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Abstract 

 

Polymer based optoelectronic devices including polymer light-emitting diodes (PLEDs) and 

polymer solar cells (PSCs) have been recently focused for display, energy source and flexible 

electronic applications because of their advantages such as low cost, light weight, easy solution 

process fabrication and mechanical flexibility.  

Moreover, so much effort has been made to maximize their device performance through 

optimization of device configuration and charge selective transport. In particular, balanced charge 

transport via charge selective interfacial engineering or surface modification is promising for 

optimized device performance. According to the device configuration, interfacial engineering can 

improve the minority carrier transport with well-matched energy level, passivate the charge trap sites 

and enhance the materials compatibility. It can also block abundant majority carrier and reduce the 

exciton quenching, leading to improving the recombination rate of balanced charges in PLEDs while 

disrupting bimolecular recombination in PSCs.  

Here, I present variety interfacial engineering strategies employing modified charge transport layer 

such as graphene oxide (GO) as a hole transport layer (HTL) in conventional PLEDs and surface 

modified zinc oxide (ZnO) as an electron transport layer (ETL) using ionic liquid molecules (ILMs), 

conjugated polyelectrolyte (CPE) and amine-based polar solvents in inverted polymer light-emitting 

diodes (iPLEDs) and polymer solar cells (iPSCs). 

A GO layer with a wide band gap blocks transport of electrons from an emissive layer to an indium 

tin oxide (ITO) anode while reduces the exciton quenching between the GO layer and the emissive 

layer. As a result, the GO layer maximizes hole-electron recombination within the emissive layer 

leading to improvement of device performance in PLEDs. In addition, surface modified ZnO layers 

with various interfacial layers such as ILMs, CPE and amine-based polar solvents remarkably 

enhance the devices performance by introducing spontaneously oriented interfacial dipoles between 

the ZnO layer and active layer in iPLEDs and iPSCs.  

This charge selective interfacial engineering is a promising way for organic optoelectronic devices 

such as organic photovoltaics (OPVs), organic light-emitting diodes (OLEDs), organic thin film 

transistors (OTFTs), and organic laser diodes (OLDs). 

 

 

Keywords: polymer light-emitting diodes (PLEDs), polymer solar cells (PSCs), interfacial 

engineering, graphene oxide (GO), ionic liquid molecules (ILMs), conjugated polyelectrolyte (CPE), 

polar solvents
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and red line of ITO/ZnO-R/2-ME+EA/PTB7:PC71BM/LiF/Al show J-V curve of linear scale. (b) 
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(5.00 %) (51.1°), 2-ME+EDA (8.33%) (44.1°) and 2-ME+EDA (16.67 %) (41.5°). 
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nm) and of (c) ZnO-R1 (Rrms = 3.11 nm) and (d) ZnO-R2 layers with the 2-ME+EA interlayer (Rrms = 

13.1 nm). Insets: The FFT of each ZnO layer. Isotropic PSD plots from FFT analysis for (e) ZnO-F 

layers without the 2-ME+EA interlayer and (f) ZnO-R1 (black) and ZnO-R2 (red) layers with the 2-
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ME+EA interlayer. 

 

Figure 6.3. Performances of iPLEDs with 2-ME+EA and differently structured ZnO layers. (a) 

Current density versus voltage (J-V) characteristics, (b) luminance versus applied voltage (L-V, cd/m
2
), 

(c) luminous efficiency versus current density (LE-J, cd/A), (d) power efficiency versus current 

density (PE-J, lm/W), (e) EQE versus current density (EQE-J, %) and (f) normalized 

electroluminescence (EL) spectra of the iPLEDs. The insets of c-e show LE-J, PE-J and EQE-J on a 

linear-linear scale. 

 

Figure 6.4. EL spectral characteristics. (a) Angular dependence of normalized light intensity at 540 

nm according to ZnO layers; Lambertian emission pattern (black square), ZnO-F (red circle), ZnO-R1 

(green up-pointing triangle) and ZnO-R2 (blue diamond) at 5.5 V. Device configurations are 
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normalized with the emission intensity of the iPLEDs with ZnO-F in the normal direction. 

 

Figure 6.5 (a) Schematic energy diagrams for flat band conditions the ZnO-R/2-ME+EA/F8BT. (b) J-

V characteristics of electron-only devices with and without 2-ME+EA. 

 

Figure 6.6 Performances of iPLEDs devices using ZnO-R1 without (black square) and with (red 

circle) 2-ME+EA interlayer. (a) Current density versus voltage (J-V) characteristics, (b) luminance 

versus applied voltage (L-V, cd/m
2
), (c) luminous efficiency versus current density (LE-J, cd/A), (d) 

power efficiency versus current density (PE-J, lm/W), (e) EQE versus current density (EQE-J, %) and 

(f) normalized electroluminescence (EL) spectrum of iPLEDs at 100 mA/cm
2
. 

Figure 6.7. Exciton lifetime. a-c, Time-resolved PL signal of (a) Quartz/ZnO-F/F8BT, (b) 

Quartz/ZnO-R1/F8BT and (c) Quartz/ZnO-R2/F8BT with and without 2-ME+EA, measured via 

TCSPC at an excitation wavelength of 450 nm and an emission wavelength of 540 nm. (d) Summary 
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Chapter 1. Introduction  

1.1 Organic Light-Emitting Diodes (OLEDs) 

1.1.1 History of OLEDs 

 

 

Figure 1.1. History of OLEDs. 

 

The first electroluminescence (EL) phenomenon was discovered by Destriau in 1936. In the early 

1950s, André Bernanose et al. observed the EL by using high alternating voltages and organic 

materials such as acridine orange, cellulose and cellophane thin films.
1-2

 In 1960, Martin Pope et al. 

reported ohmic dark-injecting electrode contacts to organic crystals, which are the basis of charge 

injection in all modern OLED devices.
3-4

 After 3 years, they also first reported direct current (DC) EL 

using a single pure crystal of anthracene with a small area of silver electrode at 400 V.
5
 However, EL 

devices still required high opereating voltage due to large crystal thickness in the order of tens of 

micrometers, leading to low device performance and lifetime. 

In 1987, the first diode device was developed by C. W. Tang and Steven Van Slyke at Eastman 

Kodak.
6
 They made a bilayer system with separate hole and electron transporting layers by using 

thermal evaporation of small molecules and affected the reduction of operating voltage and 

improvement of efficiency. After the success of device using small molecules, J. H. Burroughes et al. 

developed highly efficient green-emitting PLEDs using 100 nm thick of poly(p-phenylene vinylene, 

PPV) films in 1990.
7
  

After discovery, so much effort has been devoted to achieve highly efficient OLEDs for 

commercial applications such as solid-state lighting and flexible display.  
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1.1.2 Structure of OLEDs 

1.1.2.1 Single layer OLEDs device 

The single layer OLEDs consists of the emissive layer between two electrodes such as anode and 

cathode as shown in Figure 1.2. For more efficient charge injection, a low work function (WF) metal 

the cathode is used while transparent anode a high WF such as ITO and fluorine doped tin oxide (FTO) 

is used. Holes injected from the anode are transported toward the cathode by the high electric field 

and recombine with electrons injected from the cathode. However, single layer devices provide very 

poor device performance with low luminous efficiency (LE). 

 

 

Figure 1.2. Single layer OLEDs device. 

 

1.1.2.2 Multi-layer OLEDs devices 

 

 

Figure 1.3. Multilayer OLEDs devices. 

 

The multilayer OLEDs consists of the emissive layer, anode, cathode and ETL as well as HTL, as 

shown in Figure 1.3. The introducing of ETL and HTL results in the improvement of device 

performances, which can control the mobility of electron and hole. Generally, hole mobility is larger 

than electron mobility in most of organic semiconductor system. The ETL reduce the energy barrier 

between the emissive layer and cathode and block the hole. It means that ETL can significantly reduce 

the hole current density and the enhance the electron mobility. Thus, the device efficiencies of 
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multilayer OLEDs device are higher than single layer device due to the balanced carrier mobility and 

transport. 

 

1.1.3 Physics of OLEDs 

1.1.3.1 Principle of OLEDs 

OLEDs device can converts from the electricity to the light by the following 4-steps:
8
  

 

Step 1. Charge injection  

Step 2. Charge transport  

Step 3. Recombination  

Step 4. Emission  

 

When a voltage is applied across the OLED, electrons are injected into the lowest unoccupied 

molecular orbital (LUMO) of the emissive layer at the cathode while holes are injected into the 

highest occupied molecular orbital (HOMO) of the organic layer at the anode. And then, injected 

charges are recombined at emissive layer, leading to forming the excitons. Finally, excitons are 

decayed with emission of radiation in the visible range.   

 

Figure 1.4. Principle of OLEDs. 
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[1] Charge injection 

Electrons are injected from a low WF metal (2.8 ~ 4.0 eV) cathode such as calcium (Ca) and 

magnesium (Mg) to the LUMO of the emissive layer. Hole are injected from the transparent anode 

with a high WF (4.0 ~ 5.1 eV) such as ITO and FTO to the HOMO of the emissive layer. Typically, 

the injection of charges requires the surmounting or tunneling of energy barrier at the interface, which 

is dependent on the energy levels of the organic layers and electrodes. Well-matched energy levels 

result in the efficient charge injection, leading to improvement of device efficiency.   

 

[2] Charge transport 

When applying field, both electron and hole carriers drift respect to the each other. HTL and ETL 

with efficient mobility are used to transport the charge carriers toward the recombination sites. It is 

desirable to match the transport of electrons and holes for high device efficiencies. Hole mobility is 

usually higher than electron mobility in organic compounds. Thus, balanced charge transport can 

control by introducing of ETL and HTL.   

 

[3] Recombination 

The device efficiency is mainly influenced by electron-hole recombination or generating the 

exciton, which originate from charge injection into the emissive layer. The efficient charge 

injection/transport can make the abundant excitons, which results in a high recombination probability 

of electron and hole. Moreover, energy barriers as charge blocking layers for electrons and holes to 

both sides of the emissive layer allow one to spatially confine and enhance the recombination rate. 

 

[4] Emission 

Statistically, the carrier recombination creates singlet and triplet excitons at a ratio of 1:3.
9
 OLEDs 

device using the fluorescent material generates singlet exciton while device using phosphorescent 

material creates both singlet and triplet exciton. Formed excitons can emit the light toward transparent 

electrode.  

 

1.1.3.2 Characterization of OLEDs 

 

Turn-on and operating voltage 

Tunneling will not take place in reverse or low forward bias due to the tilt of the polymer bands, as 

shown in Figure 1.5. Flat band condition occurs when the applied voltage equals the difference in the 

WFs of the anode and the cathode. This is the minimum voltage required for injection of electrons and 

holes, which is call turn-on voltage. The turn-on voltage depends on the energy levels of the polymer 
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and electrodes. The operating voltage is the state at which the current starts to quickly increase when 

plotted on a linear axis, while turn-on voltage at which tunneling and hence light emission starts to 

occur. The operating voltage depends on the thickness of the emissive layer and energy barriers 

between the organic layer and electrodes. 

 

 

Figure 1.5. Schematic band diagrams for the OLEDs devices. 

 

Device efficiency 

The internal quantum efficiency (IQE) is defined as the ratio of the number of photons produced 

within the device to the number of electrons flowing in the external circuit. The IQE of OLEDs is 

determined by the following formula:  

 

𝜂𝑖𝑛𝑡 = 𝛾 ∙  𝑟𝑠𝑡 ∙ 𝜑 (1.1) 

 

where 𝛾 is the ratio of the number of exciton formation events within the device to the number of 

electrons flowing in the external circuit, rst is the fraction of exciton which are formed as singlets and 

𝜑 is the efficiency of radiative decay of these singlet excitons.  

The external quantum efficiency (EQE) is the ratio of the number of photons emitted by the 

OLEDs device into the viewing direction to the number of electrons injected:
10

  

 

𝜂𝑒𝑥𝑡 = 𝜂𝑖𝑛𝑡 ∙ 𝜂𝑒𝑥𝑡𝑟 = 𝛾 ∙  𝑟𝑠𝑡 ∙ 𝜑 ∙ 𝜂𝑒𝑥𝑡𝑟 (1.2) 

 

where ηextr is the light extraction efficiency into the viewing direction, which depends on the total 

internal reflection loss.  
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Figure 1.6. Scheme of EL process with efficiency parameters. 
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1.2 Organic Solar Cells (OSCs) 

1.2.1 History of OSCs 

 

Figure 1.7. History of OSCs. 

 

The first report of photovoltaic effect was discovered by Becquerel in 1839.
11

 A silver coated 

platinum (Pt) electrode immersed electrolyte generated the photocurrent. Smith made the first reports 

on photoconductivity by using solid state selenium (Se) in 1873. After the report of photoconductivity, 

Adams and Day found that a current was produced spontaneously by light in 1876.
12

 Pochettino and 

Volmer studied the first organic compound such as anthracene in 1906 and 1913, respectively.
13

 

In the 1930s, Schottly barrier devices with the theory of metal-semiconductor barrier layers were 

developed by Walter Schottly. Chapin, Fuller and Pearson reported first silicon (Si) solar cell with an 

efficiency of 6% at Bell Laboratories in 1954.
14

 After the oil crisis in the early 1970s, the necessity of 

alternative sources of energy was raised by many researchers, leading to interesting of photovoltaic. 

