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Efficient and Color-Stable Solid-State White Light-Emitting Electrochemical
Cells Employing Red Color Conversion Layers
Student : Hung-Bau Wu Advisors : Dr. Hai-Ching Su

Institute of Lighting and Energy Photonics
National Chiao Tung University

ABSTRACT

We report efficient and color-stable white light-emitting electrochemical
cells (LECs) by combining single-layered blue-emitting LECs with red-emitting
color conversion layers (CCLs) on the inverse side of the glass substrate. By
judicious choosing of the red-emitting dye doped in CCLs, good spectral overlap
between the absorption spectrum of the red-emitting dye and the emission
spectrum of the blue-emitting emissive material results in efficient energy
transfer and thus sufficient down-converted red emission at low doping
concentrations of the red-emitting dye in the CCLs. Low doping concentration is
beneficial in reducing self-quenching of the red-emitting dye, rendering efficient
red emission. Electroluminescent (EL) measurements show that the peak
external quantum efficiency and the peak power efficiency of the white LECs
employing red CCLs reach 5.93% and 15.34 Im W', respectively, which are
among the highest reported for white LECs. Furthermore, these devices exhibit
almost bias-independent white EL spectra, which are required for practical
applications, due to nondoped emissive layers. These results reveal that
single-layered blue-emitting LECs combined with red-emitting CCLs are one of
the potential candidates for efficient and color-stable white light-emitting

devices.
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§ LRy £ RS T o ekt s B R R B o R 7 ()

EAGNT I A ()E Es i d TR T
FOP R FeA - A oA sofe cie £ AR Sl kD g 5 R
R A %(fluorescence)o%’f& i ENT F AR B PRI
FE(E7C) 2R+ eprw AR 459 {17 4% RIZ
PAFR A EFTRDOT O T ZT T AR BT R FA
B H - ] AR SRS s R TR FH R
e TRl o m%fp_ﬁ &k & (phosphorescence) o s il FEF % B T 4%
T epE Rl SEERE T RN B AR o TR e g Sk PR AR 4t
W FEERRBER FREmP B AL ERE YR S
FRENMEHAL Y Bk ® R, 0 Takjepkis > B € 5F ey ko
AR 1 ) 2 R g@ﬁﬁla Boer RHEH SR TE kg APE o 4

Bl 8 71 » A F s FE P & P ~ 3= B3 (vibrational relaxation) ~ p i
#% (internal conversion) ~ % %%$ T~k SURF 8 4 (intersystem crossing) ~ B4k
2~ &+ # 6 (rotational relaxation) # ¢ £ 5 ¥ k2 gRk i s ka5

B g 2k A iy BBk o B T3 o TR B4 il Azl F o
BB = g Rant i) 5 13 % 4 ﬁxrslﬁ“ZS% Fog rF kA \ﬁ“ iy B
BB 75% 8 S Bk A k& 0 Tt - AR R RN IRE 3ok Ak
9

TR e o g TG 2k ana B e HHRRE S 25% 0 iTE R
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& RAAE I = F o i k) 5N 2k [57,67]

@ ®) l © T
[ T [

Singlet ground state  Singlet excited state Triplet excited state
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SR A N 2 ”Lrp I Bk s BT feh
Vd X+y+z=13w%Ea 0 ¢ Lo kR E FE 5 (0.333,0.333) 0 - &
FLo RS Bod o R E XA EME I EPE LK kg A
%2 *é;lz}ﬂ E*{img;,‘fmrb—n ko~ BEZauL G ko

2.2.2 ¥ ¢ B & (correlated color temperature)
ﬁ%%%%ﬁ%%ﬁ%ﬂ%’ﬁ%—iﬁ%iakﬂﬁ%ﬁﬂﬁ%%’
TR EMBAR A F AR o Bl 10 P A b W 3 2T oo AL
P52 ’%ﬁi&,&]‘hﬁ?’%ﬁl P ER Ty RRL SR R B gk d
v R R R R e as R E I B H L g Ko
¥ BRI Ky i = B0 CRAREEA A k(B ERA B BER)H 6 chfg
B 4oBl 1l S Ap4td R A ARE R g5 0 50 kA gake A i ens
0ok o qpEtd R gL skd Pl gdfe AP nag Y ko

