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iPLEDs have a large energy barrier of ≈1.6 eV at the interface 
between the LUMO of super yellow (SY, ≈2.7 eV) [ 14,21 ]  and the 
CB of ZnO (≈4.3 eV), which requires a minimized difference of 
energy levels for excellent electron injection. However, the dif-
ference among the energy levels of iOSC devices for excellent 
electron extraction is relatively lower (≈0.3 eV) at the interface 
between the CB of ZnO and the LUMO of [6,6]-phenyl-C 71 -
butyric acid methyl ester (PC 71 BM) as an electron-acceptor 
material (≈4.0 eV) [ 43–45 ]  compared to the corresponding differ-
ence in an iPLED device. 

 In addition, interfacial engineering infl uences the reduc-
tion of interfacial resistance and the passivation of defect 
sites, which enhances device performance by reducing the 
leakage current. [ 46–50 ]  The use of interfacial engineering can 
also improve the blocking behaviors of abundant holes, which 
increase the recombination probability of electron holes in a 
PLED device [ 14,22,23,27,31 ]  while suppressing the bimolecular 
recombination by photogenerated holes and electrons in a OSC 
device. [ 32,51–53 ]  

 Previous established methods of interfacial engineering, 
such as ionic liquid molecules (ILMs), [ 21 ]  conjugated poly-
electrolytes (CPEs), [ 22–24,29 ]  and polymers that contain aliphatic 
amine groups, [ 25–28 ]  require expensive and complex synthesis 
processing. They are unable to easily control the desired energy 
levels at the interface between the ZnO and the active layer 
according to the device confi guration, such as iPLEDs and 
iOSCs. 

 In this Communication, we present a new interfacial engi-
neering method by introducing a series of amine-based inter-
facial molecules (AIMs) that contain 2 to 6 amine groups (2 to 
6N) for highly effi cient iPLED and iOSC devices. Our method 
provides simple and effi cient processing and effective tunability 
of the energy level at the interface between the ZnO and the 
active layer, depending on the number of amine groups. We 
investigate the effect of the number of amine groups of one sol-
vent molecule on the tunability of the energy barrier by fi xing 
the total number of amine groups in AIMs solutions. Different 
concentrations of amine groups are used in iPLEDs (0.30  M ) 
and iOSCs (0.06  M ) for optimized device performance. In gen-
eral, thicker interfacial layer is required for higher device per-
formance in iPLEDs because thicker interfacial layer effectively 
blocks hole carriers and reduces exciton quenching at the inter-
face between ZnO dand emissive layer. [ 27,31 ]  On the other hand, 
thinner interfacial layer is more suitable for effi cient charge 
extraction from active layer to the ZnO in iOSCs. [ 32 ]  

 As the number of amine groups increases, the WFs of AIMs-
modifi ed ZnO gradually shift toward the vacuum level from 
0.2 eV (2N) to 0.5 eV (6N) compared with the WF of intrinsic 
ZnO. This fi nding suggests that AIMs can easily control the 

  Over the past few decades, polymer-based light-emitting diodes 
(PLEDs) and organic solar cells (OSCs) have been intensively 
investigated because of their advantages, which include cost-
effective and large-area fabrication via simple solution-pro-
cessing as well as fl exible mechanical properties. [ 1–8 ]  However, 
OSCs and PLEDs for commercial applications require highly 
effi cient device performance and stability. Conventional struc-
tured devices with low-work-function (WF) electrodes such as 
calcium, lithium fl uoride (LiF), and aluminum exhibit highly 
effi cient device performance but inferior device stability and 
operating lifetime. [ 9,10 ]  Thus, strict encapsulation is required 
to prevent degradation due to oxygen and moisture. [ 11 ]  Con-
versely, inverted-structure devices with high-WF electrodes 
such as silver and gold as an anode, a metal oxide such as zinc 
oxide (ZnO) as an electron injection/extraction layer (EIL/EEL) 
and molybdenum oxide (MoO 3 ) as a hole injection/extraction 
layer (HIL/HEL) are promising devices for excellent device sta-
bility. [ 10,12–18 ]  Various approaches have improved device perfor-
mance through device optimization; these approaches include 
interfacial engineering/surface modifi cation [ 19–32 ]  and synthesis 
of effective active materials with a high quantum yield. [ 33–40 ]  
Interface engineering is suggested to solve the intrinsic limi-
tation of unbalanced charge injection in inverted PLEDs 
(iPLEDs) and charge extraction in inverted OSCs (iOSCs). Bal-
anced charge injection or extraction is very important for highly 
effi cient iPLEDs and iOSCs, which is caused by well-matched 
energy levels between the EIL/EEL and the active layer. 