Various researches including device physics and process technology were expansively developed the 

photovoltaic cells. Almost studies of photovoltaic cells using expensive Si material or inorganic 

materials were investigated while low cost photovoltaic cells were needed to use widely, and organic 

materials are attempted to the photovoltaic cell.  

In 1986, Tang et al. realized bilayer photovoltaic device consisting of copper phthalocyanine (CuPc) 

and perylene tetracarboxylic derivatives with an efficiency of 1%.
15

 In 1992, efficient photoinduced 
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electron transfer from excited conjugated polymers to the fullerene composite (C60 molecule) was 

reported by Sariciftci et al., which results in the development of OSCs using the polymer-fullerene 

composite.
16

 Furthermore, introducing bulk hetero-junction (BHJ) structure was achieved to enhance 

the efficiency of OSCs by Yu et al. in 1994.
17

 Recently, extensive efforts have been made to improve 

the power conversion efficiency (PCE) of OSCs by new materials synthesis and device optimization. 

 

1.2.2 Structure of OSCs 

1.2.2.1 Bilayer OSCs device 

A bilayer OSCs device consist of p-type and n-type organic semiconductors layers between the 

conductive electrodes as shown in Figure 1.8.
18

 Only excitons generated within the distance of 10 ~ 

20 nm from the interface can reach the interface because the diffusion length of excitons is typically 

within the distance of 10 ~ 20 nm,
19

 which results in low quantum efficiencies by the loss of absorbed 

photons further away from the interface.
20

 Moreover, thicker thickness of organic semiconductor 

layers such as donor or acceptor causes the optical filter effects, leading to hindering the absorption at 

interface between donor and acceptor.
21

 Thus, the optimization of film thickness is important for 

efficient efficiency in the multi-stacking bilayer devices structure.
22-23

  

 

Figure 1.8. Bilayer configuration in OSCs. 
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1.2.2.2 BHJ OSCs devices 

BHJ is a blend system of the donor and acceptor compounds in a bulk state, which shows a donor 

and acceptor phase separation in a 10 ~ 20 nm length scale. Typically, each interface is within a 

distance less than exciton diffusion length (10 ~ 20 nm) from the absorbing region in a nanoscale 

interpenetrating network.
19

 The excessively increased interfacial area between the donor and acceptor 

phases resulted in enhanced device efficiency in BHJ OSCs.
24

  

 

Figure 1.9. BHJ configuration in OSCs. 

 

1.2.3 Physics of OSCs 

1.2.3.1 Principle of OSCs 

OSCs device can converts from the sunlight to the electricity by the following 4-steps:
19

  

 

Step 1. Light absorption (ηA) 

Step 2. Exciton diffusion (ηED) 

Step 3. Charge transport (ηCT) 

Step 4. Charge collection (ηCC) 

 

OSCs device absorbs the illumination including photons in active layer leading to making the 

excitons or electron-hole pairs. And then, the generated excitons need to diffuse at a donor (D) – 

acceptor (A) interface for dissociation into free charges. After charge separation, transport of electrons 

and holes occurs to the each electrode.  
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EQE is also determined four processes factors such as light absorption (ηA), exciton diffusion (ηED), 

charge transport (ηCT) and charge collection (ηCC).  

EQE can be calculated by equation (1.3):
25

 

 

𝐸𝑄𝐸 = 𝜂𝐴 × 𝜂𝐸𝐷 × 𝜂𝐶𝑇 × 𝜂𝐶𝐶 (1.3) 

 

 

Figure 1.10. Principle of OSCs. 

 

[1] Light absorption (ηA) 

The optical absorption coefficient, absorption spectral band, thickness of active layer and internal 

reflection affect the photon absorption. Highly efficient optical absorption coefficient results in 

efficient light absorption. Typically, semiconducting polymers as donor materials have the band gap 

larger than 2.0 eV, leading to limiting the light absorption. Thus, highly efficient OSCs devices require 

the low band gap material with broad absorption spectral band. Most of OSCs devices use an active 

layer of 100 nm thickness to avoid exciton recombination and charge transport loss. 

 

[2] Exciton diffusion (ηED) 

The fraction of excitons is determined by the exciton diffusion length (LD) and the distance (Li) 

between photoexciton location and D-A interface, which is created with the nearest dissociation center. 

26
 When Li ≤ LD, excitons can diffuse at D-A interface otherwise they can cause the recombination 

leading to reducing ηED.
25

 Typically, exciton diffusion length of conjugated polymers is around 4 ~ 20 

nm. 
19, 27-29
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[3] Charge transport (ηCT) 

Typically, hole is transported by a conjugated polymer while electron is transported by an organic 

or inorganic material. Both the donor and acceptor materials are provided to form high-quality 

percolation networks spanning for efficient carrier collection at the electrodes efficient charge 

transport.
30

 Moreover, OSCs device using thermal and solvent annealing can form self-assemble into a 

more organized structure, which results in improving the charge mobility. 

 

[4] Charge collection (ηCC) 

The last step is charge collection at each electrode. Well-matched energy level of the active layer, 

electrodes and interface between them is one of the important factors in OSCs.25   

 

1.2.3.2 Characterization of OSCs 

The current density (J) - voltage (V) characteristics of OSCs in the dark and under illumination are 

shown in Figure 1.11.  

 

Figure 1.11. J-V characteristic curves of OSCs. 

 

From Such curves, short circuit current density (Jsc), open circuit voltage (Voc) and fill factor (FF) can 

be obtained. The PCE of OSCs is determined by the following formula: 

 

𝜂e =
𝐽sc ∗  𝑉oc∗ 𝐹𝐹

𝑃𝑖𝑛
 (1.4) 
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where Pin is the incident light power density, which is standardized at 100 mW/cm
2
 with a spectral 

intensity distribution matching that of the sun on the earth’s surface at an incident angle of 48.2° (AM 

1.5 spectrum), as shown in Figure 1.12 and Figure 1.13.
31

 

 

 

Figure 1.12. Schematic explanation of the different AM sun light spectra. 

 

 

Figure 1.13. Solar spectral photon flux for AM 0 and AM 1.5 sunlight. 
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Figure 1.14. Schematic equivalent circuit of a solar cell. 

 

Figure 1.14 shows the equivalent circuit of a solar cell. A series resistance (Rs) is intrinsic 

impedance of the devices, which originates from contact of the each layer, and a shunt resistance (Rsh) 

comes from inferior diode contact. The J-V characteristics can be described as equation 1.5,32  

 

𝐽 = 𝐽0 {exp [
q(𝑉−𝐽𝑅sA)

nKT
] − 1} +  

𝑉−𝐽𝑅sA

𝑅shA
− 𝐽ph    (1.5) 

 

Where k is Boltzmann’s constant, T is temperature, q is elementary charge, A is device area, n is 

ideality factor of the diode, J0 is reverse saturation current density, Jph is photocurrent. These 

parameters such as n, J0, Rs, and Rsh affect the J-V characteristic curves and photovoltaic parameters 

including Jsc, Voc and FF. 

  

Open circuit voltage (Voc) 

Voc is the difference of electric potential between two terminals of a device when disconnected 

from any circuit. No external electric current flows between the terminals (I = 0).  

Typically, the Voc is determined by the difference in WFs of the two metal electrodes in metal-

insulator-metal (M-I-M) structure
33

 while is determined by the difference of the quasi Fermi levels 

between p-doped and n-doped semiconductors energy level in p-n junction structure. In OSCs, the Voc 

is determined by the difference between HOMO level of the donor and LUMO level.
28, 34
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Short circuit current density (Jsc) 

Jsc is the current at voltage = 0, which is determined by the product of the photo-induced charge 

carrier density and the charge carrier mobility: 

 

𝐼𝑠𝑐 = 𝑛𝑒𝜇𝐸  (1.6) 

 

where n is the density of charge carriers, e is the elementary charge, μ is the mobility, and E is the 

electric field. The mobility of charge depends on the device structure, materials and morphology.
35-39

 

The nanoscale morphology was controlled by solvent evaporation time, solvent type, deposition type 

and temperature.
40-41

 

 

Fill factor (FF) 

FF is determined by charge carriers reaching the electrodes, when the built-in field is lowered 

toward the Voc. Actually, the charge carriers of electron and hole are happened with competition 

between recombination and transport.  

 

𝑑 = 𝜇𝜏𝐸  (1.7) 

 

where d is the drifted distance, μ is the mobility, τ is the lifetime and E is the electric field. Thus, 

the mobility and Rs affect the fill factor. The Rs should be minimized while Rsh should be maximized 

for high FF.
42

 

Simply, fill factor is calculation according to equation (1.8): 

  

𝐹𝐹 =
𝐽max ∗ 𝑉𝑚𝑎𝑥

𝐽sc ∗ 𝑉oc
                 (1.8) 

 

where Jmax and Vmax are maximum power output of J-V, respectively (see Figure 1.11).
24

 

 

Quantum efficiency (QE) 

Generally, the quantum efficiency can be divided into two types such as EQE and IQE. EQE is the 

ratio of the number of charge carriers collected by the solar cell to the number of photons of a given 

energy shining on the solar cell from incident photons.
43

  

 

𝐸𝑄𝐸 =
electrons / sec

photons / sec
=  

current / (charge of 1 electron)

(total power of photons) / (energy of one photon)
 (1.9) 
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IQE is the ratio of the number of charge carriers collected by the solar cell to the number of 

photons of a given energy that shine on the solar cell from outside and are absorbed by the cell.  

 

𝐼𝑄𝐸 =
electrons / sec

absorbed photons / sec
=  

𝐸𝑄𝐸

1−Reflection−Transmission
 (1.10) 

 

A high IQE means that the active layer of the solar cell is able to make good use of the photons. 

EQE depends on both the absorption of light and the collection of charges. Thus, highly efficient 

OSCs devices require the high absorption of light and excellent mobility of charges.  

The different name of EQE is the incident photon-to-current conversion efficiency (IPCE), which 

is useful measurement method for efficiency analysis of OSCs. The IPCE value is the ratio of the 

observed photocurrent divided by the incident photon flux, uncorrected for reflective losses during 

optical excitation through the conducting glass electrode. The IPCE is a percentage of incident 

photons converted to electrons and predominantly coincident with the absorbance spectrum of the 

solar cells. 

 

𝐼𝑃𝐶𝐸 (λ) =  𝐸𝑄𝐸 (λ) =
electrons/cm2 / sec

photons/cm2 / sec
 =

|𝐽𝑝ℎ(𝑚𝐴/cm2)| ∗1239.8 (eV ∙ nm)

𝑃𝑚𝑜𝑛𝑜(𝑚𝑊/cm2) ∗  λ (nm)
 (1.11) 
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1.3 Development of Optoelectronic Devices 

PLEDs and PSCs are promising devices due to their advantages such as low cost, simple solution 

processing and mechanical flexibility for display applications and solar energy harvesting.
7, 44-46

 The 

excellent device stability and device performance are required to realize the commercial applications. 

 

Figure 1.15. Architecture of conventional optoelectronic device. 

 

The reactive material, poly(styrenesulfonate)-doped poly(3,4-ethylenedioxythiophene) 

(PEDOT:PSS) is usually used as HTL in conventional structured PLEDs and PSCs (see Fig. 1.15), 

which have. PEDOT:PSS reduces the contact barrier between the anode (ITO, FTO) and active layer 

while corrode an ITO electrode due to the property of highly acidic aqueous solution (pH ~1)
47

, 

leading to the degraded device stability.
48

 Moreover, the use of low WF top electrodes (cathode) such 

as Ca, Ba, LiF and Al results in the poor operational lifetimes.
49-50

 For enhanced device stability, 

various approaches including employing new hole transport materials such as GO
51-52

 and reduced 

graphene oxide (rGO)
53

 otherwise introducing inverted structure with metal oxide and high WF metal 

anode have been investigated extensively.
54-59
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Figure 1.16. Architecture of inverted optoelectronic device. 

 

Furthermore, extensive research efforts as interfacial engineering and energy transfer have been 

devoted to improve the devices performances. The interfacial engineering provides the balanced 

charge transport and passivates the charge trap sites. In particular, iPLEDs and PSCs iPSCs devices 

(see Fig. 1.16) showing seriously unbalanced the charge transport must be use the interfacial 

engineering. 

 

1.3.1 Strategies for improving device stability  

1.3.1.1 Alternative to PEDOT:PSS 

PEDOT:PSS (see Fig. 1.17)
60

 thin films, a range of WFs has been reported from 4.7 to 5.4 eV
61-64

 

and it has been found that this level can be controlled to minimize the hole injection barrier at the 

anode
65

 in OLEDs
66-67

 and OSCs
68

. 

