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Achieving efficient electron transport is challenging owing to the large energy barrier between
the conduction band of n-type metal oxide and the lowest unoccupied molecular orbital (LUMO)
of the emissive layer in inverted polymer light-emitting diodes (PLEDs) or the active layer in
inverted polymer solar cells (PSCs), which results in unbalanced charge transport, leading to low
device efficiencies. Herein, we have demonstrated that the device performance could be enhanced
in both PLEDs and PSCs by treating either the interface between the electron transport layer
(ETL) and the emissive layer in PLEDs or the active layers with self-assembled dipole monolayer
(SADM), ionic liquid molecules (ILM) and polar solvent (PS). The interface engineering results
in a reduction of the energy barrier, which results in enhanced electron transport in both devices.
Especially, optimized PLEDs and PSCs show an external quantum efficiency (EQE) of 1.38% and
a power conversion efficiency (PCE) of 4.21%, which are enhanced by approximately 138- and

1.37-fold, respectively, compared to the reference devices.

Keywords: Polymer light-emitting diodes, Polymer solar cells, Interface engineering, Surface
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I. M 2
2t A FF T EA HF A (polymer light-
emitting diodes, PLEDs), 2152} ] 2] (polymer so-

lar cells, PSCs) 9F -2

electronic devices) = #H]-&, A2, &4 T4
$799) 4 B objel, QWA AT /A 24 5
A5 o8] A o AZdolst A9 o1 A de] 5
B A g 9771 B DA, 16

BRALAT} AT H7] AAAE £ 27 B8
(device efficiency) % ¢+ A2F QA (device sta-
bility) o] S Solobgt ok F2 wol ALt
p-i-n X (conventional structure) o] FHAAZE= A

=, AsteE3, FAZe HETF (emissive layer) &

7
227} A5 FAA A (opto-

-

a1z

—a

= HFAR Y FEAT (active layer) AtoloflA ¢
o Aot #45& 5ol =2 &2 &8 HoEFH S
A9 dRbAQl D@ gz B "G Ao A=
8445 (hole transport layer, HTL) 22 poly(3,4-

ethylenedioxylenethiophene):poly(styrenesulfonic acid)

(PEDOT:PSS) ¢t -2 W3-/ &4 (reactive material) &
z2 Agahey

ol S A< QE F4 4HSHE (in-

dium tin oxide, ITO)S FAA] 7| 1, ¥Hd5 £ FSA =
o E5te] Axke] b AdS AHotAZIT [7,8] B T

HEE (barium, Ba), ¥F1|& (a

3o A (work function) & 2= S5

o171 uﬂfoﬂ 2217F A AFehE of
Aol HuH it w2t
A, PEDOT:PSS Hi4l %1714 Z* Foty 540 v =%

goh1, 27 Abao] Y

(calcium, Ca), luminum,

AY 53 2o
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S n-EFY] S5 AtekE o] M) of daztol A
A BAAE Arolo EAfiste & oy A A
Q1 Ast pfol 71w ol AMpA o g 2 47t
AL 24, o278 AA 24, ofdl Z]uke] 54
tolo] A 24& Fof oA S EEo=2H

E£3], 2 4s}t | 1 EA g s A o A
A2 A A= 71E 2R

55l A¥35ETLE FE AEEE AgtEdEd
(molybdenum oxide, MoO3) < 122} g3
9] =9 A EAHE (highest occupl ed molecular
orbital level, HOMO) ¢t & (gold, Au) ¥t 2 (silver, Ag)
I 72 F= (anode) Ateloll 27 (ohmic contact) &
Fagotol ARA AF 25 AT 15,16 34
ot A 2k=E3 (electron transport layer, ETL) &2 F2
AH-&ot= 4Fgtobad (zine oxide, ZnO), AFR}EIEHE (tita-
nium oxide, TiOx) 51 Z-2 n-EtY 25 A8HE9] Ak
o (conduction band) &t 'WFT E= FEAT O AE
1 v EAAIE (lowest unoccupied molecular orbital,
LUMO) Atolof Efst= 2 o 2] 4 (energy barrier)
ol Zofl M2} Eo] A&SHA o FA A ot B A<l
Ast pfo] A7|M ol AvpHor W Ax JFos

ojojXit}. [13-19] whebA], & Ao = A7 ||
E2} (self-assembled dipole monolayer, SADM),
HA| E2} (ionic liquid molecule, ILM), o}ql 7]8Fo] 24
|0l (polar solvent, PS) & ©|-&5t] A2F445 (electron
transport layer, ETL) ¥ Hg3 E= F2Ad 5 Atol o] A
™ X4 (interface engineering)-= Fofl oA FHS W
FomM avpAl A2t pES Feste] FAA 229