>3
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CIE 1931 x,y Chromaticity Diagram
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A0 &0 3 F0 o 4000 400 000 SE00 G000 0D YOO 13000 infinity

blackbody lemperature K

B 11~ ZAEiEH S R 4

2.2.3 & ¢ 1+ (color rendering)

ok R Em & L7 5 @d s HJ kRS g dhl d TR ek R
tass Ad AR FhdaR ks FRASFMEFIRFMEF S o

e f AR 3R KGR G kP ST FP & - R gk
(color rendering index, CRI) X fir & £k 2 B d i 4 - Zdpdic s 548 o kiR
BT TR T2 B B ALY KRR T BT AR B 2k
2 R & DIN 6169 #7235 & e i 2 % (8]

BIPT E A BT KRE Fplk
12) & = G R T T AN G 2 b H X B

1
R; =100 —4.6AE; Ra=§ZR
FABRA N NAERI KR FE PG S BELCRIG 100 ¥ %

%% 60-85 ¥ ki n % LED %.60-90+ ¢ ¢ % LED 5 10-60 - & # I i

5‘]\/—:"“;—;1715/}%")}51 r'_“lfé’}l’mi% LI‘;?"XA 'lir'z‘-—“’-r—r o
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(1) 26 UVEFe i qin Kbz d Hgdmeg o §15 #$5 Firkos
kacq s frier > E P b A G g g E 5 (BE T
Ey ) BE@FEGEG o
(2) Z6 UV ket i &bk muts 46 » kg 50 f2ak @ o
254nm b £ ek o kAR b B AR B R i8 0 -4 R chit B iR g kS T
TAARTE ELARY S NA R A TR TR AL 3RS
T it & (4o-OH > -CHO » -COOH) » & @ # % % otz i s o
7. REZREP

BEZEMLAEREEFTCAS EBF 2 WHEFREET
i Y (Mask) P £ BT tke A F ~ B e 5) T 1 LR E Ay
WE AR > Bt Lapdgen £ Bl o /MR gL
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3.2 2 i f#_; 3L

321 HH 4 %

(1) 1384 & 4= [Ir(dfppz)o(dtb-bpy)]"(PFs7) % 4 E 3 sk e s il 2 T i
R B3 490nm s B ¢ dfppz & 1-(2,4-difluorophenyl)pyrazole
dtb-bpy = [4,4'-di(tert-butyl)-2,2'-bipyridine] » & & = e )5%%2 » Tamayo
FARE IR B E I T AN [2]] o B S AEAc R
15 #171 o

(2) iz & 414! [4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9
-enyl)-4H-pyran](DCJTB) » "+ 4% e+ gt @ ek ey £ § 5 2%
F (photoluminescence quantum yield, PLOQY)2ZL % Z(<0.1) > iz % 4 7 [+ 5
o B2 el F S R BRI B 0 G F R kg k § ok
(>0.5)[48] - & 3 e B o AL LBk £ Bl B kR £ 5 ok
Fod i 1% £ (<0.2)[32,38,43,51] » FlptiE * ¢ kil DCITB a5 =k
§ RN WA o HOR R e Bl 15 frE e

(B) 215Xk W, TR - FAFHLF TR AP R iy
(poly(methyl methacrylate)) (PMMA) % 2 42 » 4c » DCJTB s 4332 0 4
PUAg e eI A5 353 g i @ DCITB323 ++ & 5 & PMMA %532
< <% & p 2 e A (self-quenching) g4 ,,fﬁ kg g 3 oo
¥ b PMMA cnd7sf TelicdziT gl sy » Rk Rip g B3 o i £ % &
P Sk d IR end B o R R Ao B 16 YT e