 

 
 

Figure 1.17. Chemical structure of PEDOT (bottom) and PSS (top). 
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Moreover, PEDOT:PSS is able to solution processing and provides to minimize the detrimental 

effects of ITO roughness. However, PEDOT:PSS is known to corrode ITO at elevated temperatures 

because which is usually deposited from highly acidic (pH ~1) aqueous suspensions
47

 and can also 

introduce water into the active layer, leading to degrading the device performance.
48

 Several 

approaches have been studied significantly for alterative to PEDOT:PSS as HTL. Among various 

strategies, GO is a promising candidate for replacing PEDOT:PSS which could be the solution 

processing manufacture and can effectively transfer the holes as well as block the electrons. For 

example, Li. S. S. et al. reported solution-processable GO as an efficient HTL in PSCs.
51

 In this study, 

they have demonstrated that PCE of device with GO HTLs (3.5 ± 0.3 %) are comparable to PSCs 

device with PEDOT:PSS (3.6 ± 0.2 %), because of efficient hole transporting and electron blocking 

effects. Further GO thin films are coated from neutral solution, leading to improvements of the device 

lifetime. 

 

 

Figure 1.18. (a) Schematic of the PSCs device structure, (b) energy level diagrams and (c) J-V 

characteristics of PSCs device. 

 

GO is a graphene sheet functionalized with oxygen groups including hydroxyl and epoxy groups 

on the basal plane and various other types at the edges.
69-71

 The C-O bond forming covalent bond 

disrupts the sp
2
 conjugation of the hexagonal graphene lattice, leading to making GO an insulator. The 

electronic structure of GO is heterogeneous due to presence of mixed sp
2
 and sp

3
 hybridizations

72
, 

lateral transport occurs by hopping between sp
2
 sites (localized states) at the Fermi level.

73
 Moreover, 

various methods using chemical and thermal treatments provide to make rGO as semi metal by 

removing oxygen, leading to improving the density of localized states and efficient carriers 

transport
73-76

.  

In addition, Yun. J.-M. et al. developed highly efficient and stable PSCs using solution-processable 

rGO alternative to PEDOT:PSS as HTL.
53

 GO film is well-known as HTL while device efficiency is 

highly sensitive according to thickness of GO. They suggested employing a newly reduced graphene 

oxide (pr-GO) by p-toluenesulfonyl hydrazide (p-TosNHNH2) alterative to HTL. This method can 

easily control the thickness of HTL by using a simple solution-based thin film fabrication process. 
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Furthermore, the use of pr-GO showed PCE of 3.63%, which was highly comparable with reference 

cells with PEDOT:PSS. In stability test, PSCs devices with the pr-GO showed a much superior cell 

lifetime compared to that of the reference cells with PEDOT:PSS. Thus, these results is a promising 

HTL for a practical replacement of PEDOT:PSS. 

 

Figure 1.19. Changes in PCE of PSCs devices with PEDOT:PSS or pr-GO during exposure to air. 

The inset shows the normalized PCE. 

 

Lastly, PEDOT:PSS and GO composite film as HTL has been suggested as an alternative to HTL 

for highly efficient polymer-based optoelectronic devices.
52

 In this study showed the improvement of 

poor GO properties. GO film is some difficulty with the full coverage coating of GO at a time while 

PEDOT:PSS and GO composite film is simple fabrication of solution-processing due to use of similar 

hydrophilic solvents. In addition, PEDOT:PSS and GO gel film provided higher electric conductivity 

than that of pure PEDOT:PSS because of the chain conformation of the benzoid-quinoid transition 

and morphology
77

, which results in enhances the charge carrier transport. Moreover, GO flakes could 

be easily aggregation at pH 3 in in such a solution by hydrogen bonding.
78

 To solve the aggregation of 

GO flakes, they suggested adjusting the pH after centrifugation.
79

 The well-dispersed PEDOT:PSS-

GO composite layer dramatically influenced the devices performances. In particular, the devices using 

PEDOT:PSS-GO composite film show a maximum LE of 21.74 cd/A (at 6.4 V) in PLEDs, and PCE 

of 8.21 % in PSCs, respectively. The extensively improvement of device performances originate from 

the enhanced hole mobility and the reduced exciton quenching.  
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Figure 1.20. Devices performance of PLEDs and PSCs using PEDOT:PSS-GO composite layer. 

 

1.3.1.2 Inverted structure  

Typically, conventional PLEDs and PSCs showed poor device stability and operational lifetimes by 

easy and fast oxidation, which results from the use of low WF top electrodes such as Ca, Ba, LiF and 

Al.
49-50

 Thus, conventional devices require absolute encapsulation to prevent degradation under 

oxygen and moisture. These complex processes as encapsulation cause expensive cost of device and 

wasting a time. One way to improve of device lifetime is to make the inverted structure with high WF 

top electrodes (Au, Ag anode) and metal oxides such as ZnO, TiOx and MoO3 as charge transport 

layer.
54-59

  

Generally, the thickness of polymer devices is approximately 100 nm, which leads to weekness to 

the diffusion of water and oxygen into the active layers. In addition, the degradation of polymer 

materials can be a serious problem, when exposed to oxygen, humidity, and photo-oxidation.
80-82 

Heeger`s group reported an innovative approach for improving lifetime of polymer-based devices by 

employing a solution-processable titanium oxide (TiOx) layer between the active layer and Al cathode 

in PLEDs and PSCs.
54

 They have demonstrated the excellent air stability and improved performance. 

The TiOx layer prevents the invasion of humidity and oxygen into active polymers, leading to 

improving the lifetime. The degradation of polymer devices can be reduced by encapsulation using 

glass or metal.
83-85

 Although encapsulation methods can prevent moisture permeation and oxygen, 

they complicate the fabrication process, and also result in the thick device and loss of flexibility. 

Typically, crystalline TiO2 layers could be to make only at high temperatures (above 450 °C), while 

solution-based sol-gel process is possible of fabrication of TiOx film at low temperatures (below 

120 °C) on top of the active layers as an ETL layer for PLEDs and as a collector and optical spacer for 

PSCs.
86

 In addition, TiOx layer provides an effective way to reduce the sensitivity of PLEDs and PSCs 

to water and oxygen, which also is steady with device fabrication in an ambient air. They reported that 

the devices with TiOx of ~30 nm thickness showed optimized device performance with fantastic air 

stability.  
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Figure 1.21. (a) The structure of polymer-based optoelectronic device with TiOx, and (b,c) the device 

stability of iPLEDs and iPSCs. 

 

For improvement of device stability, Alex K.-Y. Jen`s group suggested the inverted structure 

devices with ZnO nanoparticles (ZnO NPs) as electron selective layer.
58

 The prolonged exposure of 

devices without encapsulation at atmospheric environment causes oxidation of the electrode and 

degradation of the active layer from moisture and oxygen diffusion through pinholes of the metal 

electrode and grain boundaries.
87 

Moreover, the deposition of metal causes metal diffusion through the 

active layer which can react with the polymer, leading to changing their properties.
88-89 

To alleviate 

this problem, one approach is employing buffer layer between the active layer and metal to reduce the 

amount of loss and oxygen diffusion into the polymer. A thin (10 ~ 20 nm) solution processable sol-

gel TiO2 / TiOx have been used as the buffer layer to minimize chemical and physical loss as well as 

an effective shielding layer for oxygen invading to enhance the device stability in an ambient.
54, 90

 

As mentioned above, polymer based device avoids the use of PEDOT:PSS on ITO which has been 

shown to reduce the device performance owing to chemical instabilities at the interface.
91-92

 However, 

the use of PEDOT:PSS and Ag as the electrode has been shown to effectively reduce the oxygen 

diffusion to the active layer in the inverted structure.
93

 

The ZnO with high electron mobility is ideal ETL in polymer solar cells
94

 while which is processed 

under high temperatures to increase the crystallinity for excellent charge carrier mobility.
95 

However, 

ZnO NPs have provided the easily processing via spin coating at room temperature
96

, and good 

electron mobility (~ 0.066 cm
2
/V s) without the need of additional post-thermal treatment.

97 
They 

were capable to fabricate environmentally stable iPSCs by using high WF metal with ZnO NPs as 

ETL and PEDOT:PSS as HTL. 



22 

 

 

Figure 1.22. Device performance of unencapsulated conventional and inverted solar cells stored 40 

days in air under ambient conditions. 

 

In addition, K. Morii et al. reported
59

 encapsulation-free hybrid organic-inorganic light-emitting 

diodes (HyLEDs) by using two different metal oxides such as molybdenum oxide (MoO3)
98-99

 as HTL 

and TiO2 as ETL. Generally, flexible PELDs device demand a high air-stability performance because 

it is difficult to apply conventional encapsulation techniques. Thus, it is desirable to find a 

configuration that deviates from conventional PLEDs with an encapsulation.  

 

Figure 1.23. Encapsulation-free HyLEDs. 
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1.3.2 Strategies for improving device performance  

1.3.2.1 Interfacial engineering  

As mentioned above, two factors with the excellent devices stability and performances are very 

important for commercial applications. Recently, the inverted structural devices would be used the 

most in order to improvement of device stability. However, inverted structural devices have a critical 

disadvantage as unbalanced charge transport, leading to low device performances. Typically, the 

injection/extraction and transport of electron are poor owing to the large energy barrier between the 

conduction band (CB) of n-type metal oxides such as ZnO and TiO2 and LUMO of the active layer 

while the injection/extraction and transport of holes are ohmic contact at interface between the 

MoO3/Au and HOME of the active layer.
100-101 

To solve the unbalanced balanced charge transport, 

several approaches have been reported through interfacial engineering such as cesium carbonate 

(Cs2CO3),
102

 self-assembled dipole monolayer (SADM),
103

 CPE,
104

 and an alcohol/water-soluble 

conjugated polymer,
105-109

 at interface between n-type metal oxides and active layers.  

Table 1.1
110

 and 1.2
111

 show the efficiencies of iPLEDs and iPSCs with and without interface 

engineering. 

 

Table 1.1. Progress in the fabrication of iPLEDs. 

Device configuration 
LEmax 
(cd/A) 

Lmax 
(cd/m2) 

FTO (150 nm)/TiO2 (20 nm)/F8BT (60 nm)/MoO3 (10 nm)/Au (50 nm) Ca. 0.1 700 

ITO (120 nm)/ZnO (80 nm)/F8BT (55 nm)/MoO3 (20 nm)/Au (70 nm) Ca. 1.3 6,500 

ITO/TiO2 (80 nm)/F8BT (55 nm)/MoO3 (20 nm)/Au (70 nm) Ca. 0.6 5,700 

ITO/TiO2 (50 nm)/F8BT (80 nm)/MoO3 (10 nm)/Au (50 nm) 0.18 3,021 

ITO/ZnO (50 nm)/F8BT (80 nm)/MoO3 (10 nm)/Au (50 nm) 0.34 9,370 

ITO/TiO2 (50 nm)/F8BT (80 nm)/TFB (60 nm)/MoO3 (10 nm)/Au (50 nm) 0.33 3,222 

ITO/ZnO (50 nm)/F8BT (80 nm)/TFB (60 nm)/MoO3 (10 nm)/Au (50 nm) 0.93 16,460 

ITO/ZnO (120 nm)/F8BT (80 nm)/TFB (60 nm)/MoO3 (20 nm)/Au (50 nm) 2.81 2,150 

ITO/ZrO2 (40 nm)/F8BT/MoO3 (20 nm)/Au (100 nm) 2.71 25,970 

ITO/ZnO/Cs2CO3 (4 nm)/Super Yellow (80 nm)/MoO3/Au (70 nm) 8.0 > 20,000 

ITO/ZnO (70 nm)/Cs2CO3 (7 nm)/F8BT (200 nm)/MoO3 (10 nm)/Au (50 nm) 11.8 Ca. 50,000 

ITO/ZnO (70 nm)/Cs2CO3 (7 nm)/F8BT (1200 nm)/MoO3 (10 nm)/Au (50 nm) 22.7 Ca. 40,000 

 

Mori et al. reported iPLEDs using poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT) as 

emissive layer and TiO2 as ETL. These devices showed a maximum luminescence (L) of 700 cd/m
2
 (at 

6 V) and a maximum LE on the order of 0.1 cd/A.
59

 Bolink et al. used ZnO instead of TiO2, which 

indicated a greatly enhanced device performance (maximum luminescence of 6,500 cd/m
2 
and LE of 
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1.3 cd/A).
112

 Kabra et al. reported iPLEDs device with poly(2,7-(9,9-di-n-octylfluorene)-alt-(1,4-

phenylene((4-sec-butylphenyl)imino)-1,4-phenylene)) (TFB) between F8BT and MoO3, leading to 

enhanced LE of 2.8 cd/A. The improvement was attributed to the role of the TFB layer in reducing 

exciton quenching at the F8BT/MoO3 interface.
102

 However, they relatively show the low device 

performance compared with conventional PLEDs because didn`t solve the intrinsic problem as poor 

transport of electrons.  

On the order hand, an important advance was recently achieved by using Cs2CO3 as an electron 

injection/transport and hole-blocking layer on top of ZnO in iPLEDs. In particular, Bolink et al. 

developed a high LE of 8 cd/A by using the structure ITO/ZnO/Cs2CO3/Super Yellow 

(SY)/MoO3/Au.
55

 Friend group also reported high efficiency with a maximum LE of 22.7 cd/A in 

iPLEDs.
113

 

 

Figure 1.24. Schematic energy band diagram of iPLEDs. 