W3
ol

dee FIMAT. B oyt AV 2d A 24,
ol 2/ AA &2, 54 |E AHS (interfacial layer)

o= AES of et B3E

oA Wl B4 st

Bt 9 e

<2

II. & o

REA WRLAE AL Qe B ST AL
%= Indium tin oxide (ITO) 713 (15 Q/sq, AMG) AA
2 MAZT Z5 4 acetone, isopropanoll] B 2+ 102
A 251t A S sklnt. @24 xR Fo UV-ozone A
Yt & MA5F 02 ZnOE F45H] 9
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3f| zinc acetate dihydrateS £ & H|-&2] ethanolamine

7} 7] 2-methoxyethanol®] 0.75 M 5= =2 =<l &
< 3000 rpm o2 40F U AWUFHE T F5of 400 °C
oA 1A7HEt EAYE stth. AW A YAl SADM
<2 4-Methoxybenzoic acid (BA-OCH3, Sigma-Aldrich)
£ "mM 5 X2 ethanoll =59 3000 rpm 22 40% F<t
AW FHYSIETE ILM-2 1-benzyl-3-methylimidazolium
chloride (benmim-Cl, Sigma-Aldrich)E 0.1 wt% &%
2 Bo] Ho] 5000 rpm 2 AWMTAES T S0 120 °C
o 1087 €45ttt PSQ ¢ ethanolamines 2-
methoxyethanol®]| 1:20 ¢] H o] H|-&2 5|43+ 8HS At
g5l o 70 °Co 25 9] g2 3000 rpm e 2 AWF
gt %120 °Cofl 1023t A 2okt HFS5 = SPB-
02T (Merck) 32 6.5 mg/ml ‘=2 chlorobenzene]|
=01 2000 rpm O 2 45% B AWFH St npx|ak
o7 AT D g A5 IS 6 10 nm 9
AFHE B (MoO3, Bl g2tel) 7 100 nm o] 22 €352
715 olgstel ZAets
—Ev— 2 B FAA] A2 910 AF A g AL A2
A T AR F ASE Aot i RER T Yokt
Zn02] 4% 0.5 M 55X 9] zinc acetate dihydrate 84S
AHg5Hth SAF52 2 PSHT:PC60BM (FA1H] 10:8)&
P3HT ] th3l] 2 wt% == F chlorobenzene®] 20|
Lcc}ai_ﬂ 80 ocoﬂ 24/\]7].501- 71—&3;] ;(101 _Q_OH_Q ZH]—E;].O:I
t}. ©]5 0.2 m 254 PTFE Z & 22| 900 rpm .2
127t 233 "5k 150 °Coll 1027 A2 stlnt. A
oz FF3TAdS D 5 A=2 345H] #16 5 nm 9
Mo032} 100 nm 9] 2& EF47]E °]-83t] S5t
B} g4t EA BAS Q5] A Keithley A, 2400
Source Measure Unit?} Konica MinoltaAt, CS-2000 &3
SR AE AEeo] AR LR HLFE (VL) 54
2 BAjo] 25T WA TE T2 (Lamber
tian emission profile)= 7Foto] A WF QE I E
& (electroluminescent external quantum efficiency, EL-
EQE)& AASISie). T8 ierizlel 54 B4 99
XA Peccell TechnologyAt, PEC-L01 R o4 53t
AM 1.5G 100mW /cm2 A IviumAt, IviumStat &
BAAN7E Foll AREE-AY (J-V) B4 S5
A2 WAL 13.5 mm? PO H, F2= HIAE HAof of FA|
o @] 2 S| (encapsulation) SFAT. JAF G2 of A}
HE §82 PV measurementAl, QEX7= 53l &4
1! Impedance &2 IviumAl, IviumStat F A Y7 &

&3l S5k,

lo

a PLEDs PSCs
Ag

A ! == P3HT:PC5,BM
MoQ3
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OCH,
( ) -
b il
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Fig. 1. (Color online) (a) Schematic of PLEDs and PSCs
device structures, (b) the chemical structures of interfa-
cial layers; SADM, ILM and PS.