 The hole injection is effective because of the formation 
of Ohmic contact at the interface between the MoO 3  and the 
active layer, [ 41,42 ]  whereas the electrons injection is ineffi cient 
because of a larger energy gap between the conduction band 
(CB) of metal-oxide and the lowest unoccupied molecular 
orbital (LUMO) of the active layers in iPLEDs. [ 14,19,21,23,27,28,30–32 ]  
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desired energy level to achieve the maximum device perfor-
mance in iPLEDs and iOSCs. We discovered that AIMs treat-
ment reduces the leakage current and improves the hole-
blocking behavior by passivation of defect sites on the ZnO 
surface, which improves device performance. 

  Figure    1   represents the device architectures of iPLEDs and 
iOSCs and the chemical structures of AIMs such as ethylenedi-
amine (EDA, 2N), diethylenetriamine (DETA, 3N), triethylene-
tetramine (TETA, 4N), tetraethylenepentamine (TEPA, 5N), and 
pentaethylenehexamine (PEHA, 6N); 2-methoxyethanol (2-ME) 
was used as a control. Both devices are composed of indium 
tin oxide (ITO) as a transparent cathode, ZnO as an EIL/EEL, 
an AIM as an interfacial layer, MoO 3  as a HIL/HEL, and Au 
and Ag as a metal anode in iPLEDs and iOSCs, respectively. 
Each solvent bears a different number of amine groups and 
ethylene groups, ranging from 2 (EDA) to 6 (PEHA), as shown 
in Figure  1 b. The chemical structures of SY, poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fl uoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7, 
1-material, Inc.), and PC 71 BM are illustrated (see Figure S1, 
Supporting Information). 

  The current density and luminance versus voltage ( J–V–L ) 
and the device effi ciencies of iPLEDs with and without AIMs 
are shown in  Figure    2  a–d. The current densities of iPLEDs with 
AIMs are signifi cantly lower than the current densities of the 
reference device at low voltages (Figure  2 a), which indicates 
that AIMs reduces the leakage current by the passivation of 
defect sites on the ZnO surface. 

   Figure    3  , Figure S2 and Table S1, Supporting Information, 
provide evidence for the passivation of defect sites on the ZnO 
surface via the analysis of time-correlated single photon counting 

(TCSPC) and photoluminescence (PL). The time-resolved PL 
signals and PL spectra of SY showed that exciton lifetimes and 
PL intensities of quartz/ZnO/AIMs/SY were higher than those 
of quartz/ZnO/SY, which indicates that AIMs reduced the 
exciton quenching caused by defect sites on the ZnO surface 
and enhanced the radiative decay of excitons. [ 27,31 ]  The exciton 
lifetimes and PL intensities of SY on the ZnO subjected to AIMs 
increased with increasing number of amine groups in AIMs, 
which caused a decrease in the number of defect sites. The PL 
spectra of ZnO also showed that the peak centered at approxi-
mately 510 nm, which is well known as the green luminance of 
ZnO defects that is generally caused by oxygen vacancies, [ 54,55 ]  
and the peak attributed to the defect sites was suppressed by 
AIMs of the ZnO; a larger number of amine groups resulted in 
a larger number of reduced defect sites of ZnO. 