 

 Figure 1.24 shows a schematic energy band diagram of iPLEDs. The LUMO of MoO3 is lower 

than the HOMO of F8BT,
114

 which is possible excellent hole injection from Au to F8BT. On the order 

hand, electron injection is limited due to large energy barrier between ZnO and F8BT (0.9 eV). The 

Cs2CO3 layer can help electron injection from ZnO to F8BT and block holes at the interface. The 

holes accumulate near the Cs2CO3 layer, which induces more electrons to be injected into the F8BT as 

shown in Fig. 1.24. As a result, iPLEDs device using Cs2CO3 layer shows highly efficient device 

performances by efficient electron–hole recombination.  

The interfacial layer by employing Cs2CO3 is also used in iPSCs device with P3HT:PCBM active 
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layer, which showed PCE of 2.1%.
115

 Furthermore, optimized device with thermal treatment of 

solution-processable Cs2CO3 enhanced the PCE up to 4.2% in inverted PSCs.
116

 Thermal annealing 

above 150 °C led to decomposition of Cs2CO3 into cesium oxide (Cs2O). This extensively 

improvement of device performances are attributed to efficient electron collection resulting from 

reduced WF of ITO from 4.7 to 3.06 eV. 

 

Table 1.2. Device characteristics of representative iPSCs introducing different interfacial layers. 

 

 

However, the use of Cs2CO3 layer causes large electron current densities due to shunt leakage 

through diffusion of Cs+ ions to polymer layer.
113

 Thus, considerable room for enhancement of device 

performance remains.  

R. H. Friend`s group reported barium hydroxide as an interlayer between ZnO and a luminescent 

conjugated polymer instead of Cs2CO3 in iPELDs.
117

 The Ba(OH)2 interlayer shows improved charge 

carrier balance in bipolar devices and reduced exciton quenching at the ZnO/ Ba(OH)2/F8BT interface 

compared to the Cs2CO3 interlayer. A LE of ~28 cd/A, and EQE of ~9 % are achieved for ~1.2 μm 

thick single F8BT layer based iPLEDs as shown in Table 1.3.  
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Table 1.3. Comparison of HyLEDs characteristic parameters between Ba(OH)2 and Cs2CO3 interlayer 

based devices. 

 

 

Moreover, introducing of CPE interfacial layer is effective method for high performance inverted-

type polymer-based optoelectronic devices. Choi et al. reported that interfacial engineering between 

the TiOx and active layers using the CPE layer has been developed for highly efficient iPSCs and 

iPLEDs.
104

 They show the enhanced device efficiencies including ~35 % increase of PCE (from 2.65 % 

to 3.55 %) in iPSCs while ~6-fold increase of LE (from 1.7 cd/A to 10.2 cd/A) in iPLEDs compared 

to that of reference devices, as shown in Table 1.4 and 1.5. The enhancement was attributed to the 

role CPE layer, spontaneously oriented interfacial dipoles within the CPE layer (see Fig 1.25) provide 

the reduced energy barrier for effective electron injection/extraction and transport, leading to 

decreasing interfacial contact resistance and enhancing inherent incompatibility between hydrophobic 

active layers and the hydrophilic TiOx.  

 

Table 1.4. Device characteristics of iPSCs with and without the CPE layer. 

Device configuration 
JSC  

[mAcm-2] 

VOC 

[V] 
FF 

η 

[%] 

RS 

[Ω∙cm2] 

RSh 

[Ω∙cm2] 

TiOx / P3HT:PCBM  7.23 0.57 0.64 2.65 1.72 1210 

TiOx / CPE / P3HT:PCBM 8.85 0.58 0.70 3.55 1.44 2270 

 

Table 1.5. The characteristics of iPLEDs with and without the CPE layer. 

Device configuration 
Lmax 

(cd/m2) 
LEmax 
(cd/A) 

EQEmax 
(%) 

Turn on 
Voltage (V) 

TiOx / F8BT (350 nm) 1,750 (11.8 V) 1.7 (8.8 V) 0.5 (8.8 V) 2.8 

TiOx / F8BT (500 nm) 1,670 (18.2 V) 3.4 (13.2 V) 1.1 (13.2 V) 3.6 

TiOx / F8BT (900 nm) 1,850 (20.0 V) 4.3 (16.0 V) 1.4 (16.0 V) 4.4 

TiOx / CPE / F8BT (350 nm) 27,960 (13.6 V) 10.2 (13.4 V) 3.2 (13.4 V) 2.4 

TiOx / CPE / F8BT (500 nm) 32,200 (14.0 V) 14.3 (13.8 V) 4.4 (13.8 V) 2.4 

TiOx / CPE / F8BT (900 nm) 25,800 (20.8 V) 18.0 (20.6 V) 5.6 (20.6 V) 3.8 
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Figure 1.25. (a) Device architecture of inverted-type optoelectronic devices. Chemical structure of the 

CPE, cationic poly(9,9'-bis(6''-N,N,N-trimethylammoniumhexyl)- fluorene-co-alt-phenylene) with 

bromide counterions (FPQ-Br). (b) Schematic energy diagrams for flat band conditions at the 

TiOx/(CPE)/active layer junction with and without the CPE layer. 

 

  



28 

 

Recently, Yinhua Zhou et al. developed a universal method using polyethylenimine ethoxylated 

(PEIE) and branched polyethylenimine (PEI) to produce low WF electrodes for organic electronics. 

They reported the approach to reduce the WF of a conductor from physical absorption of aliphatic 

amine groups onto the conductor surface.
107

   

 
 

Table 1.6. The WF of conducting materials with and without polymer modifiers by Kelvin probe and 

(ultraviolet photoemission spectroscopy) UPS measurements. 

 

 

Table 1.7. The WF of ZnO with no interlayer, Cs2CO3, PEIE, and PEI. 

 

 

Thus, several researches reported the iPSCs and iPLEDs applying PEIE and PIE. Kim et al. 

introduced the efficient and air-stable iPLEDs using PEIE and PEO by inducing a strong interfacial 

dipole.
118

 The [N
+
]/[C] ratio in PEI and PEIE affects to reduce the WF of ZnO (see Table 1.7), and 

block the exciton quenching at the interface between the ZnO and emissive layer (see Figure 1.26), 
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leading to effective electrons-hole recombination in iPLEDs. This strategy with PEI (8 nm) shows LE 

of 13.5 cd/A, which is extensively higher than reference device with a Cs2CO3 (8 cd/A). 

 

 

Figure 1.26. (a) Time-correlated single photon counting measurement (TCSPC) of super yellow (~10 

nm) on different under-layers in ZnO, ZnO/PEIE (8 nm) and ZnO/PEI (8 nm). (b) Photoluminescence 

(PL) intensities of super yellow (~10 nm) on ZnO/PEI (0 nm, 4 nm, 8 nm, 12 nm, and 16 nm). 

 

Woo et al. also developed 8.9% single-stack iPSCs with electron-rich polymer nanolayer-modified 

inorganic electron-collecting buffer layers such as PEI (see Table 1.8).
119

  

 

Table 1.8. Summary of average values for solar cell parameters (AM 1.5, 100 mW/cm
2
), WFs, and 

roughness for corresponding buffer layers. 
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In addition, an alcohol-/water-soluble conjugated polymer such as poly [(9,9-bis(3′-(N,N-

dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)] (PFN)
120

 is used to tune the WF of 

ITO. Yong Cao`s group demonstrated highly efficient iPSCs with best PCE of 9.2%, as presented in 

Fig 1.27 and 1.28.
105

  

 

 

 

Figure 1. 27. Device structure and energy levels of the inverted-type PSCs. (a) Schematic of the 

inverted-type PSCs, in which the photoactive layer is sandwiched between a PFN-modified ITO 

cathode and an Al, Ag-based top anode. Insets: chemical structures of PFN and PTB7. (b,c) Schematic 

energy levels of the conventional (b) and inverted (c) devices under flat band conditions (opencircuit 

voltage). Note that the formation of a positive interface dipole moment (taking the dipole moment 

directed outwards to be positive) is presented in c.  
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After a thin layer (10 nm) of PFN was coated on top of the ITO, the WF of the ITO was reduced 

from 4.7 eV to 4.1 eV because the orientation of PFN with a permanent dipole cause the energy level 

alignment at the ITO/PFN interface.
121-122

 A high average PCE of 8.97 + 0.10 % (with a maximum of 

9.15 %) was achieved in iPSCs while the conventional PSCs showed an average PCE of 8.06 + 0.14% 

(with a maximum of 8.24 %). The efficiency improvement in iPSCs is mainly due to the higher Jsc 

(17.2 mA/cm
2
 versus 15.4 mA/cm

2
), because Voc and FF remain nearly the same. The EQE curves of 

the devices are shown in Fig. 28, with average EQEs of 70 % (inverted) and 63 % (conventional) in 

the range 300 ~ 700 nm. The dramatically enhanced Jsc in iPSCs may originate from enhanced 

absorption of photons
 
or reduced bimolecular recombination.

123-124
  

 

 

Figure 1. 28. Device performances of the inverted structure (ITO/PFN interlayer/active layer/MoO3 

(10 nm)/Al) PTB7:PC71BM PSCs and the conventional device (ITO/PEDOT:PSS/active layer/PFN 

interlayer/Ca/Al). (a) Current density versus voltage (J-V) characteristics under 1,000W/m
2
 AM 1.5G 

illumination for conventional (open symbols) and inverted (filled symbols) devices. (b) EQE/IPCE 

spectra for conventional (open symbols) and inverted (filled symbols) devices. (c) CPVT-certified J-V 

characteristics of an inverted structure PTB7:PC71BM solar cells, with a PCE of 9.214 %. 

 

Although the theoretical Jsc is not sensitive to PFN layer thickness, the overall performance 

critically depends on this thickness. Because an interlayer is too thin layer could not provide an ohmic 

contact for electron extraction while too thick lead to a high Rs. Both types of devices indicate very 

high FF (70 %) and demonstrate a comparable dependence on incident light intensity, implying that 

any difference in charge carrier recombination loss in the devices can be neglected. It can be 

concluded that the 10% increase in Jsc is mainly due to improvement of optical absorption, which 

results in the redistribution of the electric field intensity of the incident photons inside the active 

layer.
22

 They also fabricated iPSCs using ZnO for comparison with PFN. The iPSCs device with PFN 

also shows superior PCE (9.15 %) over the ZnO-based devices (8.35 %) due to a more efficient 

photon harvest in this device structure.  
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1.3.2.2 Energy transfer  

Typically, the energy transfer is two types such as Fӧrster and Dexter energy transfer as shown in 

Figure 1.29. 

 

 

 

Figure 1. 29. Fӧrster and Dexter energy transfer. 

 

Fӧrster energy transfer is an efficient non-radiative energy transfer process which involves a 

dipole-dipole coupling of the transition dipole moments for the excited donor (or host) and acceptor 

(or guest) in its ground state.
125

 It means that the donor is not emitting a photon which is absorbed by 

the acceptor. When an excited exciton of donor relaxes, its energy is transferred via a strong 

Coulombic interaction with acceptor molecules. Moreover, Fӧrster energy transfer can occur when the 

donor and acceptor molecules are less than 10 nm of one another.  
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Dexter energy transfer involves an electron exchange mechanism having the short-range separation 

of 0.6 ~ 20 nm, which allows both singlet-to-singlet and triplet-to-triplet energy transitions.
126

  

Förster/Dexter energy transfer the separation of the host-guest molecules is of prime importance 

and it will correspond to an optimal dye concentration of ∼1 % for fluorescent dyes and ∼10 % for 

phosphorescent dyes. The fluorescent dyes can only utilize singlet states via Förster energy transfer, 

while phosphorescent dyes can utilize singlet as well as triplet states via Dexter energy transfer. 

Utilization of singlets as well as triplets leads to a tremendous increase in the efficiency of the device, 

so Dexter energy transfer may result in efficient white light emission.
127

 

 

The balanced device lifetime and efficiency of R-G-B light-emitting are required to realize full-

color display devices for commercial applications. However, both color definition and device 

efficiency of red and blue emission are still far behind those of green emission. For higher device 

efficiency, several approaches have been suggested by energy transfer. In particular, one way is 

employing the blending system for efficient red emission.  

 

 

Figure 1.30. (a) The absorption and PL emission spectra from a film of TPP doped into a PMMA host 

matrix at 5 wt.-% concentration. The chemical structure of TPP is also shown. (b) The absorption and 

PL emission spectra from a thin film of PFO. The chemical structure of PFO is also shown. 
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Bradley`s group reported the improved device performance by efficient energy transfer from blue 

to red in tetraphenylporphyrin (TPP) doped poly(9,9-dioctylfluorene, PFO) in OELDs.
128

 The large 

overlap between the emission from the PFO and the Soret band of the TPP results in very efficient 

Förster transfer by a large Förster transfer radius R0 = 5.4 nm. They demonstrated EQE of 0.9 % and L 

of 90 cd/m
2
, as well as good red emission (CIE (1931) coordinates X = 0.65 and Y = 0.29) in OLEDs.  