(4) BMIM'(PFs )% — F88E4F ~ B2 20330 kel s Bndl > ¥ 5 5 185
gk A RIS o e A B E 2 pon #%64[18] #
BMIM % 1-butyl-3-methylimidazolium » @ PFg % hexafluorophosphate -
% h‘ii..‘%ﬁ&ﬁrlﬁ 17 #171 »

(5) PEDOT:PSS 2 % A+ R &4 2 T 343 ki3 > V13457 F 973
fe NEFET A 2ok i%A & Ed PEDOT v PSS & fi4 F
# = > PEDOT #_EDOT ( 3,4-ethylenedioxylthiophene ) % & - » @ PSS
= poly(styrenesulfonate) o 444 %% H4- @] 18 #771 -

(6) 3y 3 ¥ (coverslips)im i £ & A HER T3 015 24 »
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P TESRIT IR TERTNY k> AFHDA TR E
B AESRHH L LMD %%m:4W%F—%%3ﬁ#w’ﬂ$
HAc® 19 #7177 - & 4 4k & (color conversion layer, CCL) &4 3% PP en ] 48 47
Thiis MR > #Br Foad ok il § A2 aghfsk
THMER AP d R R R I BRI AF T ek AR e B
%9¢&%¢%5@ﬁ%&ﬁ%ﬁ%%ﬁﬂﬁﬁﬁmh%’%ﬁf&%m
ERTEBERIEBHE  wprr e F TS OES LA ks

koo dom v it BRFET LE Y kA "‘ﬁ_-&rﬁ B s EH TR
kd FREEPILE § BT R P A EEE Bl e ok
"L F SR

'7’{1@%—&,é%v‘?ﬁi—:%a\/})j}\_};’vbﬁﬁ&‘é‘l&r& koo oA
TR A BRI kL Bt o A KRR E

Cathode

Emitting Layer

PEDOT:PSS

ITO

Glass substrate

Cover slip

CCL

H- PO AP sdhis $ogngakd gith Sl
AHEnE R AR EAF T 2 R TP R FHBEL R
(100nm)/[Ir(dfppz)(dthb-bpy)]"(PFs):BMIM*(PFs) (400nm)/ PEDOT:PSS(30
nm)/ITO(120nm)/3 7 2 = (0.55mm)/zL 38 ¥ . % (0.15mm)/ & ¢ #& 3 & (6um) -
LR F AT o
1) BiE*E2 PG A STRT P E7V AP EFTESF nF

29



(2)

(3)

(4)

()

P s B R 5 CAFRY T et Sl - 5 8 R A B3
CHEBA GRS T b Ap g ERTEY PR
PEDOT:PSS A : %[5 {23 % & R 4c » 5 35— k& PEDOT:PSS + 4 =
TR B T R A d o d g R BB C HAA S R
i@ v 2 f4p % ~ it 4o 2 PR Y A5 - L r ¥ Mk 7
SRR TR Vo RV A - TRk G o P ks £
SUEE b e oo % R R D B B T A R el oo
FERELGE Ef R BEHPE B g P AGF e {22 pnik
G0 F i [ ORE e i o
et R AR 5 T B 5T e 8 A O el o T A
LR Rl MR AR s HiAs T8 < R E AP A
Sifceng o dod2(3.7eV) ~ 45 (2.9eV) E E o dept A R A e 3
No e g E R R AR F R Bk g EF ARG e A
FWRrEAE LA pnEe T ML RF AL BPBAH NS
A F LT UE R RGBS B A 0 4ok (5.1eV) s 82(43eV) 0 A
A * GG AT R 0 M E F RS 100 nm AR e

AR IR 2R e SRR I o R 5 5
7 ek AR AR R 4R R "@”°%%Imﬁ*ﬁm

%Jﬁﬁﬁ]wrzgmgfﬂ},m.ﬁ I~ STV A 5] 4e x 7 H_:.%ﬁ;;gg\.;k
Bk & iR o dod - ATT o

2 2~ AT S BRERZ F G

At gL | PMMA(mg/ml) | DCITB k& (3f ¢ 42 | i (rpm)
#2)

| 0% 0% 0

I 180 0.3% 1000

1 180 0.4% 1000

\Y 180 0.5% 1000

Y% 100 1% 8000
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3.3.1 % ITO A4 % =

