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The Transparent Organic Light Emitting Diode by All
Solution Process

Dong Jin Lee

Department of Display Science and Engineering,

The Graduate School, Pukyong National University

Abstract

We develop the fully solution-processed transparent organic
light-emitting diodes (OLEDs) where all organic layers are prepared
by spin—coating method without any evaporation process. The fully
solution—processed OLEDs consist of solution-processed electron
transport layers and emissive layers as well as the laminated hole
transport layer/top electrode. The solution—processed —transparent
OLEDs show a clear double side emission. This method provides
readily processed devices where thermal evaporation, which 1is
complicated and expensive process, is not required. We believe that
the fully solution—-processed transparent OLEDs investigated here can
greatly contribute to the development of low-—cost, solution—processed

transparent OLEDs.
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o] 1 F=oltt, B3 E9AE Pz Al #

75mme] ATAR] SE WAS A e, H LGkl st
Edt2=g 7|§ke] Algt OLED 3l¥& & W4 S 30mm7bA =5lo 2

OLEDZH LEDZY
I g o= A A
44 G TE=E F US T527] ojel&
IJ8s 90 Im/W 120~130 Im/W
T ATEA ZE 5THA]ZE
= AR Ao s =5 AAA7E AH oz e
71ek 54 2% Afdon e V2L FHHo R &

<EA: LG ~Eeo]>
[¥ 6] OLED 2% % LED 299 H =
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7F gF2 Al HW oA, e o] ds] MER S8 woFE

AR Ao 7lgEny, A7 xdo] 7153 =W Aladok §&o] 7}

<& LGste>

[ 9] =4 & F7]LF Hole=
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A 44 F +ZF (Light extraction)

41 % F=9 M4 R 22A

71&9] OLED® Wl§ &AE&o] 100%7F Huete 2t F(layer)d =4

E Aol&E <la] o] "o 73A Ho] AAZHS o} AxRFEE
20-25%A & o]t} olgld Weo] Eag od o i FEH FHO LEZ
ol EAIEE a4 staxt F FE9 Jide] desig F F&F 58S T

Metal

» surface-plasmon
mode
< Organic layer

\ ) waveguide

Mode

\\ ITO ~ 55%
substrate

Substrate Mode

~ 20%

External mode
~ 20%

[Z¥ 10] OLEDY % F& RE=
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#A OLED+= [1® 1013} #Zo] 2xk WellA A8 Ble] 75-80%7F 2F
3] Atk 20%9] o] substrate mode°l, °F 55%<] Ho] ITO/Organic
mode (waveguide mode)ell, 2 5%¢] Ho] FZo] HE4=9} "o ulio]
dAste] dojup= FHAL SR P H = e Yol & FWHd o
A A Yo A & 3k surface-plasmon mode®l] 738 At}
OLEDY] 7} F(layer)E9 =dEo] dehA WF HAUkALZE doju}r] w i

ot

of Yol Azt itel A "t &, =AEC] =2 XA

o

AA71E ZlEde AA ¢F ¥ F%F FX(External light extraction
structure)?} W& 3 3% - Z(Internal light extraction structure) ¥+ 7}

A7k 3k

_22_



4.2 4% 3} FZ% T X% (External ligth extraction structure)

Metal
surface-plasmon
mode
< Organic layer
\ waveguide
Mode
\Wo E
".‘..-" '-...»_..’. substrate
Substrate = Mode
P 1 "\\ §
External 7
extraction \
structure

[2¥ 11] OLEDY 9% & & 7%

B 3 F% FZ(External light extraction structure)+= [Z23 11]¢} %

o ke 7 o) Mol F F& 55 RE°] substrate mode®|

¥

Eat &t o @ 9N P FF /& vlolaw A= ofd

"

KeX
=

o] (micro lens array), % At#&-=(sputtering layer), # WA} =¥ 7]<% 2

Ak ol @ Jlw FAAANA AARe 74 AEe BAE oprlarE
Ao}, vlolaw W= ooz BE Few Adele] s|@ 9| Fo] e

% wH wol AEHIL gtk Hol: wlolam weE o v
wgle] W= ofgol g AFeie wlolaw W= of#ole] FAE Hole
A3 @ mlolaw A= A8d A, /&) FaAn v 22 A