Moreover, improving the performance of PLEDs using polymer solid solutions was discovered by 

Yang. Y group`s.
129

 Their approach is two polymer blending system such as PFO as the host material 

and poly (2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-phenylene vinylene (MEH-PPV) as dopant. At 

optimized MEH-PPV (4%) to PF (96%) ratio, efficient energy transfer from PF to MEH-PPV can be 

achieved, leading to best device performance with L of 967 cd/m
2
 and LE of 3.9 cd/A.  

 

 

Figure 1.31. Normalized PL emission spectra of films of pure MEH-PPV, PF, and MEH-PPV/PFO 

solid solutions are shown. 50 %, 17 %, and 4 % correspond to weight concentrations of MEH-PPV in 

MEH-PPV/PFO solid solutions. 
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Figure 1.31 shows the PL emission spectra of pure PF film, MEH-PPV film, and MEH-PPV/PFO 

solid solutions. The emission spectra of the MEH-PPV/PFO solid solutions depend on strong 

concentration. As the MEH-PPV compound decrease, the emission spectrum linearly shifts to the blue. 

The emission spectrum of the film with 4 % MEH-PPV shows a strong yellowish emission peak (at 

570 nm), which is single chain exciton of MEH-PPV.
130

 Further decrease of the MEH-PPV 

concentration (as low as 1 % MEH-PPV/PFO) does not shift the shape of the emission spectrum, 

which means that the MEH-PPV chains are effectively isolated by the PFO molecules and interchain 

interactions are significantly reduced. Moreover, Figure 1.32 shows atomic force microscopy (AFM) 

images of two polymer films such as 17 % and 4 % MEH-PPV/PFO solid solutions. As can be seen, 

phase separation occurs in the 17 % MEH-PPV/PFO solid solution. Thus, blending system has several 

disadvantages such as bad color stability by phase separation, and difficulties of color tuning..  

 

 

Figure 1.32. AFM phase images of films of 17 % (left-hand side) and 4 % (right-hand side) MEH-

PPV/PFO solid solutions are shown.  
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1.4 Research Overview and Objective 

PLEDs and PSCs have been extensively investigated over the past several decades for commercial 

applications due to many advantages low cost, light weight, easy solution process fabrication and 

mechanical flexibility. However, there are two major problems to be solved for commercial 

applications. One issue is related to the development of device efficiency and other is the stable 

device performance.  

Generally, conventional structured PLEDs and PSCs with low WF top electrodes (cathode) such as 

Ca, Ba, LiF and Al showed the realizing highly efficient devices performance while which also have 

poor device stability and operational lifetimes. Thus, conventional devices require strict encapsulation 

to prevent degradation under oxygen and moisture. To solve the problem of device stability, iPLEDs 

and iPSCs using high WF top electrodes (Au, Ag anode) and metal oxides such as ZnO, TiO2 and 

MoO3 as charge transport layer have been reported in recent years. However, inverted structure 

devices have intrinsic limitations because of the unbalanced charge carrier injection/extraction and 

transport. Typically, iPLEDs and iPSCs using MoO3 and ZnO as the hole and electron transport layers, 

show ohmic contact for hole injection/extraction and transport. On the other hand, injection/extraction 

and transport of electron are poor because of the large energy barrier between the CB of ZnO and 

LUMO of the active layer. For balanced charge transport, several approaches have been exploited to 

improve the electron injection by interfacial engineering including a CPE, Cs2CO3, ILMs, SADM and 

polar solvent at interface between ZnO and active layers. Nevertheless, there is considerable room for 

enhancing the device performance.  

In this thesis, I focused on various interfacial engineering strategies employing modified charge 

transport layer such as GO as a HTL in conventional PLEDs and surface modified ZnO as ETL using 

ILMs, CPE and amine-based polar solvents in iPLEDs and iPSCs.  

A GO layer with a wide band-gap blocks electron transport from an emissive layer to ITO anode 

while reduces the exciton quenching between the GO layer and the emissive layer. As a result, the GO 

layer maximizes hole-electron recombination within the emissive layer leading to enhancement of 

device performance in PLEDs. In addition, surface modified ZnO layers with various interfacial 

layers such as ILMs, CPE and amine-based polar solvents remarkably enhance the devices 

performance by introducing spontaneously oriented interfacial dipoles between the ZnO layer and 

active layer in iPLEDs and iPSCs.  
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Chapter 2. Highly Efficient Polymer Light-Emitting Diodes Using 

Graphene Oxide as a Hole Transport Layer 

 

2.1 Research background 

Polymer-based optoelectronics have been researched over the past few decades. In particular, 

PLEDs have been investigated for displays, solid-state lightening, and flexible electronic devices.
7, 44-

46, 131-133
 For commercial application, extensive research efforts have been devoted to improving the 

efficiency and stability of PLEDs. Nevertheless, considerable room for improvement with regard to 

the efficiency and stability of PLEDs remains.  

Charge injection/transport layers are very important components in high-performance 

optoelectronics such as PLEDs and PSCs.
111, 134-135

 In particular, the interfaces between the charge 

transport layer and the emissive semiconducting layer are crucial in the operating characteristics, the 

stability, and the performance of the devices.
66, 136-137

 PEDOT:PSS is usually used as HTL as it reduces 

the contact barrier between the ITO and the active semiconducting polymers and reduces the ITO 

roughness upon coating with it. However, a highly acidic aqueous solution of PEDOT:PSS can 

gradually corrode an ITO electrode
47

 and eventually degrade the performance and long-term stability 

of devices.
48

 Moreover, significant quenching of radiative excitons normally occurs between 

PEDOT:PSS and an emissive semiconductor interface,
138

 despite the fact that PEPOT:PSS is a good 

HTL with high electric conductivity. Recently, many groups have tried to replace PEDOT:PSS layers 

or use a thin buffer layer between PEDOT:PSS and the emissive layer interface to reduce exciton 

quenching.
139-143

 Moreover, thin metal oxide films of MoO3,
55, 100, 103, 110, 113, 144-146 

WO3,
101, 147

 NiO,
148-

149
 V2O5,

145, 150-151
 and Fe3O4

152
 were suggested for the efficient charge transport of organic 

optoelectronics with excellent air-stability, optical transparency, and mechanical robustness.
55, 103, 147

 

However, the requirement of a vacuum evaporation technique for semiconducting metal oxides makes 

the fabrication process complex. Therefore, the motivation behind our research is to find a suitable 

solution-processable substitute for PEDOT:PSS to overcome the current limitations with regard to 

device performance/efficiency and stability.  

Chemical vapor deposition (CVD)-grown graphene
132, 153-155

 and rGO
156-160

 have been studied as 

promising alternatives for ITO for transparent electrodes in organic optoelectronic devices due to the 

optical transparency, mechanical flexibility, and high electroconductivity of these materials.
74, 161-167

 

Recently, GO as a HTL was introduced in OSCs.
51, 53

 The efficiency of OSCs with a GO layer was 

comparable to devices fabricated with PEDOT:PSS. On the other hand, GO functionalized with 4-

octoxyphenyl diazonium tetrafluoroborate was utilized as a HTL in OLEDs, showing that the 

efficiency of OLEDs with a functionalized GO layer was enhanced by 150 % compared to the 
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reference device with PEDOT:PSS.
168

 However, there is a lack of supporting data regarding the origin 

of the improved efficiency, such as data pertaining to the energy alignment and characterization of the 

functionalized GO.  

Here we demonstrate a direct method to improve the efficiency and performance of PLEDs with 

solution-processable GO as HTL. This GO interlayer of an optimum thickness prevents significant 

quenching of the radiative excitons between the emissive polymer and the GO layer and enables 

balanced electron and hole injection by blocking the electrons from SY to the ITO, thus enhancing 

both device performance and efficiency in PLEDs. Furthermore, the mechanism of enhanced 

performance by a GO layer is supported by the electron-blocking behaviors of the GO layers and by a 

comparison of the PL intensities and Voc measurements in organic photovoltaic devices. 

 

2.2 Experimental 

Synthesis of GO. Graphite oxide was synthesized by the modified Hummers method and 

exfoliated to give a brown dispersion of graphene oxide under ultrasonication.
169-170

 The resulting GO 

was negatively charged over a wide pH condition, as the GO sheet had chemical functional groups of 

carboxylic acids.  

Synthesis of rGO. The GO solution (10.0 mL, 0.50 mg/mL) was mixed with 10.0 μL of hydrazine 

solution (35 wt % in water, Aldrich) and 70.0 μL of ammonia solution (30%, Samchun). After stirring 

for 10 min, the reaction mixture was heated to 95 °C for 1 h to afford the rGO solution used in this 

study.  

PLED and PSC Fabrication. Two devices (PLEDs and PSCs) were fabricated on patterned ITO-

coated glass substrates, which had been cleaned by a sequential ultrasonic treatment in acetone and 

isopropyl alcohol (IPA) and were then dried under a N2 stream.  

A negatively charged GO solution (0.5 mg/mL) at pH 3.3 was dropped after an oxygen plasma 

treatment to introduce a hydrophilic surface onto the ITO substrates. The dropped GO was maintained 

for a waiting period of 2 min and was then spun at 3,000 rpm for 30 s. The above procedures were 

repeated to achieve the desired full coverage of the GO sheets.  

For the PLEDs, SY solution dissolved in chlorobenzene (0.7 wt %) was spin-cast at 2,000 rpm for 

45 s on top of a GO layer, after which it was annealed at 80 °C for 30 min to obtain a 150 nm thick 

SY layer on the PLEDs. Finally, a 1 nm thick LiF layer and a 70 nm thick Al layer were thermally 

evaporated on the SY layer to complete the fabrication of the device. For the PSCs, a P3HT solution 

dissolved in chlorobenzene (1.0 wt %) was spin-cast at 700 rpm for 60 s on top of a GO layer and was 

then annealed at 150 °C for 10 min to obtain a 100 nm thick P3HT layer on the PSCs. A 70 nm thick 

Al layer was thermally evaporated on the P3HT layer to complete the fabrication of the device.  

PLEDs Device Characterization. The J-V-L characteristics were measured using a Keithley 2400 
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source measurement unit and a Konica Minolta spectroradiometer (CS-2000).  

PSCs Device Characterization. Measurements were carried out with solar cells inside a glove box 

using a high-quality optical fiber to guide the light from the solar simulator, which was equipped with 

a Keithley 2635A source measurement unit. The J-V curves of the devices were measured under AM 

1.5G illumination at 100 mW/cm
2
.  

Electron Blocking of PLEDs. The devices for this part of the experiment were prepared along 

with the fabrication of the PLEDs. In addition, a SPR-001 solution dissolved in chlorobenzene (1.4 

wt %) was spin-cast at 2000 rpm for 45 s on ITO, after which the polymer surface underwent a 

perform brief UV/O3 treatment for the deposit of the GO film.  

Characterizations. The surface roughness and thickness of the GO/Si were measured by AFM 

(Veeco, USA). A UV-vis spectrometer (Varian Cary 5000) was utilized to measure the optical 

transmittance levels of the ITO, ITO/PEDOT:PSS, and GO/ITO. The PL intensities of the SY (10 

nm)/quartz, SY (10 nm)/PEDOT:PSS/quartz, and SY (10 nm)/GO/quartz were measured using PL 

spectroscopy (Edinburgh Instruments Ltd.).  

 

TCSPC Characterization. For measuring exciton lifetimes, TCSPC was performed. The second 

harmonic (SHG = 420 nm) of a tunable Ti:sapphire laser (Mira900, Coherent) with ∼150 fs pulse 

width and 76 MHz repetition rate was used as an excitation source. The PL emission was spectrally 

resolved by using some collection optics and a monochromator (SP-2150i, Acton). The TCSPC 

module (PicoHarp, PicoQuant) with a MCP-PMT (R3809U-59, Hamamatsu) was used for ultrafast 

detection. The total instrument response function (IRF) for PL decay was less than 150 ps, and the 

temporal time resolution was less than 10 ps. The deconvolution of actual fluorescence decay and IRF 

was performed by using a fitting software (FlouFit, PicoQuant) to deduce the time constant associated 

with each exponential decay. 

 

2.3 Results and discussion 

Figure 2.1a presents the complete device architecture of PLEDs using negatively charged GO. The 

PLEDs were prepared by the sequential deposition of ITO (150 nm) as a transparent anode, GO as 

HTL, poly(phenylvinylene):SY (Merck Co., Mw = 1,950,000 g/mol) (150 nm) as an emissive layer, 

LiF (1 nm) as an electron injection/transporting layer (EIL/ETL), and Al (70 nm) as metallic cathode. 