(1) * 4 5B 2 35 A G BRI ]k 7 24 0 1TO A dr Bl 3g 6 2
ITO & p g 7 2= 362 flcie bl "I * 2 B3 -Ra 6 a0 o
BB R A E F RS B ARGV EAF B IFE D P R
FRE PR IS o

(2 EFEHT BicEnd s Foh ENAG S 2RI K FMH2E
U pE o FR(L)edE 0 ITO A deRE R Z A% & 1A ~ 2 35k
BisE M Adgy ARERER 10 A4 Rikdh Pt T 5
PANENISOR B R B PpEBRE TR B i‘

(3) # Q)R AE = FAITO K E » A EDH
BT AN AT AR T R Y %R 30 A

(4) #h A (B) 2 = 1 ITO Z4r fafh 242> ¥ 10§ s? PR2 X AR gk R b
R or Hoeh R L F Sk 80 248 0 2t maE ik ITO & i)
Faow UV EE X RS e

332 Ad ki iRAME

(1) r @ kiR E R S Rt o

(2) B Ecpcd 247 #3 ek AT D e T GRE 0 sR R R B 32 mg(20
wt. %) 1 BMIM™(PFg )3: 3 5L f:f o

(3) KL TLME XY JFF 0 &2 - AT LR B 128 mg(80 wt. %)=
[Ir(dfppz),(dth-bpy)](PFe ) » 2| v 3 B 48 Sig A o

(4) R8> BFERE L ml 2 51 5g¢  sEilkhEALE
I¥3RE -

3.33 ~ it g2

(1) & ITO Adr it ()R UV 55 chie pF o B § 48 §00E ok 550

P 43 Fe 4 0 PEDOTIPSS i3 7% 11 0.22 ek s chilB R FF B i 0 P D

e H ¢ R LR SRR R R A 395 S BRERT N o

1% jf # vx42— & PEDOT:PSSi3i% » 393 F % & ITO A4+ > /g

SRR LA S ¥

%3044 £
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1)
(2)

(3)

(4)

()
(6)

(7)

(8)

©)

VIR R E R SEL > RELE Y o

RECHE X 4% #Z iAo F L FF > 3825 160 mg
1 PMMA 3% 3 g @ o

AQR)AT R A FR XD P AR R FBRER (R )R
B~ DCJTB %z 3 #g @ o

MU B A A I oml P OF o AR ERET o S
{ﬁi@%ﬂ%éﬁmMMA%%%&%ﬁﬁ%ﬁﬁ°

P WHERBRE 28 0 W E I 3o W AR R AP T g o

2% Z_200rpm g iE A e Pk RS 60 B chBf Flesdeid 305 A 2
WAL IR T T 4] BF o

REAQEACRIN RS REVE S - SV R IV IPES € - S
ué%#*ﬁ%’gﬁ&ﬁ%giﬁﬁﬁliewﬁﬁaﬁﬁo
Bl e B F P X DRI R T g ) W ok I
R RS Frde R g e

HER T2 B AR BFE I L o T A BRT S FuES 70

B 10 A 48 o

(10) ¥ = =2 {5 o Ah SR B L F R o Bk 6 FEES R 2 oD

k& fEAEATA T A s Aot ] =oAck F g o
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3.4 ~ it gl

AR ERES R XA LG & - T B 3 T 3 (acetonitrile)
eI R D 1.9 2 AXLO oA E(quartz) A E b oo 0 kR E &
(Hitaci F9500) BIH kg s kAT % PMMA 2 DCITB ™ 4 2 #77 chik
BR & A% % (chlorobenzene)ph » % ¥ 41 DCITB #32k B 2 0.3%0.4%
05%% F ik Rehkd figk » g LM FREP L Tk d ik Sk
B EAEH o m PR E L KRR E kS EER 5 R E 2 profilometer
BRI @ ok 4 A com e 8 ok 2 i (Hitachi U2800A) £ il # UV-vis
JeAE B R2 § A 2 R ek d gk K O B A A 4 3k % si(Hamamatsu
C9920) & il %ipcs % £ 5 & % o