U7 el 89 Askh e Sk Aok EW vhol AR A= WE

s

i



71 98l s Wep) e AW & T2 A3, o] B3 AAgA A8 of
#HA ske 24 T studd. F4 A A&t 4% OLED 7] 3tellA
A7 HA 2 EEe Bt gHd 7l felAnt AAgsrr 13
HE 54 e o]d7AARE %= OLED A& /#she dols A7t
AT AN = HAEAATAETRDS F715d= 49 deg @
=5 A Dry)ed’ ez Adst=d deste] oF @} F5 28< 7S
of mlaf 158 7 AlFeh[19 12]
<0to|3 2 W= (KF: ~100 nm)> <Ltz M= (HA: <1 um)>
~100 um

-----—------
R GBR/GIBIR GBR G B

~50 um

_ S e -
R GBRGIBJ[R.GBRGEB

~ 5'0—um

O S8A: ¥ I g, IIT, U S B 755
- EFY 1: CHE2 wet 378 AH8317| T2 0] OLEDRLS]
=3 JEHE 85
- € 2: 176 A=of 274 ol¢e| HAo| §0Z.
@2k, RGB 00| 7| degradation $2{ 2U&.
<EA S AASAATA>

O S8N; Do|3 2/ =0t Z0| 7|8 50 O02 73
-Dry 33 MBS THH 1 S8 7Hs
- 17§ RGB T20f Oi2f A=7} wfEz22
0|0} x| degradation $2i7} §10] THEH2 3% Jts.

[2¥ 12] AMOLED "H&E# ol A& A vlo]az A=9 yx A= 54

H=2& 7ie

N

DEHET|H
+ BFE PZ

7% 2e 7

=
Pl \"

L~

™

"'\-u.,l.

r"ll_l/
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4.3 W 3} =% T % (Internal ligth extraction structure)

Y 33 F= T Z(Internal extraction structure)® A%} Wj¥o] 1=
T2, B YxeaEE 4%, Buckled 7] %, photonic crystal 7]%

BAS Atole MRS F& FAsIAY AE FFF(Hole
transport layer, HTL)S F7& W3AA HATAHS

FEdl= WY Tl ATh[23]

o|N

7N 7] =

f

Hl o
=

Metal
surface-plasmon
)
wh \ mode
< Organic layer °\
7/

- \

I,
Ko~ 3B
f, ,\
Internal TR
extraction <:| \
structure
|:> substrate

waveguide
Mode

Substrate Madg

[2¥ 14] OLEDY W# 3 F& 7%

_25_



o
s
W

yyE & F5 a8 T*% Substrate mode ¥9YF o}

.
waveguide mode?] Wk FZFo] 7lesith a#BERE oF I FE= S

1

\G

(External light extraction structure)®.t} 3 F& T &o] ¢ Eo| Z7}3

o we m&ol B Alopzl we A dAel kdE 3PEL A

=
dol mar T4 AF7F s 7140 LE(short)7F EAsHE Al

(a) Low index : High index

HEBEE J8|E  usy

138 28 =7}
(+MLA: 2.34})

I=HEE Fa7|=
234 58 F7H(+7| Hulf )

3Hl B8 =7} (+3D lens)

Al (150nm)

o @

O]

............. Organic layers
- o |
«— 'To0208m) N
@ .ﬂ\ ﬁi'\\y./r’.
sharedl
UV curable / 5ubstr§te \
resin S J
¢ L \
Buckled :[I'_nx_ _+_I} THE 4] LI'_‘.;E}-E'%
294l =8 £7} 178l =& 57}

(+3D lens: 2.9HK)

[2¥ 15] 943 WF 3 32 7l<: (a) =& 7874,
(b) A=Hd& 18 E, (c) Buckled #& 4%, (d) Y=HEHF

TZ2F
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Al 18 n-types A A ZF}

1.1 £d4FAH o2 A Z3 n-type &4}

Bodpoae g4 g H7uG tolo=Z2 A 9

F>

n-type &7kt p-type

=

As 722t Wwe) A@eel Asrt 1 ok

T7lE2 TAE 2RSS Tl FHeker] HEodl e FFS(hole

o}
transport layer, HTL) S 2 A} &3l= +&

od

Zol €4 77 o

olth. $4 n-type 248 ALAN FEE B (1

o

o] PEDOT:PSS(AI4083)& &

o
Zo APH o7 gHNFA HEZ oA HW W

M

g 16]9F 2t[5]

Super Yellow (EML)

PEI (ETL)

ZnO (ETL)

ITO (Cathode)

Glass (Substrate)

[Z29 16] n-type &A9 7+ZF
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n-type 2Atol A& A 2 Z(layenES BT fAdFH o7 Az},
AFEE fAE2 Ay sFEHd AFste] 60Ce SHEHO|EAA] wyk
(stiring) 3=t}