The chemical structure of negatively charged GO contains chemical functional groups such as 

carboxyl, hydroxyl, and epoxy groups. The functional groups, in this case the epoxy and hydroxyl 

groups, disrupt the sp
2
 conjugation of the hexagonal graphene lattice in the basal plane. Thus, GO 

behaves as an insulator with a large band gap of around 3.6 eV.
51

 The Fermi level of the GO used in 

this study was about 4.89 eV, whereas the Fermi level of the rGO used in this study was about 4.79 eV 



40 

 

according to UPS measurements (see Figure 2.5a,b below). The reduction of GO removes the 

functional groups in the GO sheets, partially restores sp
2
 conjugation, and therefore reduces the band 

gap to 1.15 eV.
171

 The rGO with the decreased band gap shows different behavior from a GO layer in 

the PLEDs (see Figure 2.3 and Table 2.1 below). 

 

 

Figure 2.1. (a) Device schematics of PLEDs with a GO layer and the chemical structure of the GO. (b) 

Schematic energy diagrams of the flat band conditions of PLEDs with a HTL (rGO, GO, and 

PEDOT:PSS). 

 

Figure 2.2 shows AFM images of four GO films on substrates. The morphology and thickness of 

the GO films depend on the number of spin-coated layers. It was difficult to fabricate full-coverage 

GO films by spin-coating on ITO substrates only once or twice (Figure 2.2a,b). However, Figure 

2.2b shows connected GO sheets despite the vacant sites that exist. Additional repetitions of spin-

coating led to the desired full coverage of GO films, and the average thicknesses of the GO films in 

Figure 2.2c,d were measured to be approximately 4.3 and 5.3 nm, respectively, by ellipsometry. 
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Figure 2.2. AFM images of different thicknesses of GO of approximately (a) 2.0 nm, (b) 2.6 nm, (c) 

4.3 nm, and (d) 5.3 nm. 

 

The device characterizations of PLEDs with/without PEDOT:PSS, with rGO, and with different 

thickness of the GO layer are presented in terms of (a) J-V, (b) L-V, (c) LE-V, and (d) PE-V, as shown 

in Figure 2.3. We note that all of the devices represented the original green emission of SY regardless 

of the type of HTL or the applied voltages, as shown in Figure 2.4.  

Reference PLEDs with PEDOT:PSS showed a maximum L of 33,800 cd/m2 (at 12.6 V) and LE of 

8.7 cd/A (at 9.6 V). For PLEDs with a rGO layer, the maximum L (8,300 cd/m
2
 at 13.0 V) and LE (5.0 

cd/A at 8.6 V) were much lower than those of PLEDs with PEDOT:PSS due to the lower conductivity 

of the rGO layer and the lower hole injection caused by the higher contact barrier between the rGO 

and the SY. In contrast, PLEDs with a GO layer showed enhanced LE and L. Among different 

conditions of GO layers, optimized PLEDs using a 4.3 nm thick GO film with full coverage exhibited 

the highest L value of 39,000 cd/m
2
 (at 10.8 V), highest LE value of 19.1 cd/A (at 6.8 V) and highest 

PE value of 11.0 lm/W (at 4.4 V), which were enhanced by roughly 120, 220, and 280 %, respectively, 

compared to the conventionally structured devices with PEDOT:PSS. From the energy level diagram 
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shown in Figure 2.1b, the electron blocking of the GO film with a large band gap from the SY to the 

ITO anode can be expected, which was different from the rGO film with a small band gap. This 

electron-blocking effect optimized the electron-hole recombination probability within the emissive SY 

layer and therefore enhanced the device performance and efficiency in PLEDs. Here, we emphasize 

that it is quite important to find the optimum thickness of the GO layer for high performance and 

feasible efficiency of PLEDs. The thinner GO films did not bring the best results due to their poor 

electron-blocking behavior, whereas the thicker GO film degraded the device performance and 

efficiency due to the increase in the contact resistance, resulting in lower hole injection/transfer. Note 

that the efficiency of the PLED with the thin GO layer in Figure 2.3b is still better than that with 

PEDOT:PSS, which is consistent with the result by Zhong et al.
168

 The detailed device characteristics 

are summarized in Table 2.1.  

 

 

Figure 2.3. (a) Current density vs applied voltage (J-V), (b) luminance vs the applied voltage (L-V), (c) 

luminous efficiency vs the applied voltage (LE-V), and (d) power efficiency vs the applied voltage 

(PE-V) curves for various charge transport layers. 
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Table 2.1. Device performances of PLEDs with different hole transport layers. 

Device configuration 
Lmax 

(cd/m
2
) @bias 

LEmax 
(cd/A) @bias 

PEmax 
(lm/W) @bias 

EQEmax 
(%) @bias 

Turn on 
voltage (V) 

ITO / SY / LiF / Al 700 (16.0 V) 1.4 (8.4 V) 0.6 (6.6 V) 0.6 (8.4 V) 2.8 

ITO / PEDOT:PSS / SY / LiF / Al 33,800 (12.6 V) 8.7 (9.6 V) 3.9 (5.2 V) 3.5 (9.2 V) 1.8 

ITO / GO (2.0 nm) / SY / LiF / Al 31,400 (12.4 V) 8.8 (9.4 V) 4.2 (5.0 V) 3.3 (8.2 V) 1.8 

ITO / GO (2.6 nm) / SY / LiF / Al 35,100 (12.0 V) 14.3 (8.6 V) 6.6 (5.4 V) 5.0 (8.4 V) 1.8 

ITO / GO (4.3 nm) / SY / LiF / Al 39,000 (10.8 V) 19.1 (6.8 V) 11.0 (4.4 V) 6.7 (6.8 V) 1.8 

ITO / GO (5.2 nm) / SY / LiF / Al 28,500 (11.2 V) 13.9 (7.4 V) 8.6 (4.0 V) 5.0 (7.4 V) 1.8 

ITO / rGO (4.3 nm) / SY / LiF / Al 8,300 (13.0 V) 5.0 (8.6 V) 2.0 (6.2 V) 1.8 (8.6 V) 1.8 

 

The performance and efficiency of OLEDs with a GO layer as a HTL will be still enhanced even 

though phosphorescent materials are used instead of SY as active materials. We plan to use the 

phosphorescent-based iridium complexes in future study. As for the lifetime of devices, Yun et al. has 

already demonstrated that the lifetime of the rGO based organic solar cell is better than that of the 

PEDOT:PSS based OSCs due to the highly acidic (pH ∼1) suspension of PEDOT:PSS.
53

 Therefore, 

the lifetime of the GO-based PLEDs is also expected to be better than the PEDOT:PSS-based one.  

 

 

Figure 2.4. EL spectra of PLEDs with various configurations using PEDOT:PSS, rGO, and GO with 

different thickness as hole transport layers. 

 

To confirm the energy levels of GO, rGO, and PEDOT:PSS, UPS measurements were performed. 

From the UPS measurements, the WF values were calculated from the difference between the 

inelastic cutoff and the Fermi edge, as shown Figure 2.5a,b. While the PEDOT:PSS layer showed a 

WF of 4.95 eV, GO and rGO showed values of 4.89 and 4.79 eV, respectively. Photovoltaic 
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measurements were also conducted to confirm the WF values by the UPS measurements. The device 

structure of OPVs, as prepared by the sequential deposition of ITO, PEDOT:PSS, or GO, poly(3-

hexylthiophene) (P3HT, Merck Co., Mw = 75,000 g/mol, RR > 97 %), and Al, is presented in Figure 

2.5c. The J-V curves of these devices were measured under AM 1.5G illumination at 100 mW/cm
2
. 

Generally, the Voc value of a M-I-M device is determined by the difference in the WF values of the 

two metal contacts.
18

 In the OPVs structures here, the different values of Voc were influenced by the 

different WF of the PEDOT:PSS and the GO-modified ITO, while the WF of the Al cathode was fixed. 

The Voc value of the OPVs with the GO layer was lower (0.53 V) than that with PEDOT:PSS (0.66 V), 

as shown in Figure 2.5d. As a result, we confirmed the WF of GO and PEDOT:PSS, as shown in 

Figure 2.1b.  

 

 

Figure 2.5. Ultraviolet photoemission spectroscopy (UPS) spectra of rGO, GO, and PEDOT:PSS 

HTLs: (a) inelastic cutoff region and (b) Fermi edge region. (c) Device structure of OPVs and (d) J-V 

characterization of OPVs with/without a hole transport layer (HTL) (PEDOT:PSS or GO). 
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Figure 2.6a,b shows the architecture of the PLEDs and the EL spectra of the devices to 

demonstrate the electron-blocking behavior of the GO layers used in this work. The devices include 

two light-emitting polymer layers of SPR-001 (red-light-emitting polymer, Merck Co.) and SY 

(green-light-emitting polymer, Merck Co.). The structure of SPR-001 is unknown. It was difficult to 

deposit the hydrophilic GO film successfully by spin-casting it onto the hydrophobic SPR-001 or SY 

in a polymer/GO/polymer device structure. To coat a GO film, we performed a brief UV/O3 treatment 

for 30 s on the polymer surface, after which we confirmed that the EL spectra of pristine and briefly 

UV/O3-treated polymer films (SPR-001 or SY) were nearly identical.  

When the GO film was introduced between the SY and the SPR-001 layers (ITO/SY/GO/SPR-

001/LiF/Al configuration), red emission (pink link) was dominant, as shown in Figure 2.6b. In 

contrast, a device with the reversed order of ITO/SPR-001/GO/SY/LiF/Al exhibited green emission 

(blue line) dominantly. This result suggests that the GO film effectively blocked the electron transport 

from the SY layer into the SPR-001 layer in the ITO/SPR-001/GO/SY/LiF/Al structure. Therefore, 

recombinations between the injected holes and electrons mainly occurred within the SY layer. The EL 

spectrum almost overlapped with that of the SY single emitting-layer device, demonstrating the 

effective electron-blocking capabilities by GO film, although there was a small effect of red emission 

by the red shift. However, when the rGO film was inserted between the SPR-001 and SY layers 

(ITO/SPR-001/GO/SY/LiF/Al configuration), red emission (gray line) was dominant, which was 

entirely different from the devices with the GO films due to the lack of an electron blocking effect 

from the small band gap rGO film. We note that the GO film effectively blocks the electron transfer 

and optimizes hole-electron recombinations within the emissive layer, finally increasing the device 

efficiency in PLEDs.  

PL measurement experiments also support the high device efficiency gained when using GO film. 

Among the PL intensities of SY film (10 nm), PEDOT:PSS/SY(10 nm), rGO/SY (10 nm), and GO/SY 

(10 nm) on quartz substrates, the PL intensity of PEDOT:PSS showed the lower value, as represented 

by the significant exciton quenching that occurred at the PEDOT:PSS/SY interface. However, PL 

quenching of GO/SY film was less than that of PEDOT:PSS/SY film according to a comparison of the 

PL intensities, as shown in Figure 2.6c. Larger PL quenching also occurs at the rGO/SY (10 nm) 

interface due to interconnectivity of the localized sp
2
 sites in the reduction process of GO.

172
 The 

exciton lifetime of SY was also measured by using TCSPC to investigate the exciton quenching of SY 

on the different substrates. The quartz/SY was prepared for reference. As shown in Figure 2.6e, f, 

TCSPC results were consistent with the steady-state PL results in Figure 2.6c. The exciton lifetimes 

at 550 nm decreased dramatically from 0.306 ns in the SY film on quartz to 0.229 ns on PEDOT:PSS. 

On the other hand, the significant decrease in the exciton lifetime was not found by replacing 

PEDOT:PSS with a GO layer. The exciton lifetime of SY on the GO layer at 550 nm is 0.283 ns, 
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which is about 92 % of the exciton lifetime of SY on quartz. It indicates that exciton quenching at the 

interface of GO and SY is much less than that at the interface of PEDOT:PSS and SY, as shown in 

Figure 2.6e,f and Table 2.2. The increase in the exciton lifetime is related to the increase in the device 

lifetime.
138

 PL quantum efficiency (PLQE), measured inside an integrating sphere with an excitation 

wavelength of 450 nm, also supports this result, as shown in Table 2.3. The optical transmission 

spectra of different thicknesses of GO layers deposited on ITO/glass substrates are shown in Figure 

2.6d. Although the transmittance decreases slightly with the thickness, there was no significant change 

in the transparence of the anode substrates with the thin GO. 
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Figure 2.6. (a,b) Electron-blocking property of GO. Schematic energy diagrams of the devices used to 

evaluate the electron-blocking behavior of GO: (a) ITO/SPR-001/GO or rGO/super yellow/LiF/Al. (b) 

Electroluminescence (EL) spectra of diverse device configurations. (c) Photoluminescence (PL) 

spectra of SY films on quartz, PEDOT:PSS/quartz, rGO/quartz, and GO/quartz substrates. (d) 

Transmittance of HTL (PEDOT:PSS, GO) measured using a UV-vis spectrometer. (e) Time-resolved 

PL signal of SY, PEDOT:PSS/SY, rGO/SY, and GO/SY films, measured by time-correlated single 

photon counting (TCSPC). (f) Exciton lifetime of SY, PEDOT:PSS/SY, rGO/SY, and GO/SY films.  
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Table 2.2. Exciton lifetime of SY, PEDOT:PSS/SY, rGO/SY, and GO/SY films. 