AT R LT R s F R 21 R R kR
AR AR 2297 FERIEAAEF ER T L kR &
§8:3 3% Agilent 4155C s 35 = > Hid if - 4% = RERS - 2R kD 3%
B2 ERBENITO Bk + REFESP| Zdiidy - > fI* BHGE - w
JEERENFE Y B RFEAAAEORTEE S 0 BER G 7 Agilent
Desktop EasyEXPER #% 3% ¥ %21 5.4 GPIB + i3 Agilent 4155C»3k T 7 F
iE R S R R T MR A T R R KT
- R SR 80 PR FE & E OR By KRG 0 L RIS T AL R R
ift & Ocean Optical USB2000+#% £ > 5 e 7 "a P =59 O0IBase32 #z.;% » ¥ &
T I i B im0 eh L o

HiE B R R TR R A 2 (5 B

2]
¥
ARHEFERRE R AHAE B KRR F kokF Tk
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Yrf FEHREFELH
4.1 %3 T2 421 D 5

JU* ok d AR ES R EA A FoF 6 ko RIL gk R g 100
%rn® F A% AW kI EH S i ES RS g DCITB 5+ &
4 F Dk kT FIM PR AP EF R AR ILT R E L &
DCITB e fej T e 2 H§ 3 2 F 8 F i #43 &To 4t K 2 80%
11 548 & 48~ 20%<h BMIMI(PFgT) - A = § B i 5 cnsf sk & e B 4p

P F B AT DAk s R L 2t 490 nm > K KBS A S
% 0.75[62] » Ha kenkigry L€ 5 & % 5 1.00[62] 0 4t F ek jpE L
+ A& & E_F 5 bipyridine fe A b 9 di-tert-butyl B & 2 % B o= e (steric
hindrance) » z B = [E% 2xd JER & A+ > B A &3 k2 p 28 5d o
X AH AR R F o BT ARG e KRS R B s i
3+ 510 nm & Gk g kS g cnDCITB ™ 4 2 vk & @l i b d g i &y o
4R 239 Bim 1 B4R £ dr sk ped K Lg 2 DCITB e fo b 7+ e
B> Mk R (DCITB#32k& 0304 2 0.5 wt%)z32~ = " p A Jg
e o B FRM SRR ke o PR e T A& 5 logge(lofl) 1o 5 %
o K g R AR R oo | A KR dE A AL B R 0 B
pek & 0.3 wit% ~ 0.4 wi% % 0.5 wi% = 7k & di fe & fd 4 490 nm v

LR s @ PR AT 0 B 8 B e A w5 50% - 62%% 89% >
SR F A B 23 A5 0 = B A BRI E AR DR AR R TS - 1 F
Ell iz e »]’z%ﬁgi@éi’a#\faﬁﬁ— it (normalization) > B e-g_bt & 2k B SOOI ¥ 5
FReip ¥t E e

PR A Al oA E 490 nm 2 e R Gk g R e 3Rk TR 18 5k

B kAR > B 23477 o HBIE A G i A RR R AR D S
R R T 2 R ek pedt ROE L T A 590 nm AT 0 REF
DCJITB k& 3 4v & g 7’0%?&%}»@ iz 0 A 2 i = > i (bathochromic
effect) & & d »* DCITB # 32 k & § % tHiL A 7 5% 2 ehim i 3 % 1 R [57]
B 23 ¢ 0.3 wt% ~ 0.4 wt%2 0.5 Wtk & 4 k& ok 5o L i 4 5 R 58

