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Abstract

In this thesis, we report on the fabrication of multilayer organic light
emitting diodes (OLEDs) with high electroluminescent (EL) yield by
integrating two units of green and whit emissive devices in series. We also
demonstrate p-i-n organic light-emitting diodes (OLEDs) incorporating a
p-doped transport layer which comprises tungsten oxide (WO;) and
4,4'4"-tris(N-(2-naphthyl)- N-phenyl-amino)triphenylamine (2-TNATA).

The architecture of the multilayer OLEDs used in the experiment is
ITO/CuPc/NPB/C545T:Alq3;/Mg:Alq;/WOs/NPB/C545T: Alqs/Alqs/LiF/Al.
We fund the efficiency of the two-unit device can be controllable by the
thickness of WO3. The two-unit device with 4 nm WOj3; produces the highest
luminance efficiency of 34.9 cd/A at 20 mAj/cm®, which is around thrice of
that of the controlled single-unit device (ITO/CuPc/NPB/C545T:Alqs/
Alqs/LiF/Al). Compared to researeh—reported to data, the “amplification
effect” discovered in our device‘is a.rather unexpected result. The external
quantum efficiency of 8.8%, with a near saturated Commission Internationale
d’Eclairage coordinates (CIEx = 0.33, CIEy = 0.64), is one of the best ever
reported for a fluorescent dye-doped OLEDs. We also demonstrate the
electron injection layer of Mg:Alq; is a necessary component for the
enhancement of EL efficiency. These results may prove to be an effective
method to enhance the efficiency as well as the lifetime of current OLEDs.

Two types of tandem organic light-emitting diodes (OLEDs) with
white-light emission have been developed by using Mg:Alqs/WO;3; as the
interconnecting layer. While the Commission Internationale d’Eclairage (CIE)
coordinates of the tandem device with individual blue and yellow-emitting

OLEDs was sensitive to the viewing angle and the operating time, tandem
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device connecting two white-emitting OLEDs was considerably less. At an
optimal WOs3 thickness of 5 nm, the tandem 2-unit device produced thrice
higher luminance efficiency than that expected of a single-unit device. A
maximum efficiency of 22 c¢d/A was achieved by the tandem device
comprising two white-fluorescent OLEDs, and the projected half-life under
the initial luminance of 100 cd/m* was over 80,000 h.

We also demonstrate enhanced hole-injection and lower driving
voltage in vacuum-deposited organic light-emitting diodes (OLEDs) with a
tunneling junction composed of the Mg:Alq;/WO; layer. We propose the
laminated Mg:Alq;/WO3/NPB functions as a Fowler-Nordheim tunneling
junction, which leads to efficient carrier injection by tunneling and improves
the electric contact between ITO and NPB. The improvement of operational
stability in TJ-OLED may be attributed te the distribution of applied field in
interface or the reduction in the contactresistance of ITO and NPB interface
and its planarization .

Finally, we demonstrate p-i-n organic light-emitting diodes (OLEDs)
incorporating a p-doped transport layer which comprises tungsten oxide (WO3)
and 4,4',4"-tris(N-(2-naphthyl)-N-phenyl-amino)triphenylamine (2-TNATA)
to replace the volatile F4-TCNQ. We propose the 2-TNATA:WO; composition
functions as a p-doping layer which significantly improves hole-injection and
conductivity of the device that leads to the fabrication of Alq; based p-i-n
OLEDs with long lifetime, low driving voltage (3.1 V), and high power
efficiency (3.5 Im/W) at 100 cd/m®. The effect of tungsten oxide (WO3)
incorporation into the 1,4- bis[N-(1-naphthyl)-N'-phenylamino]—4,4" diamine
(NPB) layer is investigated in NPB-Alq; heterojunction organic light-emitting

diodes. The admittance spectroscopy studies show that increasing the WOs;
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concentration from 0 to 16 % can increase the hole concentration of NBP layer
from 1.97¢14 to 1.90el7 cm™ and decrease the activation energy of the
resistance of the NPB layer from 0.354 to 0.176 eV. Thus, this incorporation
reduces the ohmic loss and increases the band bending in the NBP layer near
the interface, resulting in an improved hole injection via tunneling through a

narrow depletion region.
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Structure |Double layer Mutilayer PIN
Description | HTL/ETL HTL /EML /ETL HIL /HTL /BML /ETL /
EIL
Energy MoAg Iu— IgA
diagram HTL HTL
en en
o mo .
o L— i, TPO Al
Advantage |Confine e-h pair Control color Thicker OLED stack:
recombination at (R,G,BW), efficiency, | peduce drive
interface stability voltage
Disadvantage | Higher voltage & Higher voltage manufacture : Cost,
short stability, reliability,
efficiency
BI(2-2) 7 8L Haenn F i P g k54
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R 2B Ao B (3-4) AT o B BN A
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% B (250 mA/cm?) P ek ¥ 10iE 7] 40 cd/A 0 e BlI(3-4) ¢
Blorom > B O A2 ke Foang s Rl ) 2A(3-DFEES
20 mA/c’ FEHr G el > § OB R BN A
B FF R TR
B>t Kido £ 2 #& 41e032 % > NPB 3 ¥ it € &2 V05 & FeCls %