Sample 


1
(f

1
) 

[ns] 


2
(f

2
) 

[ns] 
2 


avr

 

[ns] 

Quartz/SY (1 0nm) 0.793 (0.14) 0.224 (0.86) 1.881 0.306 

Quartz/PEDOT:PSS/SY (10 nm) 0.646 (0.12) 0.171 (0.88) 1.740 0.229 

Quartz/GO/SY (10 nm) 0.670 (0.16) 0.206 (0.84) 1.668 0.283 

Quartz/rGO/SY (10 nm) 0.590 (0.12) 0.168 (0.88) 1.856 0.218 

 

Table 2.3. PL Quantum efficiency (PLQE) for SY films in several sample configurations measured 

inside an integrating sphere with an excitation wavelength of 450 nm. 

Sample PLQE (%) 

Quartz/SY (10 nm) 68 

Quartz/PEDOT:PSS/SY (10 nm) 45 

Quartz/GO/SY (10 nm) 51 

Quartz/rGO/SY (10 nm) 33 

 

 2.4 Conclusion 

 We demonstrated a straightforward means of enhancing device efficiency by introducing wide 

band gap GO HTLs between the ITO and the active polymer instead of PEDOT:PSS. PLEDs with a 

GO interlayer perform better than both those with PEDOT:PSS and rGO, showing maximum L of 

39,000 cd/m
2
 and maximum LE as high as 19.1 cd/A (at 6.8 V). The LE with GO are approximately 

2.2-fold higher than that with PEDOT:PSS and 4-fold higher than that with rGO. Furthermore, we 

determined the cause of greatly improved efficiency with observations of the EL spectra in an effort to 

evaluate the electron-blocking behaviors of the GO layer in the ITO/SPR-001/GO or rGO/SY/LiF/Al 

configuration, with a comparison of the PL intensities of PEDOT:PSS/active polymer (10 nm) and 

GO/active polymer (10 nm) samples to investigate exciton quenching. The GO layer provides an 

excellent alternative to PEDOT:PSS in optoelectronic devices such as OPVs and PLEDs. 
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Chapter 3. Surface Modification of Metal oxide Using Ionic Liquid 

Molecules in Hybrid Organic–Inorganic Optoelectronic Devices 

 

3.1 Research background 

Organic/polymer-based optoelectronic devices have been investigated extensively over the past 

two decades for display, energy harvest, solid state lighting and flexible electronic devices.
7, 44-46

 For 

commercial applications, so much effort has been devoted in the hope of improving device efficiency 

and lifetime in OLEDs and PLEDs. Among various device configurations, hybrid organic–inorganic 

polymeric light-emitting diodes (HyPLEDs) using metal oxides (ZnO, TiO2, ZrO2, HfO2, and MoO3) 

as charge injection/transporting layers have been regarded as promising candidates due to high device 

performance and exceptional air-stability.
54-55, 102-103, 110, 113, 173-176

 Nevertheless, considerable room for 

improvement of device performance remains due to unbalance of electron and hole carriers transfer.  

One way to solve the problem of the unbalance of electron and hole carriers transfer is to control 

the band gap of each contact through the surface modification for an ohmic contact. In particular, the 

interfacial engineering between the organic semiconductor and the inorganic electrode is critical in the 

performance of organic electronic devices, and the WF between the contact layers greatly affects the 

carrier injection and transport in organic semiconductors. For hybrid polymer solar cells (HyPSCs), 

electrical contact between the active layer and metal oxide is critical for charge transfer in bilayer 

structure. The contact resistance between layers must be minimized for high device performance. For 

HyPLEDs, balanced charge carrier injection and transport are needed to obtain highly efficient device 

performance. However, the operational mechanism of the device in HyPLEDs is hole-dominated 

using a MoO3 hole injection layer; hence electron injection is poor compared to hole injection due to 

the large energy barrier difference between the CB of ZnO (~4.0 eV)
103

 and LUMO of an active layer 

such as SY (~2.7 eV).
55

 For optimized device performance of HyPLEDs, enhanced electron injection 

at the counter electrode is crucial in order to balance the charge injection and, finally the EL efficiency 

can be improved.  

Several approaches have been suggested to efficiently promote electron injection and transfer by 

modifying the interfaces between the electrodes and the active polymer layers using CS2CO3,
55, 174

 

LiF,
177

 CPE,
178

 ionic polymers,
179

 and SADM.
103, 173, 180

 Here we present a direct method to notably 

enhance the device performance by surface modification of the ZnO layer using ILMs such as 1-

benzyl-3-methylimidazolium chloride (benmim-Cl). 

 

3.2 Experimental 

HyPLEDs and HyPSCs Fabrication. FTO-coated glass substrates were cleaned by a sequential 
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ultrasonic treatment in acetone and IPA. The hybrid devices were fabricated by successive deposition 

of FTO as transparent cathode, ZnO, ILMs, an active layer with SY (Merck Co., Mw = 1,950,000 

g/mol), or P3HT (Rieke Metal inc., Mw = 50,000 g/mol, ~95% regio-regularity), MoO3 and Au as the 

anode. An 80 nm thick n-type ZnO layer was prepared by spray pyrolysis method from 80 mg/mL 

zinc acetate dihydrate/methanol precursor solutions at 400 °C. For the ILMs modified ZnO layer, an 

ionic liquid solution dissolved in water (0.1 wt %) was spin-coated at 5,000 rpm onto a ZnO layer and 

then annealed at 120 °C for 10 min to remove residual water. The preparation method of the SADM 

(BA–CH3) layer was shown in ref.
103

. The SY solution dissolved in chlorobenzene (0.7 wt %) was 

spin-cast at 2,000 rpm on top of the buffer layer and annealed at 80 °C for 30 min to obtain a 150 nm 

thick SY layer in HyPLEDs, whereas P3HT solution dissolved in chlorobenzene (1.0 wt %) was spin-

cast at 700 rpm on top of the buffer layer and annealed at 150 °C for 10 min to obtain a 100 nm thick 

P3HT layer in HyPSCs.  

PLED Device Characterization. J-V-L characteristics were measured using a Keithley 2400 

source measurement unit and a Konica Minolta spectroradiometer (CS-2000).  

PSC Device Characterization. J-V were measured using a high-quality optical fiber to guide the 

light from the solar simulator and a Keithley 2635A source measurement unit under AM 1.5G 

illumination at 100 mW/cm
2
.  

 

3.3 Results and discussion 

Fig. 3.1 shows the complete device architecture, chemical structure of ILMs and active layers with 

SY or P3HT in HyPLEDs and HyPSCs. The details of fabrication of hybrid devices are given in the 

experimental section. In Fig. 3.2, AFM images of ZnO surface layers are preserved even after coating 

the SADM and ILMs on the ZnO layers; the roughness values of the three sample surfaces are similar 

(rms roughness = 3.8, 4.4, and 4.1 nm respectively). However, the contact angles of the ZnO layer 

with (b) SADM and (c) ILMs modification are quite different from that without modification, as 

shown in Fig. 3.3. The combined results confirm the formation of uniform monolayers of ILMs and 

SADM on the ZnO layers. The ZnO/SY interface has a significant electron injection barrier (~1.3 eV) 

compared to the MoO3/SY interface. Consequently, the electron and hole injections are severely 

unbalanced. We modified the ZnO interface by inserting buffer layers such as SADM or ILMs. The 

ILMs used in this work are cationic 1-benzyl-3-methylimidazolium with chloride counter ions. The 

insertion of charged ILMs between the ZnO and the emissive layer brings spontaneous dipolar 

polarization within the layer, as shown in Fig. 3.1(b). While hydrophilic Cl anions prefer an inorganic 

ZnO interface, hydrophobic cations spontaneously prefer an organic SY interface. This spontaneous 

dipole polarization was readily stabilized with an annealing process of the active polymer.
181-182
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Figure 3.1. (a) Device structure of P3HT and SY : ZnO-based hybrid devices with ILMs layer. (b) 

Schematic illustration of cations and anions of ILMs between ZnO and active layer. (c) Chemical 

structures of poly-(phenylvinylene), super yellow and poly(3-hexylthiophene), P3HT. 

 

 

 

 

Figure 3.2. AFM images (a) without modification of ZnO layer, with surface modification of ZnO 

layer using (b) SADM (BA–CH3) and (c) ILMs. 
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Figure 3.3. Contact angles on ZnO layer (a) without modification or with (b) SADM and (c) ILMs 

modification. 

 

If the dipoles within ILMs are directed away from the ZnO surface, it causes an upward shift of the 

vacuum level of ZnO and, thereby, the band edge of ZnO shifts closer to the energy level of SY, as 

shown in Fig. 3.5(b). Therefore, the resultant ZnO work function and the electron injection barrier 

decrease. The BA–CH3 modified ZnO layer with negative dipoles caused by different 

electronegativity of functional groups also reduced the electron injection barrier in previous 

experiments.
103, 173

 The difference of ILMs (benmim-Cl) from SADM (BA–CH3) is that self-aligned 

dipole polarization of ILMs arises due to the self-aligned distribution of ions within the layers, and the 

dipole polarization effect of ions on the work function of the ZnO layer is expected to be higher than 

that of SADM. The device performances of HyPLEDs with ZnO, SADM-modified ZnO and ILMs-

modified ZnO are presented in Fig. 3.4. We note that all the devices exhibited original green emission 

of SY, regardless of the SADM and ILMs interfacial modification and applied voltages. Compared to 

the devices without interfacial modification, those modified with negative dipole SADM and ILMs 

demonstrated remarkably enhanced PLED performances, as shown in Fig. 3.4. Especially, devices 

using ILMs showed greatly enhanced L and LE, and low turn-on voltage. Table 3.1 summarizes the 

detailed device characteristics including L, LE, and turn-on voltage. The device modified with ILMs 

shows higher device performance with a L of 7,500 cd/m
2
 (at 14.0 V), and LE of 2.7 cd/A (at 14.0 V), 

which correspond to approximately a forty-fold increase compared to the EL efficiency of an 

unmodified device. We also compare the turn-on voltages for EL in Fig. 3.4(a). The turn-on voltage of 

a device with ILMs layer is 3.2 V, whereas the turn-on voltages of devices with SADM layers and 

without buffer layers are 5.6 V and 8.0 V, respectively. This lower turn-on voltage of devices with 

ILMs layers confirms that the electron injection barrier is greatly reduced between ZnO/ILMs and SY.  
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Figure 3.4. HyPLED characteristics of (a) current density vs. applied voltage (J-V), luminance vs. 

applied voltage (L-V); (b) luminous efficiency vs. current density (LE-J) curves with and without 

surface modification of ZnO layer using SADM and ILMs. 

 

Table 3.1. Light-emitting device characteristics of ZnO/SY HyPLEDs with and without surface 

modification of ZnO layer using SADM and ILMs. 

Device configuration 
Lmax 

(cd/m
2
) @bias 

LEmax 
(cd/A) @bias 

Turn on 
voltage (V) 

FTO / ZnO / SY / MoO3 / Au 270 (13.2 V) 0.07 (13.4 V) 8.0 

FTO / ZnO / SADM / SY / MoO3 / Au 2,000 (14.8 V) 0.73 (14.8 V) 5.6 

FTO / ZnO / ILMs / SY / MoO3 / Au 7,500 (14.0 V) 2.70 (14.0 V) 3.2 

 

Fig. 3.5(a) and Fig. 3.6 gives J-V characteristics and EQE of ZnO/P3HT HyPSCs with and without 

a buffer layer, respectively. The photovoltaic characteristics are summarized in Table 3.2. The J-V 

curves for devices were measured under AM 1.5G illumination at 100 mW/cm
2
. The device without a 

buffer layer shows Jsc of 0.31 mA/cm
2
, Voc of 0.25 V, FF of 0.39, and PCE of 0.030 %. For devices 

with SADM, we obtained Jsc of 0.20 mA/cm
2
, Voc of 0.28 V, FF of 0.43, and PCE of 0.024 %. The 

slightly increased Voc is attributed to a change of interfacial energy level due to the molecular dipole 

of SADM between the P3HT and the ZnO layer, while the decreased Jsc is thought to originate from 

the interference of the charge transfer from the P3HT to the ZnO by SADM.
173

 The device with an 

ILMs layer exhibits Jsc of 0.23 mA/cm
2
, Voc of 0.52 V, FF of 0.43, and PCE of 0.051%. The 

remarkable increase in device efficiency results in a two-fold increased Voc compared to that of the 

reference device, which is attributed to the shift of the band edge of the ZnO closer to the vacuum 

level of P3HT due to spontaneous dipole polarization within the ILMs layer. Decreased Jsc is 

attributed to hindrance to direct charge transfer from P3HT to ZnO.
173, 182

 Fig. 3.5(b) schematically 

illustrates the energy band diagrams for the flat band condition of hybrid devices with surface 

modification using ILMs. A dipole moment pointed away from the ZnO would effectively shift the 
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band edge of the ZnO closer to the vacuum level of the active layer.  

 

 

Figure 3.5. (a) J–V characteristics of ZnO/P3HT HyPSCs with and without surface modification of 

ZnO layer using SADM and ILMs. (b) Schematic energy diagrams for flat band conditions the 

ZnO/ILMs/active layer. 