£ (acetone)—ol| &t

~type 22k Az B4 AZE ITO {8 713S oA

m}os

(ethanol)-©] A 3 2 ¥ ¢+ 5 2 (isopropylalcohol) =412 7t
7t 1024 A Al AAel #¢ ITO frel7lshe oF 10%3F Fah=v
A E dto] AW ol=dE AAGE FA AWS A AHY. =
gt=ul HE7b 2 ITO71 9 HE Y (PTFE 0.22um HEAHE) S ZnO-&
oo 2 2000rpm, 30%

A E stdvle]l dAYE v F AEH Y (PTFE 0.22um ZEHARE)SH
PEI& 4o =2 5000rpm, 30% &< ~AIZEHSa 120Ce) stEdH ol Ee 10
5o A8 E gt 2 Fo SuperYellow# S 6,000rpm, 60% &
o 27 zYsta 120Ce stEZgolEq] 158 T I8 = itk whx
o ITO A=3 559 d4dS sl A" A2 389 18 vol&

Wl 7l (1,2-Dichlorobenzene, DCB)< AF-&3ste] A A FA [2¥ 17]

f
f
~

ZnO BEI Super Yellow

2F3E (2,000pm [ 302) 233 g (5,000pm / 30X)
/ ZHE| (200'C/ 60%2) ’ EHa| 120G/ 108)

N B a4

Glass/ ITO Glass/ITO/ZnO Glass/ITO/ZnO / PEI
(A 2 Eekzm0t 52 3)

253 E (6,0000m [ 158) -
x4zl (120C/ 158) mod=2ol AZe 9

—b\/—b

Glass/ITO/ZnO / PEI/ SY

* 7n0 solution(ETL) : Zinc acetate dehydrate + Ethanolamine + 2-ethoxyethanol + Ethanol
* PElsolution(ETL): Polyethylenimine + Deionized water
* Super Yellow (EML) : Poly [2-methoxy-5- (2-ethylhexyloxy)-1,4-phenylenevinylene] + Toluen

[Z98 17] n-type &A9 AZ #A
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Al 2 p-type &R Al

2.1 PDMS (Polydimethylsiloxane)9] 3 9]

H39 H3C :CH3 :CH3
HsCul - \S_-_' 7 _»CHs
I

[Z3 18] PDMS$ +x4
Z7 twg A Z2HPolydimethylsiloxane, PDMS)S dubzx o2 2l &

SR AAFH = A G ts SfEe] el HI3H{7]. PDMS+= 7t

gugitt, 2y #HS % A7 (B A2)ME uF9t H=F g4
P EAY ZAEFHIL A FE el PDMSE © ol& ZgY ofnl F2
X5, JH=Z 9 THF 53 22 Edo| 93] wmwol IR TH10]. 1
o2 B A3 A= PDMS 7| 9o olejdt EHES AMSEA ekokth
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2.2 PDMSE o]&3% Z3A E(flexible)d 71 A2}

[Z98 19] PDMS¢ A &: Silicone elastomer base$} Silicone elastomer

PDMS As=z+ [Z2¥ 19]¢9 A2 debE2ER  H o] ~(Silicone
elastomer base)$} A2l& det~EM(Silicone elastomer)E 2H2F 10:19]
TA wez Tgstel  ET HA(petri-dish)ol]l 2ml® AT HE
(300rpm/10z)3ke] 70°Ce] gtZelolEcl A 143t &k dxfgfsto] A z}st

gth A8 7 29 PDMSE HEZ HAZEEH wojyo] 15xl5cm =
719l dub FE] 7ol F2Ee] PDMS/glass 7138 94 8kl o).
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1Al PDMS+= [29 20149 Sfoj g3t 54
Hs UEY 5549 s dEbA L

N,
o
A
e
ol
H
to
4z
[
4>

3

5

[ 21] E=t=v AE A 3 9 PDMS 89 Aol
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2.3 PEDOT:PSS A=& &8&3 p-type =X A2

2 ATl A= PEDOT:PSS(PH1000) ¢+ PEDOT:PSS(AI4083) 27F4 &

<5 T
9] PEDOT:PSSE A}g3le] %U=(anode)d AF G4 Z(hole transport

layer, HTL)S Zt7t & a4 (=¥ag)ow AlAedvH12]. A=A

M

al

Zkel PEDOT:PSS: [19 23]3 2o x4y [# 78]¢ & A=

7 743t}

KeX
=

L

E v o=

Al4083 (HTL)
PH1‘ﬂ0§§' (Anode)
PDMS

[Z9 22] p-type &A9] +%

*t. U,f'xm,-ﬂ xvz“hvxf‘k.\_‘,ﬂ};