  The luminance and device effi ciencies of iPLEDs with AIMs 
are signifi cantly higher than those of the control devices, 
whereas the turn-on voltage (at 0.1 cd m −2 ) of the iPLEDs 
with AIMs is less than that of the reference device, as shown 
in Figure  2 b–d. Thus, AIM on the ZnO layer reduces the elec-
tron injection barrier between the ZnO and the SY by spon-
taneous negative dipolar polarization, as confi rmed by ultra-
violet photoelectron spectroscopy (UPS) measurements (see 
below  Figure    4  ). As the number of amine groups of AIMs was 
increased from 2 to 6, the WFs of the ZnO/AIMs gradually 
decreased from 4.08 to 3.78 eV because of the strong interfacial 
dipole caused by the large number of amine groups in AIMs. 
Thus, the luminance and device effi ciencies of iPLEDs gradu-
ally increase because the energy barriers gradually decrease 
with increasing number of amine groups in AIMs (see 
Figure S3a, Supporting Information). 
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 Figure 1.    Schematic of iPLED and iOSC devices and chemical structures of AIMs. a) Device architectures of iPLED and iOSC. b) Chemical structures 
of AIMs, such as ethylenediamine (EDA, 2N), diethylenetriamine (DETA, 3N), triethylenetetramine (TETA, 4N), tetraethylenepentamine (TEPA, 5N), 
and pentaethylenehexamine (PEHA, 6N) with 2-methoxyethanol (2-ME).
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  This trend is consistent with electron-only device analysis 
(see Figure S4, Supporting Information). Electron-only devices 
with AIMs produced signifi cantly higher current density com-
pared to the reference device. As the number of amine groups 
in AIMs was increased, the electron current densities gradu-
ally increased because of the reduction of the injection bar-
rier, which indicates more effi cient electron injection. Among 
iPLEDs with AIMs, the optimized devices with PEHA (6N) 
exhibited a maximum luminance of 99 300 cd m −2 , a lumi-
nous effi ciency (LE) of 23.1 cd A −1 , a power effi ciency (PE) 
of 8.83 lm W −1  and an external quantum effi ciency (EQE) of 
8.40% because of its highest electron injection, reduction of 
leakage current and suppression of exciton quenching by pas-
sivation of defect sites on ZnO. The detailed performances of 
iPLEDs with and without AIMs are summarized in  Table    1  . 

  Figure  2 e shows the  J–V  characteristics of iOSCs with and 
without AIMs for 1000 W m −2  air mass 1.5 global (AM 1.5G) 
illumination; the detailed device characteristics are summa-
rized in Table  1 . The iOSC device without AIMs exhibited 
substantially low device performance, such as a short-circuit 
current density ( J  sc ) of 14.35 mA cm −2 , an open-circuit voltage 

( V  oc ) of 0.72 V, a fi ll factor (FF) of 0.67 and a power conversion 
effi ciency (PCE) of 6.92%. Conversely, the iOSCs with AIMs 
showed remarkably enhanced PCEs compared to the control 
device. Optimized devices with DETA (3N) on the ZnO exhib-
ited the highest PCE of 9.04%, which was enhanced by ≈30% 
compared to the PCE of the reference device. The EQE spectra 
of iOSCs in Figure  2 f support an increase in PCE in the case 
of AIMs. The improved device performance originates from 
a reduction of defect sites on the ZnO surface and from the 
well-matched energy levels. The  J–V  characterizations of iOSCs 
in the dark also support the hypothesis that AIMs can reduce 
the defect sites on the ZnO surface (see Figure S5, Supporting 
Information). The dark current densities of iOSCs with AIMs 
are signifi cantly smaller than those of the control device with 
reverse bias, which indicates reduced leakage current. 

 The energy diagrams of iOSCs are shown in Figure S3b, 
Supporting Information. The DETA (3N) already forms Ohmic 
contact by matching the energy level at the interface between 
the CB of ZnO (3.96 eV) and the LUMO of PC 71 BM (4.00 eV), 
which causes a reduced series resistance and effi cient electron 
extraction. However, the surfaces of the ZnO with AIMs are 
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 Figure 2.    Performance of iPLEDs and iOSCs with AIMs. a)  J–V , b)  L–V , c) LE –J , and d) PE –J  characteristics of iPLEDs. e)  J–V  characteristics and f) EQE 
characteristics of iOSCs under 1000 W m −2  AM 1.5G illumination.