TR p s S i

\m’s\

AT ST
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BIRATOMT F o fy 0 g A 24270 Mg R+ & Alge s + 2 BT 5
LR 3R s T e B ST S 8 e R B 4 i g

EpE R EBED AP g2 o NgiAlg EER T a0

B E o

A
i
=
:‘\;
e
=
=
by
=
p—t
5
.
o
+
=t
&~
=
4y
R
)/
5
-
)

3-2-2 % £ R HE B A R
SR TSR e ke T I W0y R ST - B
A AR W0 ERER S I nn 2T %A 20 mA/cem’ B Skt
FeE I 42 cd/A > A g s 2 (1TO/CuPe/NPB/Ch45T: Alqgs/
AlQy/LiF/AD s i 5 b s e § 47 2 54818 4 v s LACh ik
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"2 Matsumoto % % e Liao # % 4 wlendp "V ami g g 2

BRen> 2 hdE A B PR AL F el Al Bk N BE

Al g ko K F A BAARANE > Ra A AP IR

-~

I AR § ARG RHOTR MR A W0 R (EA

TR 2R iFA B 2-unit devices E W0s E A
Biw 1~ 2~4~12~21 and 30 nm > 4B (3-T) %77 8 £ T F 4
RS VY UL EREE T i =R PN gy L

A

5 30-nm B BN A R EEFEPIR I @A A s B0 3 F 4ol
FRXF LB R BABE N GER  SRGAGER g TpH
Foe

B A ek IR A (3-2) > WOs A 1onm e B
Ao mwAATARAE S 20 mA/om’ PEE kot L 49.2
cd/A> *h3ME F 22 5 12.6% > A 2 T fond B (x=
0.27 y=0.68) » %k b= %2 Sphs TR @72 W0 & 0en
AEPRE e FEFE -G WO EAR L B kA ia
3 i WO M5 2-nm c98 B3N 3 8- RAY i aogh kP o
9% 6.8 Im/W> e His R R4 o

W(3-8)#r7F 5+ B~ 272 W0 HWhenT kBl L 3
BoAPENR S n RSP E LAk AR REF W0 i
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EXHiem % > L3RR F IR FRp NicERZR
(microcavity effect)ei 2k M+ Hsciy o ™

BI(3-9) 77 » #tkzen~ it AS%&HT s 20 mA/cm’ 548
BOBIERBE DL § 82F F #04] ] > lppm 3B T oW0s %5 4-nm
R BN L2 H L F gt WOs A 21-nm R BN REFE AR
@ WOs"EE 4—nm g BN A B4 dn R B H A E gz B B3R Y
Coulombic degradation 7% ( [,xz = constant) - gy
L % 100 cd/m* > WOs%EE 4-nm eng B8 o i chL F 8 (fin) 7 Y
42 40 > 000 h e

- f& AT Al e & B %t B 1T0/CuPc/NPB/Co45T: Algs/
Algs/Mg:Alqs/W0s/NPB/ Co45T :Alqs/Alqs/LiF/Al » ® B35 3 48 - &4
ek o ko d MgrAlgy/W0s gk oA Rl d sy 2 g
DR EEREIT AR - B Mg Alg E S L
T F] ’:&»Jo)%] PR EE Ao R F E 2 T a0 s W0 e
Box sy oW0s BERS 1 nm e B - i
B kraF LAt &om 8 BN G - B8~ o
TfET R FF ki

\+i

7 ]

ﬂ\—k

o

3-3 0 kP E ARyl
T T gEE A (OLEDs) walix? A £4h > Fl 5 s P4} o
FHE RS2 S AT BIcRP kR * Ay Y

KRR AR EF R P B PR AR o Aad B
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<A A