QHURIGE

s0; sugu 50111 SOH so; SOM

R

u' 'jn E—-{
T
'{-/ ;,c-‘f-x }b—q/ xﬁx f—-fs}.«fx }«}
i o c[ s o_I il
\_/ s

Pulyfa,d-ethylendedic:xythiuphene]—poly{styrenes ulfonate)

[2% 23] PEDOT:PSS¢ TZ4]
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Min Max Unit

Solid content 1.0 1.3 %
Specific conductivity 850 S/cm
Viscosity 15 60 mPas

[¥ 7] PEDOT:PSS (PH1000)¢9 &4

Min Max Unit

Solid content 1.3 1.7 %
Resistivity 500 5000 Q/cm
Viscosity 5 12 mPas

[¥ 8] PEDOT:PSS (AI4083)¢9 4

l

p-type &AO A FARE UA Az PDMS 73S Zet=vt A
£ 33 AW AuE @43 AAFT 2 dFdAAE FFeE AN &
PEDOT:PSS(PH1000)& el of &l = 2] Z(Ethylene glycol, EG)¥ FS-31
= TFT 95 AMgET dEdEgEEQS AEES FEA T
FS-312 Adgd4 9 o 24 4S8 = PHI000(=)& e =4
I8 £2E g2/ A ZEHH(PVDF 0.45um ZEHAFE ) PHI000(&
E&ENE ~uIEES] 120CelA 102 &< EAGE e EAE 7t
23 AEZe AY  F4ZF(hole transport layer, HTL)O & 2ko]&=
PEDOT:PSS(AI4083) ¢! o] D-sorbitole 10wt% F7Fste] =3 7¥ 31
120Cell 108 &< dA2l & si=vH13]. [2¥ 24] D-sorbitol& 279 #
24 S Sl H7bskd o
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PH1000(=) AI4083

2313 € (1,000pm / 30%) 2= 3 & (1,500mm / 30%)
EH2| (120C/ 10%) EH2| (120C/ 108)

Glass/ PDMS Glass / PDMS / PH1000(= &) Glass / PDMS / PH1000(2 &)/ Al4083

EEELERIE)

PDMS / PH1000(Z%)/ Al4083

22| 7|Ho2LE POMS %2

=

* PH 1000 (TE) : PEDOT:PSS (PH1000) + Ethylene glycol 6 vol.% + surfactant (FS-31) 0.1 vol.%
* Al4083 (HTL): PEDOT:PSS (Al4083)

[ 24] p-type &A9 A ZF A
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Al 34 FHLFo| 7ted FUIEF vole:= AF

3.1 n-types#t ¢} p-typesAte] HFH o= A|#3 OLED

727t A#td n-type?d p-type 245 HA F AHNIE A
20kgfe] O = n-type? p-type £AE HE sk vH14,15]. [19 25]
#7718 ol gdte] n-type 24k p-type 2AE F Z(amination)3HAl

W n-typed} p-typed A Atole] AlWo] A3 HFo] 7158l

[29 25] =g 27]2 AL&€3 n-typed p-type &A¢ A
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ANV 23 2 2

el

il

o

~N

el

;OO
=0

H

25 ITO glass 7] #3ky PDMS 7|3

37}k

-
1

A

S

Fo

NI

Ak & AgelA Al

2 2l AP FFoR ALS

- I
fite)

el

I PDEOT:PSS(PH1000)

5|
pud

Az v,

Device_3

1, Device_2,

z}o] 7} T} Device

e

A5 S(layen)o] F77F efof

—
fite)

N
NJo
%
=)

iy
)
-

™

fite)
N
NJo

~
;OO

%b sobd 5% F(layen] FATE FAAA o= W

4
‘BO
™
B
<

2619k [ 27]¢] A+

2
=

ATt [

£ B9 1,000rpm o=

hyA

e
] 2,000rpm AAFe} 3,000rpm A AFE.TH

el

KeN
=

el
)A
Hr

M
o

;OO
el

o
K

ol
]

ZFA A g 3,000rpme. 2 FZ R $ Azke] 3 =7F ITOW | Al 2,000rpm 4=}

o} 1,000rpm ZA~AFE T}

o

o
o

el

o
1=

=
=
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200

= | [~=—PEDOT(PH1000)_1,000rpm

= —s—PEDOT(PH1000)_2,000rpm

o 160} | —.—pEpOT(PH1000) 3,000/pm

%

= 120 o
oo

5 ,ﬁ;'/

o 80t / & P

-a 'y

£

40

o

.