4 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

more hydrophilic with an increase in the number of amine 
groups of AIMs because hydrophilic end groups tend to be 
oriented upward with the number of amine groups of AIMs, 
which results in poor compatibility between the ZnO and the 
hydrophobic active layer, as confi rmed by contact angle meas-
urements (see Figure S6, Supporting Information). Thus, 
iOSCs with DETA (3N) exhibited optimized device perfor-
mance because of the well-matched energy level and relatively 

reasonable compatibility at the interface between the ZnO and 
the active layer. 

 The morphology of the ZnO surfaces with AIMs was not sig-
nifi cantly altered, whereas the root-mean-square (rms) rough-
ness values of the ZnO surfaces with AIMs slightly decreased 
compared with the roughness values without AIMs, which was 
confi rmed by atomic force microscopy (AFM) (see Figure S7, 
Supporting Information). 
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 Figure 3.    Exciton lifetime and PL intensity. a) Time-resolved PL signal of quartz/ZnO/SY with and without AIMs, as measured via TCSPC at 450 nm 
excitation. An emission wavelength is 550 nm. b) Summarized exciton lifetimes of SY on the ZnO with and without AIMs. c) PL spectra of quartz/ZnO/
SY with and without AIMs at 470 nm excitation. d) PL spectra of quartz/ZnO with and without AIMs at 325 nm excitation.

 Figure 4.    UPS and XPS analysis. a) Energy diagrams for fl at band conditions at the ZnO/active layer with (right) and without (left) AIMs. b) UPS 
measurement and c) XPS measurement of ZnO with and without AIMs. The inset shows a high-resolution fi gure of the N1s peak.
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 The total number of amine groups in solutions was fi xed 
to observe the effect of the number of amine groups in one 
molecule on the energy level tuning process (see Table S2, Sup-
porting Information). When the number of amine groups on 
the surface of ZnO was increased, the WFs of ZnO with AIMs 
were further reduced, even when the total number of amine 
groups was fi xed, as shown in Figure  4 a. 

 To understand the possible origin of the reduction of WFs, 
depending on the number of amine groups on the surface of 
the ZnO layer, quantitative X-ray photoelectron spectroscopy 
(XPS) analysis (Figure  4 b) was conducted. The total number of 
amine groups in AIMs solution was fi xed, as shown in Table 
S2, Supporting Information. Zhou et al. demonstrated that 
neutral amine groups on the surface of ZnO contributed to the 
interface dipole, which caused signifi cant changes in WFs. [ 26 ]  
The reduction in the WFs of ZnO upon AIMs is attributed 
to the interface dipole induced by electron transfer from the 
nitrogen of the amine groups to the zinc of ZnO. The survey 
XPS spectra of the ZnO with AIMs exhibited an N1s peak at a 
binding energy of approximately 400 eV. In the N1s peaks in 
the high-resolution XPS spectra, two asymmetric N1s peaks 
can be assigned to a N–C peak (400.1 eV) and a N–Zn peak 
(398.8 eV) [ 31,32,56–58 ]  (see Figure S8, Supporting Information). 
The total intensities of N1s peaks and N–Zn increased along 
with the number of amine groups in AIM. It means that the 
probability of amine group adsorption on the ZnO surface 
increases with the number of amine group and the amount of 
remaining AIM after the annealing is infl uenced by molecular 
weights ( wM ) of AIM due to different vapor pressure. This 
observation suggests that AIM with a larger number of amine 
groups passivated more defect sites and induced a stronger 
interface dipole, which eventually caused a greater reduction in 
the WF. On the basis of the evidence collected from the XPS 
spectra and the contact angle measurements, we argue that the 
number of nitrogen atoms in AIMs plays a crucial role in the 
conformation of AIMs in modulating the surface properties 
of the ZnO. For example, with an increase in the number of 

nitrogen atoms adsorbed onto the ZnO surfaces, the fraction 
of the hydrophobic ethylene backbone that is not bound to the 
surface may increase and result in a greater number of hydro-
phobic surfaces. However, as the number of amine groups in 
AIM increases, the number of nonadsorbed nitrogen may also 
increase, as shown in Figure S9, Supporting Information. Sche-
matic illustrations of the ZnO surfaces with AIM of (a) EDA 
(2N), (c) DETA (3N), and (e) PEHA (6N) were represented. 
There are various conformations of AIM on the ZnO surface. 
Each example of the conformations of (a,b) EDA (2N), (c,d) 
DETA (3N), and (e,f) PEHA (6N) was illustrated. 