III. Z3t Y =9

2 AYNA A4S H (a) TEA FAL (ITO /| ZnO
/ interfacial layer / SPB-02T / MoO3 / Au) % A
Z] (ITO / ZnO / interfacial layer / P3HT:PC60BM /
MoO3 / Ag) TE2} (b) AWELE AR A7 27 4
S 4, o2 oAl 12, 34 gohel shebd] 727}
Fig. 1] Yt} ok ITOE 222, Zn0+ AR
£Z=0=% SADM, ILM, PS= &7 AlHZ H| IO 2,
SPB-02T+= Hgaxto| A &35 22, PSHT:PC60BM+=
EjfAz| oA FEAFOZ, MoO3+E FE5TEF2E, Au
OF Age A7 gt BRI A =282 ARE-St
At A=} 5o 15 (electron-donating group)= Z g0
= 2= =2 (negative dipoles) 2 F+A4H 7t284 4F

1:1

(carboxylic acid) 7]5F SADM (BA-OCH3)-2 sto| =54
(hydroxyl) -OH 7|2 7zt 24 Ast2y & Aghst

H
ok #ARzold ol A AL 1N
golu|t} Z& (1-benzyl-3-methylimidazolium) ©] ¥Fo]2
(cationic) ¥t F3}HE F0]2 (anionic) &2 FAJE 1A Sl
. obl Zlure] 24Ul sho] =54 1T} ofnl 18
o] HH7]E Zt= oehE& ot (ethanolamine, EA) & 2-
W E Ao &-& (2-methoxyethanol, 2-ME) o] 3] A|# At
gorstt. 2t ABS T AR AL 240 ofAut
L5 5 nm o|5te] §F2 FAE I A Qi 2 AdeA+=
ARSE BF v oF2 FAA AUSEXt BluE
Stof T ztolof mE FFe 2| A3}5HAH. [16-18]
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A (LE-V), (d) dFFAaE ol AL (EQE-V)E X
st Qi AldEo] gle gzt (715 &3}, reference
device) &] 7-¢-oll= AHSo] EAot= gzl vl
H.2 e (turn-on voltage) ©] 6.8 V2 71 &9kth. o]
= Zn0O%t WFF Atol o] & oqx] A or Qs M}
Fo] o HA Hof FFut Ao EwtF ARl Mot F4
S g RE 7QIe Ao gAY ARHor J|F W
A2t A= A (recombination) © 7H &2 el
A dofubr JE7F 60 cd/m?, FFAAEC] 0.01% =
7V 2 Zot A g as BolFlh vhio AHSS
AT HFAAEL ZnOet WFS Afolof EAst= o
Uz gHe EolFgomd 7 S ETG A =Y
L&A sto] 22882 FIAIE 5 U SADMS

0] -5 B4 A= 940 cd/m? 9] 3%, 0.05% 2] <]F-FA}
&S HoFET, ILMS o439 B A%t 800 cd/m?
9] 3%, 0.12% 9] S|F At RE&S HolF1, PSE 0|83t
A= 2300 ed/m? 9] F1k, 1.38% 9] RSt aES
HolEoloh, "©279-2 SADM (6.4 V), ILM (4.1 V),
PS (3.1 V) &2 = Yy, Egax E4S vlus) &
A1} ZnO 2} WFF Aol 9] o g 2] o] PSE AHETES
o 7} wo] Eo] 53, ILMS AHERAS w7t 1 o
SADM= ARES wi7F 7Hd A E0f E30&< <
T AT 53] PSE AMERES = 8dF o= T
oZl ZnO EHe|| EAjot= B A (surface defect)
A EdowN FAHAART
49 2258 FA
7ol e Wagax

A
"
OJ

o,

O ek

(leakage current) & AAA|

%*é 4 *FJOP HE Table 1

oA & & AUt
Figure 3-2 AWS §-7¢ /ol ot fsket g}
Az o] 42 B HojFErh (a) AR BE-AY

( V) EAT (b) EQE E4€ 1000 W/m? AM 1.5G

% (illumination) oA 57853tk AMZo| gle HYF
7\%1 ] (715 &7}, reference device) 2] 74-9-oll+= AHS©|
Z5t= Bl g A of Hlo @A (short circuit current,
Jsc), & (fill factor, FF), HEG-E (PCE) 7l 37
FgE A ol= WFAaAe} vt FA &2 Zn0 o FEA
% Apolo] o 7] AElo] Zol5.0zA ATl AL 4

ol 7hsaliF7] Wwolet weETh Z)E FAA oA
= 7P @2 dEER7 (8.67 mA/cm?), THE (0.62), F
HEha & (3.06%) = FEFAAIRE ARESS =Tk Bk
A 52 olirh 945 A2 E4E BHlrh o] § SADM
< o] 8 B FH A= 10.26 mA /em22] TR, 0.629]
S, 3.63%9 FHTE LS HAFI, ILMS o|-&¢