# @ % > WOLEDs 2.5 3 % & F ~ f CEE T R EEE B
S E A k- R (LED) & ¥ k4 o
R p 8 d pLEES G e kg B ERF S kR -
SR PRI U B F RS R E A B E DA S
Az pihd kespfEre g kAP g oitd kT o AR
20 g g Tang 8 4 a e b fisedh di s 0 LB L Ry kA g
Bhk gt & glive kAT e ERGLE R * o blde s JEF i
Fr+ (exciton) EATH & T o @1 * {2 L2 F i
ﬁﬁﬁiﬁﬂﬁlﬁﬁé3%%£ﬁ°mmﬁﬁﬂlfh%m%WS
CEMBP G RS ad KR R E A KTV AMARTE R
TH > ¥ - B AR 2 20 Kido %42t IDMC”
03 ¢k > s BES fricd > 7 275 ClExy ¢
B B te 5 (0.36,0.23) e iz d sk > JU ipfE P BRI AR LR
S 4 AP PO R T E LR TRAR TR ERT R
g kpEd o @m ¥ o Kido g mt N~ g mpr > % ke §

LHBAEONG o @ 5224 § 2xS WOLEDs e 2 254 % «
M

- KT o 2713

P oA A RHE KRGS PR RS M kA
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3-3-1 v kg Wi\~ 2 et 0%

hipER ety A BB ITA 88 PN WOLEDs I & @ s it
Foo AeB(3-10)%475% 0 & § 0 - Kk Mg:Algy/W0s - et & § &
F 45 Mg:Alqs/W0s 59 7 L% £ F Mk foehgdid > Mot v g &
¥ % WOLEDs ¢ 4 o

LR SR H chikdr g AT 10 R STt Ap e o e
g o BT A s> R ITOBES 4 DCHER > 0 ¢ RIREFT
o e deBl(3-11)#7m 2 BRIZ B2 AR FALE ERT K
# X HB(EL) - @~ it (Control Device) T i & 3# Bl (EL) i
Bl &7 L% F = B 470 ~ 500 £2 550 nm » - k& & %]k p ok
& DSAPh £2 rubren ehg £ > @ SgFARL & 7 F L § {22 hd FER o
R E g m Rt A 2 sk S RICBL) TR 500 v 550 nm eh T g k
A (EL) 2 56 R SEFARL & 0 o R B 7 i R R K ah
BERBHE 0 F LB VR ISR - T e A e Sk
m”i“%frﬁ ok anpie £ JR v s (Microcavity Effect) B2 588 ptI % ©
FhAAF LN AR o a2 s Device 1 R R &
Device 2 { B o iz7 it X p >t Devicel ¥ enfF-kH ~¥r 5 kH ~
FEARALEE B L e TR S K kK F b
B G Eih e o AR ETI B B By 4 sk OLEDs 0k JE AR
AV R OE I G F kA EE T 5o
B(3-12)% 7 B RILE g3 enq g KA H e R = B~ &
A& g (P AR AN BN B2 R d KA R R Rk
B H_fRATR 0 ZRm B BN it afl & #5147 Lambertian §§ 43
ko B(3-13)%7 » = Ba k2 HCIEx, y LA & chbf HH > @
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s~ (Control Device) s CIEx frySg ¥4 & & 0 3| 75 R 3¢ it
£ > 2.0.021 4= 0.012 - ¢ Device 2 £ Device | +“ g » ¥ © g M §
Adk 330 AP CIEx y ¥ 3 fico] % it o e 8.9 & > Device |
FICIEX, y ¥ & Ren® it 254 5gg 95 0.082 F- 0. 158 < 4245 2% i
BB Edn R iogd AR E D

8 1
A R R E & T

B R AR RE R L

(microcavity effect) #_ iz ¢

'%o
T

3-3-2 v kg WAL h Bps Ll s

B(3-14)E 1o sk~ Eepgkrax B 3 B bl hBlem ~ 12 ik
% 2 AEAZD 60,000 cd/m * o BIES=1B)EE T = fE A~ 2 e J-V i 4o
HHF I SBE TR EREFSERBOEP A B o R
Control Device ~ Device |l frDevice 2 aa5d T B L H T T it B R
(20 mA/cm’) % =] 2_7.8 V~19.1V 4= 169 V - Device 2 #7F 5 & h
ke L 22 cd/A 0 #A A i&E_Control Device #1 3 & - Control
Device = Device 2 (i~ 2R 7 P ehR IS R EMEEFF > 15
BT e CIEd R ERS R 22 TEITHE T AT
feg ¢ (FER)PR G T X pAEmDF kTR R
Flpt d pLF g Device 2 5k B #1427 Control Device 4pf o k@ —
fap ABGLE B3R be B Device 2 MARF IR > TR ¥ B BEA
(Mg:Alq3/W03)eg B8 i » Hogr ksek %7 F Control Device
1 3 B o ip s PEd R B Ak kIR I (microcavity effect)
B kF@EN e g s Ahg 3l YL B K e

itk kR AR BoApian 2RI & g RS %)
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T Ml s Ak gk gt R B A ek A F E R o
HER X G E > FFAF T A2 AE 20 mA/cn’ BRI A