 Moreover, the stability of optimized iPLEDs and iOSCs 
with AIM was measured under an ambient air condition with 
encapsulation for minimizing the degradation of top electrode, 
as shown in Figure S10, Supporting Information. In specifi c, 
various parameters of best performing iPLEDs and iOSCs 
with respective AIM treatment were evaluated for 5 d, exhib-
iting excellent stability without altering values from initial 
states. Furthermore, our group has already demonstrated the 
excellent long-term stability of iPLEDs and iOSCs with similar 
type of AIMs such as 2-methoxyethanol and ethanolamine 
(2-ME+EA). [ 32,59 ]  

 In summary, we demonstrated highly effi cient iPLEDs and 
iOSCs by employing AIMs as a versatile interlayer, which com-
prises a simple, inexpensive and effective method. AIMs that 
can tune energy levels at the interface between the ZnO and the 
active layer via use of AIMs with different numbers of amine 
groups effectively decreases the energy barrier between the 
ZnO and the active layer, passivates the defect sites of the ZnO 
and blocks the holes, which enhances the device performance 
of both iPLEDs and iOSCs. Optimized iPLEDs with PEHA 
(6N) exhibit a maximum luminance of 99 300 cd m −2 , a LE of 
23.1 cd A −1 , a PE of 8.83 lm W −1 , and an EQE of 8.40%, which 
are enhanced ≈30-, 32-, 38-, and 30-fold, respectively, compared 
to the reference device. For iOSCs, optimized iOSCs with DETA 
(3N) exhibited a PCE of 9.04%, which is enhanced by approxi-
mately 30% compared to the reference devices. Our approach is 
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  Table 1.    Summarized device performance for iPLEDs and iOSCs with AIM. 

Device confi guration (iPLEDs)  L  max  
[cd m −2 ]@bias

LE max  
[cd A −1 ]@bias

PE max  
[lm W −1 ]@bias

EQE max  
[%]@bias

Turn-on voltage 
[V] @ 0.1 cd m −2 

ITO/ZnO/SY/MoO 3 /Au 3,320 ± 150 (10.0 V) 0.723 ± 0.030 (10.0 V) 0.227 ± 0.012 (10.0 V) 0.281 ± 0.008 (10.0 V) 4.6

ITO/ZnO/2-ME+EDA (2N)/SY/MoO 3 /Au 9,500 ± 200 (10.0 V) 4.10 ± 0.25 (9.0 V) 1.44 ± 0.15 (8.8 V) 1.55 ± 0.13 (9.0 V) 2.6

ITO/ZnO/2-ME+DETA (3N)/SY/MoO 3 /Au 66,570 ± 450 (9.8 V) 10.7 ± 0.8 (9.2 V) 4.35 ± 0.24 (7.0 V) 4.13 ± 0.15 (8.0 V) 2.6

ITO/ZnO/2-ME+TETA (4N)/SY/MoO 3 /Au 70,410 ± 560 (10.0 V) 18.0 ± 1.2 (9.6 V) 6.59 ± 0.40 (7.2 V) 6.57 ± 0.30 (9.6 V) 2.8

ITO/ZnO/2-ME+TEPA (5N)/SY/MoO 3 /Au 94,650 ± 620 (9.8 V) 20.1 ± 0.9 (9.8 V) 6.96 ± 0.45 (7.6 V) 7.20 ± 0.36 (9.6 V) 2.6

ITO/ZnO/2-ME+PEHA (6N)/SY/MoO 3 /Au 99, 290 ± 650 (10.0 V) 23.1 ± 1.0 (9.6 V) 8.83 ± 0.52 (7.2 V) 8.40 ± 0.42 (8.0 V) 2.6

Device confi guration (iOSCs)  J  sc  
[mA cm −2 ]

 V  oc  
[V]

 FF  η  
[%]