HFAA = 10.46 mA/cmu detdRE, 0639 AL
3.76%9] I TS HolF11 PSE o] &3t Eﬂoobﬂx]t
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Fig. 2. (Color online) Device characterization of PLEDs
with and without the interfacial layer; (a) current den-
sity versus applied voltage (J-V) characteristics, (b) lu-
minance versus applied voltage (L-V'), (c¢) luminous ef-
ficiency versus applied voltage (LE-V) and (d) external
quantum efficiency versus applied voltage (EQE-V).
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Fig. 3. (Color online) Device characterization of PSCs
with and without the interfacial layer; (a) J-V character-

istics (a) and EQE characteristic (b) under 1000 W /m?
AM 1.5G illumination.

mA /cm? o] FEF, 0.699] TE, 4.21% 2] BH

E—%O HolF9lth PSHT:PC60BM et 22 M= o|F
A& (bulk heterojunction) |41 2] 7R} (open circuit
voltage, Voc)-= P3HT ¢} 2 2t 7091 =1 (donor)
¢} HOMO &3} PC60BM ¥ 22 A el oAl E
(acceptor) ] LUMO #[® At o] ztolgto = AX & o]
7] 2ol 7142 3 SADM, ILM, PSE ©]-&3+ e
A B 0.57 VE Zoth HgAR] B2 vlas) & 2
I PSE AR RS wf Tt npdvA 2 7Y g
AZGEARS HYET, LM AFER-S dj7F 1 o2, SADM

AERE 7 4 A A HAEE o S A
5 PSS SIS W TR} Fa80] 27 4
o FHY 2ATE FAE OB 4 AT, BB
AHE/ AE AP Es Table 20014 & 4 9L
9ol Liehdl 238 Baalu T, H=sh 8 1A 0y
Aol M= 71 ARt 1388 FE R FAaES
HolFw, 122 s FHA o= 7% 42 E T 1.37H]
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Table 1. Summary of PLEDs with and without interfacial layers.

Turn-on
2
Devices configuration Lmax [C.d/ m] LEmax .[Cd/ Al EQEH”?X (%] Voltage [V]
@ bias @ bias Q@ bias >
@ 0.1 cd/m
Reference device 60 [10.6 V] 0.02 [10.4 V] 0.01 [104 V] 6.8
SADM 940 [10.8 V) 0.10 [10.6 V] 0.05 [10.8 V] 6.4
ILM 800 [11.0 V] 0.24 [10.6 V] 0.12 [10.8 V] 4.1
PS 2300 [11.8 V] 2.94 [9.8 V] 1.38 [9.8 V] 3.1
Full devices: ITO / ZnO / Interfacial layer / SPB-02T / MoOs / Au
Table 2. Summary of PLEDs with and without interfa- a b ------ ~
cial layers. 10" Evac
L . Jsc Vo n  Jsc (calc.) NE 2 R
Devices configuration (mA/cm?]  [V] FF (%] [mA/cm?] <é:10 . :E
Reference device 867 057 062 3.06 881 >93] —SADM 20 )+ A
SADM 10.26  0.57 0.62 3.63  10.25 S | fayer
ILM 10.46 0.57 0.63 3.76 10.41 10
0.0 02 04 0.6
PS 10.70 057 0.69 4.21  10.66 Voltage(V)

