FUS (9 ITO b i, 356 70 23 0 b i 7e I s Al b 2R 47 1R
JALBR, B AGERE 100 °C, 53] MoO, Wi, MoO, Wi H] T-2F AR & i, BRI REREM 2 — D IEW EHGH
FHNER . 1()~E 1(c)7 8 MoO, Wil UPS B94xilf, DK A1 9 — L 5 0 X BRI A0 i i 2% X 3. MoO,
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THE S 11 T R KT LG IEL 1(0) T 7 1) Uk T T XA 3], Ry 21.22-16.48=4.74 eV, i — i A Ak 50 1Y Ty R BCRR 75
4.25~5.7 eV LB MoO, HEBEAT A 2R . MoO, AYSRKAEH T B 1(c) iR M ilr i e X ki3 8, A
3.26 eV, HIIE T MoO, BEZR 45 ¥ () 4 #7 T (Valence Band Maximum, VBM)N 4.74+3.26=8.00 eV, &l 1(d)&
H,MoOs I T W WG TS |, b 28 )5 7T LU A5 3] H.MoO; fZE 77 56 2 3.38 eV, il MoO, 1 577 )ik (Conduction Band
Minimum, CBM)Z 5N 8.00-3.38=4.62 ¢V. K 1(e) W= /2 M RESLEA &, e &6 W e 7 i 28 AL iy 12
Poly-TPD {# A £ °F: 31k MoO, JZ HE HIHLE . ITO(T) AL A 4.6 eV)FI VBM Hy 8.00 eV 1) MoO, # i Z [H] 17 7F
WK EERE, T2 7URMEM ITO A F] MoO,, i #: M MoO, i) VBM | Poly-TPD ) HOMO(Highest Occupied
Molecule Orbital)iE4% 5.2 eV A7 2.8 eV HIRERE, JL-FAS AT RESE I ZS XA . (H2 X TiXFEMRER S5, B+
LIRS 15 2, X 2 F 8 MoO, 1) CBM 2 4.62 ¢V, 5 Poly-TPD i) HOMO REZ 8] R A7 0.58 eV A 2%,
HL 7 1] LIAR 25 5 A Poly-TPD # 5% 4 2 MoO, M. #7522, 4570 MoO, i A # Poly-TPD 1] LLF E /& HL 7
Poly-TPD () HOMO fiE £ 1% % ¥ MoO, ) CBM, It MoO, # A Jy 23 7L 2, SV R g E B4 1TO FE
2 CFEAJZ K Poly-TPD JEREH VT LMY o X FhHLEE H 15 B FH R A B P S O S A 0 R BILZS 7R )22 22 11 A 23 X
FEALR,
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Fig.1 (a) UPS spectra of MoO, film; (b) secondary-electron cut-off; (c) zoom-in of valence band edge;
(d) schematic of hole injection mechanism; (e)absorption spectra of H; .MoO, solution

P 1 (a) MoO, WEIBEK) UPS 4xii s (b) WAL T-#IMTIXIE; (o) Mg X (d) HiMoO RO ; (o) 25/ AN

2.2 CdSe/CdS/ZnS EF m Rk 5 R1E

# CdSe/CdS/ZnS QDs 14 QLED # % Y62, CdSe/CdS/ZnS QDs F) 17 5 4% [¥] (Transmission Electron Microscope,
TEM) K 2(a)fi7x . M TEM & o] LLFE 3| CdSe/CdS/ZnS QDs k£ Z 8 W IEIE MR, K/ —, Bk H
% 8.25nm KA. KB 2()FryHEE N CdSe/CdS/ZnS QDs ¥ = £ 1% 5 1 5% &l (High-Resolution Transmission
Electron Microscope, HRTEM), M AT Ul 2132 f - 5005 007 0 000 1) @R AR 25 0, 3R IH 2 o 50 B 45 RS . &1 2(b)
o Wz F A X SR AT B 6 1% B (X-Ray Diffraction, XRD), B H{U A & 4MNZE Y ZnS BIRTH 1%, 3% 76 H B CdSe
Al CdS MR, ik, ZnS TR EERCEHAE, &7 R G LR D . ZE T AN s T IO RN
KATE 90%LEF . B 2(c)R 1% ot T & /0 A] WL WG 3% A1 5% Y6 i (Photoluminescence, PL). ME 2(c)Al LI %
CdSe/CdS/ ZnS QDs WML IE K ZI1E 612 nm 247, ASFIELE 625 nm A7, fFAERCRAIML i hife . %4 1 A
B9 YEETE LR 292 29 nm, RWHE FEAKH4IELE.

|® N0
=2
< ~
P —CdSe/CdS/ZnS =1 E
= 8 N
< = <
s : z
g -2 =
< =
o)
1 1 1 1 L L L L
» ol 20 20 30 40 50 60 70 525 550 575 600 625 650 675 700
Q 26/(°) wavelength/nm

Fig.2 (a) TEM pi(?tl{re, the illustration is HRTEM picture; (b) XRD spectra and (c) abs and PL spectra of CdSe/CdS/ZnS QDs
[#] 2 CdSe/CdS/ZnS QDs (a) TEM & H-, #[E ) HRTEM FBF; (b) XRD Hifti%; (c) MR Al PL 3%
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2.3 MoO, {EA TN E 8 QLED 514l