E G4 B(3-16) 77 = A~ End a5 3 bRk B 4E% > Device 2
WHT A BAEAEL o BRFIRE BRI T

(JxV = 0.382 Wem) » @ Device 1 4= Control Device s & 4 &)
(0. 338 W/em)4w(0. 156 W/em®) » Device 1 e F & | e it & i
REAoAD AP BAREAERAE FLE 5 R PESE G o
ﬁéiﬁﬁﬁ&ﬁﬁwﬂ@aA;Hiaﬁyfwﬁigm%OB“iwwu@
& % 7 == (Coulombic degradation Lo X ti2 = constant) k iz &
Device 2 == 4a% B (Lo)E_ 100 cd/m* > H £ % 8 (t12) 9 £_80, 000
hours ° 4B (3-16) 7 & Bl o vini = A~ i e CIE ggd A ag

BB o X B R B2 Device 2ucgp ¢ A ERE 0 A5 WE 1000
PPER R TS o ARG R BG AT P ARy R R

.]ﬁ»‘o

3-3-3 %

A enig * Mg:Alqy/W0s % 4 ®WiTs A5 8T ko &
PEiAE R P AR kR R A I RIEEIEEFARE D TR
T F E R OTF LR AP IR IR
(Microcavity Effect) s’ 58 s 3t g A 2@ 2 A 2k B K
PERER Do ARm G K A ERITSE Z s o kg
REASEROSHERT R FRE I RIAEZ TR DAE
26 TRV ELRE NI FEFI - AR T 22cd/Afrd A BR

SR & P o
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Rubrene:Alqs /Alqs/Ca/Ag ~ % o — B 52 Tz b FLf
kit ke kL uEE [TOL Ca/Ag T1&F 4 od B 7 Bk
A - FIRS B R ET 0D Mg Algs/AL/WOs #7342 > ¥ 12
Al % 19 BFenk 843 4& o
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FokAaF @ *UIBAF L =5 100nm 5 [TO & 1255 35
Q/sq> 1T0 33 chif kst S 05 § § T2 5 RIL o Aok F & 91i -
BF & 10°~10" Torr 3k ™ 2 % 448 ULVAC SOLCIET OLED coater
A A r TT0 Gk B s~ NPB & T iF @ik ~ Algs 5% % 4 2
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=
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23-DisAapEre LA R 20 md/en’ ek §4F 0

. Power
) Yield ) Voltage EQE Peak
Units efficiency CIEx CIEy
(cd/A) V) (%) (nm)
(Im/W)
1 11.0 3.37 11 3.07 0.33 0.629 528
2 32.0 5.55 18 8.08 027 0678 528
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2(3-2) 2 W0s BB e B3N~ it 2 kT M

Thickness Power

Yield ) Voltage EQE
of WO3 efficiency CIEx CIEy

(cd/A) V) (%)

(nm) (Im/W)

0 13.4 1.3 32 3.4 0.25 0.69
1 49.2 5.5 28 12.6 0.27 0.68
2 45.6 6.8 2 11.6 0.28 0.67
4 34.9 5.5 20 8.8 0.33 0.64
12 30.9 5.0 19 7.8 0.34 0.63
21 25.6 4.1 20 6.7 0.35 0.62
30 21.1 34 20 5.6 0.37 0.61
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% (5-1)Device A~C % E 7 in % A& (20mA/cm’) sk 7 314

. A C E
Device
(Undoped) (p-i-i) (p-i-n)
Operating voltage (V) for 100 cd/m? 42 4.0 3.1
Driving voltage (V) for 20 mA/cm® 6.4 5.6 4.1
Power efficiency (Im/W) for 20 mA/cm’ 2.1 2.3 33
Current efficiency (cd/A) for 20 mA/cm’ 4.3 4.1 4.4

85



3 (5-2)7 F 3k hT s

$I R p Bk awT s Al

Device(WO; %) Hole

concentration(cm™)

Mobility

(cmV-s) Resistance((2)

Device A(0%) 1.97x10" 5.10x10™ 3.89x10°
Device B(9%) 1.54x10" 7.71x107 9.86x10°
Device C(16%) 1.90x 10" 5.10x10°° 4.03x10?
Device D(33%) >10"7 <10 <10
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