Full devices: ITO / ZnO / Interfacial layer /
P3HT:PCeoBM / MoOs / Ag

Figure 4(a)+ P3HT:PC60BM 2} 2 H 3 o]F 7o
obd P3HTE ZUYE ZnOE o|EIR AHgstE ol55
(bilayer) @EfS] EfFH 2] S+ (ITO / ZnO / interfacial
layer / P3HT / MoO3 / Ag) A2 AlHS 4] F-5-l
nE AR WE 542 HeZT. o)2} T TEE 700
o] Aol whet 7ol E}E}X] T-Z0]7] wizel
ZnO ol EAct= AWZE 7ol wet ZnOLt H33 &
= J*%:L*é Ato] Aol & Hﬁ}% olqz] o] Mats
= Stk A S0l gl 715 £2=0.24 V, SADM
23 Y AAE 0.35 V, LML 0|83 BjFdx]=
£, PSE o83 Bl AR = 0.50 VO ANTHAES
. Ol AHSS Aol lS o AW Eo] EAFE0l
=2 FHE F45H7] W&ol Zn0 2] A=zt %1%
Vacuum level) T4 2 2t7} 7 A Qo] S7HE
o}, 53] PSE ARERE Bl 2] o A= 2] ©] }57}Q
A%te HolH ol ZnOt H35 = F&AEF A
EASH= olv A S EU 2N TP A Mot 4
& ofl WgAazret g Ao 22 F g2 FHAIR]
SAZ AAZY, Figure 4(b)= AHS 5ol = ZnO
o] Artyo] ¥IgE Z8 Mt 270 gt o 2] Wi o}
olojago g HojEh ARASTES EAFEX (molecular
structure) o] Wt AAZ 44 (hydrophilicity) F2-2
ZnO FEHof| Adtst# Al ofal &4 (hydrophobicity) F
w2 IR 3o Ajtotalat 5tr) wiZol AAAHA
=32+ R E (dipole moment) 7t FA T [13,16-19]
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Fig. 4. (Color online) (a) J-V characteristics of bilayer
PSCs with and without the interfacial layers and (b)
schematic energy diagrams for flat band conditions of
ZnO / interfacial layer / active layer.
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Fig. 5. (Color online) (a) Electron-only devices char-
acteristic of ITO / ZnO/ interfacial layer / SPB-02T /
LiF / Al and (b) electrical impedance measurements for
P3HT:PCgoBM PSCs with and without the interfacial

layer. The plots are fitted by an equivalent circuit.
kA, ZnO2t FEAS Atolo AMSE2 A9
7154 % (electronegativity) 2tolo] what 5= &=2}
RAEES FFo2H 0] WethE A3 gl Koz
s} A7 4 982 HolZe),

Figure 5(a) & ZnO 2}t W3d3 Atolo] Eol& o] 4
Wonne elufia 7 o] ARHoR PAE
=2] gelslr] Y8l A FUR 7Hs e 22 (electron-
only device, ITO / ZnO/ interfacial layer / SPB-02T /
LiF / Al)E Al&Fsto] Mott-Gurney space-charge-limited

current (SCLC) WA 4E Foto] M=} o] 5% (electron
mobility) & Al4tstict.
9 2
J = 7ueff€05rﬁ (1)

I (effective
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Table 3. Summary of fitted parameters obtained from AX}EE} e 1.230) e SErdR, L1 R S
electrical impedance measurements for PSCs with and K83} 7 712 22} (3.06%) Hr} 1.378) FAE

4
ithout interfacial layers.
= A o) FAga e R vehd, A7x 1A YA

2
Devices configuration Reontact Rbulk  Cbulk Rinterface Cinterface 94_ EHQ};;(_‘{ X‘l ‘I _1 ;(.]Z]_/\_/,\_z—r Hiab= T 3SHA = /\]-
& [Q-cm?] [Q-cm?] [nF] [Q-cm?]  [nF] TEETH 2% T TECS
Reference device 212 826 0.66 307.0 434 o]of| A EtAISH= B & 0l ASH 42 A5 YA
SADM 22.8 47.6 1.92 243.0 900 _ - _ =
ILM 230 524 099 227.3 1580 AT AWS A Foll AW AT A7 Azt
PS 19.9 454 252 143.7 2880 S48 FRAIA| 7| o] A%} 68 At 2 Q5HS
oF 2~ o] o L5 7+ o S =
Full devices: ITO / ZnO / Interfacial layer / & Lo TS SADM, ILM, PSe} 22 et AW-3
P3HT:PCgoBM / MoOs / Ag EY2 H=E AT E gt ], oA &4t
EfARLE T ot 2xbo] A-go] 7hed Ao Hel,
charge carrier mobility) g0 AH-87H] 5-3& (permit-
tivity of free space), e, = &S] A& 1 F-7-& (relative ZkAlo| 2
- a /M=
permittivity of the medium), V= 17} A<, d+= E3F5
o] &= H= oun ;q;( L= /\x_]-?_}- = - =
—’]Tﬁﬂ ]q' 7‘ﬂ K TI’TOﬂ tq_‘j’]_ ]’—’] ]o = lﬂ %%‘___%% —]—?—%EHQ}_I_]L Z}—%@'QQ‘%‘E—T’-H](QON, BR

AW, 715 22 1.75 x 1077 em?/V-s, SADM& AH&
§ A7 556 x 1076 cm?/Ves, ILME A& A7ts
8.83 x 1076 cm?/Vs, PSS AL83 A7H= 9.91 x 1075
em?/Vs& Bk ole AWSE AHGAHAS uf At 5 REFERENCES

o] 2o 7 grAES =it Ayld o 7 Wt Azt
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]
]
]
] G. Yu et al., Science 270, 1789 (1995).
]
]
]
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