HE S A W F T 46:64:89 chAp ¥t R B o BET T A FIEAR K A O
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Lo KRB H AR R S B0t o K WA S 1B L s PR
KBgEiev Do k> SEPEXRI BREDERFLEFIAFNE 06
T TR }E%b’“r%f Fond ZREE A0 kL i (<0.2)B & k¥ 5 [32,38,43,55] 4

NI ol 3 )
KRR e ‘;’J'JE%_‘,_{ = o

B 23~0.3wt%~0.4wt%Z% 0.5Wt%i% ek & £ & ik sz 2 ko &

2.0
Abs.  pL {7x10°
I —e— Complex 1 : m
~~ 1.6 k—o— —e—DcJTB (0.3 wt.%) 4{6x10° &
= o —4—DCJTB (0.4 Wt.%) . =
S = —de—DCJTB (0.5 Wt.%) 45x10° 8
® 1.2 ' -
< 4x10° &
£ 0.8 L 3x10° 5
= 0. 3x10° g
@ ' 5 £
o 2x10° =
< 0.4 1 s O
1x10
0.0 0

300 400 500 600 700 800
Wavelength (nm)

HE2E 5 80% 1 548 & 4 +20% BMIM (PFg ) ek jpegd € 47 38
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F FH&i7 100 %erp FRE F g od WX EPHPA DT IFICT F A BT R
ﬁ%“ + e 7 (valence band) % i@ % (conduction band) > # X F AR ITHA
kBT S AAR 5 p oo 3 (free particle) » *h2ns 27 X 4g a0 £ a5
S AR F L BEF TR S AL M £ B (radiative transition )
2t g &1 i £ # 4% (non-radiative transition) > & 5 454 k= &4 4p st > 7
ﬁ%?éﬁﬁﬁﬁﬁﬁk@%%iﬁw’*¢%+W%ﬁ%§@ﬁ§ﬁ*
TR grRS A H RGRER B g S sk e § s kst entE 1 -
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fro RIS ERAETHRRLEAS ko BT KA 2 DT Tk
B4 CIE ¢ Bifchn X% f K& # 2459 &5 DCITBkRES - ik A
Sif ik { dr o r R d R KRR 1T ml ® it 100 mg PMMA 47 7 45
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T%XAa 490 nm. - K 52K 2a5090 nmo a2 Il %= Ak A
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BReicga gt A I 2313 9KRFHETHOCIE ¢ Bffdot + &)
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HAd A Ep kR ES @A AR AR R R S R R
ﬁ%%%kmﬂ’kﬁmﬁﬁiﬁHﬁmeVﬁukfﬁm%@%ﬁjﬁ
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03~ A IS U~ IV hg & s

peee Bias tnax - n pmax | fetim
(e o) | ming{ ™o | e U e iny | C1F 000" | ORY
concentration)?
3.1V 223 7.92 14.47 32.12 130
I (without CCL)" | 3.3V 104 23.42 14.35 29.92 46 (0.195,0.362) —
35V 61 38.33 13.28 26.19 27
31V 146 4.63 8.54 23.11 113
11 (0.3 wt.%) 3.3V 71 11.90 8.50 21.60 47 (0.295,0.470) 50
35V 51 19.79 7.22 17.23 27
31V 129 2.87 5.93 15.34 111
111 (0.4 wt.%) 3.3V 103 9.45 5.49 13.35 a7 (0.365,0.444) 66
35V 66 16.21 5.53 12.67 23
3.1V 204 3.34 5.01 14.58 123
IV (0.5 wt.%) 3.3V 94 8.47 5.01 13.73 53 (0.435,0.493) 58
35V 47 13.29 4.63 11.90 26

@ DCJTB concentrations of the color conversion layers. ® Time required to reach the maximal brightness. ©
Maximal brightness achieved at a constant bias voltage. ¢ Maximal external quantum efficiency achieved at a
constant bias voltage. ¢ Maximal power efficiency achieved at a constant bias voltage. " The time for the
brightness of the device to decay from the maximum to half of the maximum under a constant bias voltage. °

Evaluated from the EL spectra under 3.3 V. " Devices without color conversion layers.
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