ITO / ZnO / PTB7:PC 71 BM / MoO 3  / Ag 14.35 ± 0.14 0.72 ± 0.01 0.67 ± 0.01 6.92 ± 0.12

ITO/ZnO/2-ME+EDA (2N)/PTB7:PC 71 BM / MoO 3 /Ag 14.72 ± 0.12 0.74 ± 0.01 0.70 ± 0.01 7.62 ± 0.09

ITO/ZnO/2-ME+DETA (3N)/PTB7:PC 71 BM / MoO 3 /Ag 17.21 ± 0.13 0.74 ± 0.01 0.71 ± 0.01 9.04 ± 0.11

ITO/ZnO/2-ME+TETA (4N)/PTB7:PC 71 BM / MoO 3 /Ag 17.18 ± 0.17 0.74 ± 0.01 0.71 ± 0.01 9.03 ± 0.15

ITO/ZnO/2-ME+TEPA (5N)/PTB7:PC 71 BM/MoO 3 /Ag 16.84 ± 0.15 0.74 ± 0.01 0.68 ± 0.01 8.47 ± 0.14

ITO/ZnO/2-ME+PEHA (6N)/PTB7:PC 71 BM/MoO 3 /Ag 16.73 ± 0.12 0.74 ± 0.01 0.68 ± 0.01 8.42 ± 0.10
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therefore a promising method for obtaining high device perfor-
mance in organic-based optoelectronic devices.  

  Experimental Section 
  Preparation of ZnO Film : The ZnO solutions of 0.75 and 0.50  M  were 

prepared by dissolving zinc acetate dehydrate [Zn(CH 3 COO) 2 ·2H 2 O] 
in 2-ME and EA cosolvents for iPLED devices and iOSC devices, 
respectively. The details are described elsewhere. [ 31 ]  

  Preparation of AIMs : AIMs solutions that contain 2 to 6 amine groups 
(2 to 6N) at concentrations of 0.30 and 0.06  M  for iPLED and iOSC 
devices, respectively, were prepared by dilution of the amines in 2-ME. 
Subsequently, AIMs precursor solutions were spin-cast at 3000 rpm 
onto the ZnO surface and then annealed at 120 °C for 10 min. 

  iPLEDs and iOSCs Fabrication : The ZnO layer was spin-coated onto 
ITO substrates that had been previously subjected to a 20 min UV-ozone 
treatment, and the coated substrates were then heated at 400 °C 
for 20 min. Subsequently, AIMs were spin-cast onto the ZnO layer at 
3000 rpm on the ZnO surface and then annealed at 120 °C for 10 min 
under ambient atmosphere. 

 For iPLEDs, poly(phenyl vinylene):SY (Merck Co., wM  = 1 950 000 g mol −1 ) 
solution dissolved in chlorobenzene (0.6 wt%) was spin-coated at 2000 rpm 
for 45 s onto AIMs/ZnO for the emissive layer. MoO 3  (10 nm) and Au (100 
nm) were thermally evaporated onto the SY under vacuum conditions 
(<10 −6  Torr) with a slow deposition rate of 0.03 nm s −1 . 

 For iOSCs, a PTB7 (1-Material Co.) and PC 71 BM (Rieke Metal Co.) 
blending solution dissolved in a mixed solvent of chlorobenzene and 
1,8-diiodoctane (97:3% by volume) (concentration, 25 mg mL −1 ) was 
spin-coated at 800 rpm for 60 s onto AIMs/ZnO for the active layer. 
MoO 3  (5 nm) and Ag (100 nm) were thermally evaporated onto the 
active layer under vacuum conditions (<10 −6  Torr) with a slow deposition 
rate of 0.03 nm s −1 . The area of the device was 13.0 mm 2 . 

  iPLEDs and iOSCs Characterization : For iPLEDs, the  J–V–L  
characteristics and device performances were measured using a Konica 
Minolta spectroradiometer (CS-2000) with Keithley 2400 source meter, 
respectively. For iOSCs,  J–V  characteristics and PCE measurements 
were performed using an IviumStat source meter (Ivium Technologies, 
Eindhoven) and a solar simulator (Portable Solar Simulator PEC-
L01, Peccell Technologies, Inc., Kanagawa) with 1000 W m −2  AM 1.5G 
illumination. 

  TCSPC Analysis : The exciton lifetime was observed using the TCSPC 
method. The details are described elsewhere. [ 60 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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