&l 3(a)~Il 3(b)53 52 QLED & 1: i) 45 44 715 2 B RV RE 44 43 A1 &1 o A% SCAfE AT QLED 454424 ITO(180 nm)/MoO,
(8 nm)/Poly-TPD(30 nm)/QDs(40 nm)/ZnO(30 nm)/Al(100 nm). H:H, ITO Bk 5 3 b ELA G 7 i 5 w2 Al e BE R A% 25
F, HIE QLED #8441 IEMH ; MoO, B 45 @ (®)
¥ 5 ITO F1 Poly-TPD fE 44 VLT , n] FHAEZs /¢ |
I AJZ; Poly-TPD FIfEZS sUE )= Mk, H 70
HOMO fiEZ-5.2 eV Fl 1x107* cm®V's' [ 23
TR R, TABURHEE S N EARER . B poly-TPD
ZnO A Pik1-3.5 eV i FAFEAI-7.3 eV
(49 A5 T0 A S B4 2 H - T N R Y =S g
i 3 B A 9 T, B G b kg R 28 O A o)
TRz ’ NIIR:: j]ﬂ HL =25 O EI(JE%IL% ° Fig.3 (a) schematic diagram and (b) energy level diagram of QLED device
$4 80 °C,100 °C,150 °C,200 °CiB Kk 4k 3 QLED #{FRI(a) L5078 ERF(b) RELSM A
FHS B MoO, AR R 25 ) E A JZ, i & 3 7R QLED #8444, HI4E T 4 40 QLED #844, Jf-xF Hotk e kAT
W, WSS RN 4 FroR o b 7R LR A R AT o, iX 4 20 QLED g BR 1A /AR MoO, IR 1 3R K 4k
PRV BE AT, Al SE 50 S5 ] . 1 4(a) Sl 4 2H 384 1Y H I 80 R B B A s 1) B AE O R, TR 4(b)h 4 L ER A
1) &1 ek~ 255023 B R AR AL OC R
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(a) current density—voltage-luminance (b) EQE-voltage, the inset is PL spectra of QDs solution and EL spectra of device

Fig.4 Device performance for QLED
[ 4 QLED M fig Lb 4

i1 1l 4(a)~[&l 4(b) ] UL, 3R Kk Ah B BE X MoO, 78 B8P BE 1) 52 AR K, AT 530 4 R ds it RB A e I B 25 5
H & 4(a)Rl A1, 4 21 QLED ¥7E 2.5~3 V =, JB TRIKMEZHEE, H MoO, £ 100 Cil J Ak B 1 1
PR RN 2.5V, RITA SRR, K 40)af M, X 4 AR 10 V e B s R w2
IER, MoO, 28 100 °CiE Jk Ab X 137 A9 2% 08 10 22 B e, 9 27 100 cd/m®, 55 80 °C,150 “C A1 200 °C I X b7 % 14 i)
B9 17 101.5 ¢d/m?,18 261.5 cd/m” F1 19 031.5 cd/m*, X6 g8 81 BE 19 25 5 0l fE Sk U5 T 2538 J ik PRy
MoO, v 5 11 ~F- 8% B2 AN [|] DA K T pR B R [R] . LI %5 BE R R, ANl 4(a) o, 4 ARG AE 6.5V Z i 1Y HL it %5 B
FALT 200 mA/em®, I ARG A, BLRA 4 i R R A SR R R OR K AR 7V LU, R
EIRBONR, 100 CXF #5100 o I I K R R, FSR R AR, UL MoO, I ZE 100 °C il ok Ab FE S ik F
T AN FAE 9 T BRI L AR AL 4(0) T DL B, MoO, 28 100 °C 3B Kk 4b 31 XTI 1Y 28 EQE 5 i A 5 1 11.6%,
T HA 3 410 302 10.3%,10.7%1 10.4%., H L, 1ER2 70EAZ, MoO, #WiflE4: 100 “CiR A Ab ¥, v fff QLED
AUEE RE IR B B Ak

El 4(b)AY 4 K 45 CdSe/CdS/ZnS QDs K Y PL % A1 MoO, % 100 °CiB K ALHEXS W i QLED #84F it i 8 &
Yt (Electroluminescence, EL)if. MEH A F #| EL {4 PL A e 250 R M AL FIEO IS, EL IEM PL
I 625 nm £I %% 13 nm & 638 nm Ab o AH AP & 41 2 (8] (4 AH B A FH LA K H 37 S 3500 307 46 5 307 28007 0 55 3 A 245 B g
YIrl g2 EL 35 L R 1 I 1A .
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A SCAE IR T VR B P il 48 T MoO, 4K RIS W, B L E VR 76 1TO B 55 b il I 4% 80 °C,100 °C,150 C
DL K 200 C4 FhEEE T EATIR kAR FE, SR AMG P REIE 4T T MoO, ¥ B /9 iy A S, RILHAER S 1TO
IR FE BHA A1 Poly-TPD 25 /AL i J2 BE VL BL , BEFE A QLEDs %14 A0 as /U A2 oA FH & 4 FPIR R KA BRAY MoO,
W, I T RRE . FSCR A QLEDs #F . i i Xt T il £ 19 QLEDs i {4 PEBE K 5 4 T, & B MoO, i
2 100 CiE KA H S, QLEDs #81F M5 E N 2.5 V, He i EQE N 11.6%, fEfwIE N 10 V i, fEiaE N
27 100 cd/m*,

5% 30k
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