=

O

= 1000 | £ ;EM

E ; i

)

Q

"]

@ 100}

Q

g _

o

k= '

£ 10 ¢

3 [ —#— PEDOT [PH1000}_1,000rpm

- —— PEDOT (PH 1000}_2,000rpm
» o = PEDOT (PH1000}_3 000rpm

1 B
3 6 9 12 15
Voltage [V]

[% 261 OLED®] ITOW & %3 AF-A%, A=-A¢ FA
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200

“’E [ | FEDOT(FH1000)_1,000rpm
o ’—I—PEDDT[P‘Hiﬂﬂﬂb_Z,ﬂﬂﬂrpm
‘& 160 | | FEDOT{PH1000)_3,000rpm
E,
2120 F
®
c
5 8o
E= )
o
40 |
=
U e
0 |- -
1 1 M [ L 1
3 B 9 12 15
Voltage [V]
NI—I
£ 1000
-
&
o 100
o
c
@
£ 10
E
=
- 1 =P EDOT{PH1000)_1.000rpm
el P E DO T{PH1000)_2,000rpm
PEDOT{PH1000} 3,000rpm
u.1g-%-ut__;. 2 1 2 'l ']
3 B 9 12 15
Voltage [V]
[29 27] OLEDS PDMSW & &4 AF-AY, =-At

_38_
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J)mo
-

<

2
=

gelx

=l

o

Z} ITO

a7pe] Aol
7}2k1,000rpm,

-

1

28], PDMS®
Bt

&= A

3

3

%7} 1,000rpmell Al 2,000rpm,

910]¢F [1
1.07, 1.524§

[e)

1)

B

g PDEOT:PSS(PH1000)

11,1219} [19 29]

-
it

e
e gFow AHg

2

zFo) 7} 9lt}. Device 1, Device 2, Device 3 9]
2,000rpm, 3,000rpm<]

3|
=

3,000rpm .=

=K

9lt}. PEDOT:PSS ©

o~
T

el
;OD

N
Njo
PR
M

gol w=i =5

)
oAlE= Aoz o

]
=4

OO]

=

3

3l PEDOT:PSS
717v FETh wekA, OLED &Apujo Al g3 o 2 o] 7l & of (carrier)
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Current efficiency [cd/A]

= =
£ =]

Power efficiency [Im/W]
=
Ao

| F=—PEDOT[PHID00]_1,000rpm
|-o— PEDOT [PH1000)_2,000 rpm
PEDOT [PH1000)_3,000 rpm

40 : 80 . 120
Current density [mMcmz]

F=— PEDOT[FHI000)_1,000r

! |—-— PEDOT(FH1000)_2,000rpm

| £ s PEDOT[PH1000)_3.000rpm
1

40 a0 120
Current density [mA/cm 2]

[2% 28] OLEDY ITOWE 4 #Ad &g A

_40_



Spin coating speed

1,000rpm 2,000rpm 3,000rpm
Current efficiency
Enhancement ratio [%] - 1.22 21

[ 9] ITOWFLZ ST F71¢F Hole=9 d% (1)

Spin coating speed

1,000rpm 2,000rpm 3,000rpm
Power efficiency (Max.)
[/ W] 0.40 043 0.61
Enhancement ratio [%] - 1.07 1.52

[% 10] ITOW I 2 SAT F7]1LF HolE=E9 AT (2)
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Current efficiency [cd/A]

2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

Power efficiency [Im/W]

0.0 =

|-Q-P‘E DOT{PH 1080)_2 8001

CS-PEDOT(PHIMIA]_1_000rpm
- i~ PEDOT[PH 1000]_3 000

B ._..--'"—‘d-‘.____"N-.‘

Vi -

40 80 I 120
Current density [mMcmz]

B IPIEDD T (PH 100 )_1 Galefarp m
- P T (PTH 110eli )_2 Sefadirp mn

PEDOT (FH1800)_3 S00rpm

3 Y,

e %
¥ -
¥
¥

. \‘

40 | 80 | 120
Current density [m Mch]

[2% 29] OLEDY PDMS®W3 24 A% 5& ZA
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Spin coating speed

1,000rpm 2,000rpm 3,000rpm
Current efficiency
Enhancement ratio [%] - 2.27 7.44

[¥ 11] PDMS®¥& o= AT #7183 Hole=9 A5 (1)

Spin coating speed

1,000rpm 2,000rpm 3,000rpm
Power efficiency (Max.)
[/ W] 0.36 0.66 245
Enhancement ratio [%] - 1.83 6.8

[¥ 12] PDMS®¥ &= AT {7183 Hole=9 A5 (2)
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