 

Table 3.2. Device characteristics of ZnO/P3HT HyPSCs with and without surface modification of 

ZnO layer using SADM and ILMs. 

Device configuration 
Jsc 

(mA/cm
2
) 

Voc 
(V) 

FF 
η 

(%) 

FTO / ZnO / P3HT / MoO3 / Au 0.31 0.25 0.39 0.030 

FTO / ZnO / SADM / P3HT / MoO3 / Au 0.20 0.28 0.43 0.024 

FTO / ZnO / ILMs / P3HT / MoO3 / Au 0.23 0.52 0.43 0.051 

 

 

Figure 3.6. EQE of ZnO/P3HT HyPSCs with and without surface modification of ZnO layer using 

SADM and ILMs. 
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To understand the mechanism of interfacial dipoles within ILMs, the time response of L and LE in 

HyPLEDs with and without surface modification of the ZnO layer using SADM (BA–CH3) and ILMs 

was investigated under a continuous bias of 11 V; the values of L and LE did not change significantly, 

as shown in Fig. 3.7. This shows that self-assembled and permanent interfacial dipoles arise between 

ZnO/ILMs and the active polymer interface, dipoles of which shift the vacuum level at that interface. 

The results of J-V-L measurements in HyPLEDs and Voc characteristics in HyPSCs confirm that the 

ionic dipoles are spontaneously self-aligned at the ZnO/active layer, which reduced the electron 

transfer barrier and enhanced device performance.  

 

 

Figure 3.7. Time response of (a) L and (b) LE in HyPLEDs with and without surface modification of 

ZnO layer using SADM and ILMs. 

 

3.4 Conclusion 

In conclusion, we demonstrated a straightforward way to notably increase the device performance 

by interfacial modification between ZnO and active polymer layers using ILMs. Ionic dipole 

polarization effectively influenced the electron injection barrier between the conduction band of ZnO 

and the LUMO of the active layer and remarkably enhanced the electron injection and transfer in the 

corresponding device performance of HyPLEDs and HyPSCs. The modified HyPLEDs using ILMs 

showed a LE of 2.7 cd/A (at 14.0 V) and L of 7,500 cd/m
2
 (at 14.0 V), which is approximately forty-

fold higher than the EL efficiency of unmodified HyPLEDs. Furthermore, the ionic dipole 

polarization effect was confirmed by reduction of turn-on voltage of EL and two-fold increase of the 

Voc of photovoltaic devices due to the interfacial modification effect of the ZnO layer using ILMs. 

This interfacial engineering offers a new design scheme for carrier injection and transfer for 

organic/polymeric optoelectronic devices, such as OPVs and OLEDs. 
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Chapter 4. Highly Efficient Red-Emitting Hybrid Polymer Light-Emitting 

Diodes via Fӧrster Resonance Energy Transfer Based on Homogeneous 

Polymer Blends with the Same Polyfluorene Backbone 

 

4.1 Research background 

Over the past two decades, PLEDs have been extensively exploited for full-color flat-panel 

displays, solid-state lighting, and flexible optoelectronics, because of their low cost, facile color 

tenability by chemical structure modification, solution processability, large area fabrication, and 

mechanical flexiblility.
7, 45, 183-184

 

The balanced device efficiency and lifetime of R-G-B light emissions are required to realize full-

color display devices as a commercial product. However, both color purity and device efficiency of 

red-emissive PLEDs are still far behind those of green-emissive PLEDs. Several approaches have 

been suggested to realize red-light emission. A main strategy contains a chemical synthesis by 

combining a low-band-gap red-emitting moiety (such as 2,1,3-benzothiadiazole
185-186

 and 2,1,3-

benzoselenadiazole derivatives,
186-187

 etc.) into a polymeric main chain, side chains, or end groups. In 

particular, the optical and electrical properties of polyfluorene (PFO)-based polymers can be easily 

controlled by the modification of chemical structure and red emission can be realized through 

introduction of co-monomers into the PFO backbone, such as 4,7-bis(2-thienyl)-2,1,3-

benzothiadiazole (TBT).
188

 However, the red-emitting structures often show a poor 

photoluminescence quantum yield (PLQY), due to strong intermolecular interactions, via 

dipole−dipole coupling and/or π−π stacking, which leads to exciton quenching in a solid state.
189

 Thus, 

most previously reported red-emissive PLEDs have shown poor luminance efficiency (less than ~2.0 

cd/A).
190-193

 Attachment of a red-emissive moiety to the side chain of a PFO host was suggested to 

avoid the problems of phase separation and concentration quenching.
194-195

 Recently, Chen et al. 

reported red-emitting PLEDs based on a doped polymer system with PFO as a host and 2,1,3-

benzothiadiazole derivatives as a red dopant, showing a LE of 5.50 cd/A, which is the highest 

efficiency for pure red-emitting PLEDs until now.
195

  

The other universal method employs the polymer blend system, which is obtained by mixing a red-

emitting polymer (or fluorophore) with a green-emitting host polymer, such as a polymer-polymer 

blend, polymer-small-molecule blend, and polymer-inorganic-complex blend, where efficient red 

emission can be realized via Fӧrster resonance energy transfer (FRET).
128-129, 196-197

 However, polymer 

blend system has several problems, such as poor color stability caused by phase separation, the 

change of emission spectra with high bias voltage, and difficulties in fine-tuning the emission color. If 

dopant materials are uniformly dispersed in a host matrix, exciton quenching and poor color stability 
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can be minimized. Moreover, the shift of emission spectrum toward a longer wavelength via FRET 

prevents overlap between absorption and emission spectra with decreased self-absorption. The 

effective dopant concentration has been reported to be no greater than 2 % ± 0.5 % (by weight).
196

  

CPE with amphiphilic characteristics have been successfully utilized as an effective charge 

transport layer in organic optoelectronic devices.
104, 198

 The preference for the CPE polymer backbone 

to interact with the hydrophobic organic interface leads to generation of the spontaneously oriented 

interfacial dipoles. This can modify the electronic structures, shift the vacuum level and electrical 

contact at the interfaces, lower the energy barrier for charge injection/transport, and reduce the 

interfacial resistance between the hydrophilic metal oxide and hydrophobic active layers.  

Here, we report a highly efficient red-emissive PLEDs via FRET using a homogeneous polymer 

blend of F8BT and poly-[9,9′-dioctylfluorene-co-(4,7-bis(4-hexyl-2-thienyl)-2,1,3-benzothiadiazole)] 

(F8TBT). The two polymers are well-miscible to minimize phase separation due to the structural 

similarity based on the same polyfluorene backbone. The air-stable inverted-type organic-inorganic 

hybrid PLEDs (HyPLEDs) with a FTO/ZnO/F8BT:F8TBT/MoO3/Au configuration showed a red 

emission with a CIE coordinate (0.62, 0.38) and a LE of 7.14 cd/A. The surface of the ZnO layer was 

modified with a CPE, poly(9,9′-bis(6″-N,N,N-trimethylammoniumhexyl) fluorene-altphenylene) with 

bromide counter-ions (FPQ-Br) for efficient electron transport and hole blocking in the iPLEDs. Our 

HyPLEDs based on homogeneous polymer blends demonstrated the highest LE among the pure red-

emitting fluorescent PLEDs reported so far, through efficient FRET and interface engineering with the 

CPE layer. 

 

4.2 Experimental  

Synthesis of F8TBT. 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene 

(0.200 mmol, 0.129 g), 4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (0.200 mmol, 

0.125 g), and Pd(PPh3)4 (3 mol %) were dissolved in a degassed mixture of toluene (6.0 mL) and 

aqueous 2 M K2CO3 solution (2.5 mL). The reaction mixture was stirred at 90 °C overnight. The 

mixture was precipitated into methanol and stirred for 2 h. The crude polymer was purified by Soxhlet 

extraction (with acetone and chloroform) and short column chromatography. Yield: 0.14 g (80 %). 1H 

NMR (300 MHz, CDCl3) δ (ppm): 8.07 (s, 2H), 7.98 (s, 2H), 7.79 (d, 2H), 7.55 (d, 2H), 7.52 (s, 2H), 

2.83 (br, 4H) 2.06 (br, 4H), 1.77 (br, 4H), 1.49−1.13 (m, 36H), 0.89−0.79 (m, 12H). Number-average 

molecular weight (by gel permeation chromatography (GPC) in CHCl3), Mn = 16,000 g/mol (PDI = 

1.9). 

 

Synthesis of CPE. The CPE (FPQ-Br) was synthesized by modifying the previously reported 

procedures.
199

 1H NMR (300 MHz, DMSO) δ (ppm): 8.00−7.74 (br, 10H), 3.17 (br, 4H), 2.96 (s, 
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18H), 2.19 (br, 4H), 1.50 (br, 4H), 1.10 (br, 8H), 0.72 (br, 4H).  

Fabrication of iPLEDs. FTO substrates were cleaned by sequential ultra-sonication in acetone and 

IPA, and dried under a N2 stream. An 80 nm thick n-type ZnO layer was prepared by spray pyrolysis 

deposition from 80 mg/mL zinc acetate dihydrate/methanol precursor solutions at 400 °C. The CPE 

layer was spin-coated on top of the ZnO layer from a methanol solution (0.1 wt %) and then annealed 

at 120 °C for 10 min to remove residual methanol. A 350-nm thick F8BT:F8TBT emissive layer was 

spin coated from p-xylene solutions (35 mg/mL) onto the CPE-modified ZnO surface, and then 

thermal annealing was performed at 155 °C for 1 h under a nitrogen atmosphere. A 10 nm thick MoO3 

layer and a 70 nm thick gold layer were subsequently evaporated on the emissive layer to complete 

the device fabrication. 

AFM. The surface morphology of the pure F8BT film and F8BT:F8TBT blended film were 

characterized by atomic force microscopy (AFM). The AFM images (5 μm × 5 μm) were measured by 

a Veeco AFM microscope in tapping mode.  

Absorption and PL Characterization. The ultraviolet-visible (UV-vis) absorption spectrum is 

obtained via UV-vis spectrometry (Varian Cary 5000). The PL spectra of F8BT and F8BT:F8TBT 

blended films on a quartz substrate were obtained on a Cary Eclipse spectrofluorometer with a xenon 

lamp as an excitation source (Edinburgh Instruments, Ltd.). 

TCSPC Characterization. The exciton lifetime was determined by the TCSPC technique. The 

details are shown in ref
184

. 

 

4.3 Results and discussion 

Figure 4.1a shows a HyPLEDs device configuration based on the homogeneous F8BT:F8TBT 

blend as an emissive layer. The device was prepared by sequential deposition of ZnO (EIL), FPQ-Br 

(ETL and hole blocking layer), F8BT:F8TBT (emissive layer), MoO3 (hole injection layer, HIL), and 

Au (anode) on a FTO transparent electrode/glass substrate (cathode).  

Recently, MoO3 deposited on gold demonstrated an unprecedented ohmic hole injection into a 

green-light-emitting polymer, F8BT.
100, 146

 In contrast, electron injection is much poorer than hole 

injection in HyPLEDs, because of the large contact barrier between the CB of ZnO (~4.0 eV)
103, 144, 198

 

and LUMO of F8BT (~3.0 eV).
103-104

 Consequently, electron and hole injections are unbalanced and 

their recombination probability is also low in HyPLEDs without interfacial engineering. In our 

previous study, we have successfully demonstrated an ideal surface engineering and highly efficient 

HyPLEDs by introducing the CPE layer (FPQ-Br) on top of the metal oxide as an ETL and hole 

blocking layer (HBL).
198

 Spontaneously aligned interfacial dipoles within the interfacial CPE layer 

between metal oxide and organic semiconductor layers offered the reduced injection barrier for 

electrons as well as effective hole blocking. Although perfectly balanced carrier injection was not 
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fully achieved, it provided a new opportunity to maximize the electron−hole recombination 

probability in the active layer. 

 

 

Figure 4.1. (a) Device structure of HyPLEDs. (b) Energy-level diagram of ZnO/FPQ/F8BT:F8TBT. 

(c) Chemical structure of FPQ, F8BT, and F8TBT. 

 

Figure 4.1b shows the schematic energy level diagram of the ZnO/FPQ-Br/F8BT:F8TBT blend 

layer employed in this study. (A full energy diagram including F8BT and F8TBT is provided in 

Figure 4.2) The spontaneous negative dipole in the FPQ-Br CPE layer pointing away from the ZnO 

interface would effectively shift the band edge of the ZnO closer to the vacuum level of the polymer 

blend layer.
104, 198

 The self-aligned interfacial dipoles at the CPE/ZnO interface were confirmed by 

measuring the temporal time response of current density and luminance for FTO/ZnO/150 nm thick 

F8BT (98 %):F8TBT (2 %)/MoO3/Au with (line formed by solid red circles) and without CPE (line 

formed by solid black squares) layer under a forward bias of 8.0 V. The current density and luminance 

under a constant forward bias of 8.0 V did not show significant changes with time, as shown in 

Figure 4.3.  



60 

 

 

 

Figure 4.2. Full energy diagram of FTO/ZnO/FPQ/F8BT:F8TBT/MoO3/Au 

 

Figure 4.3. Time response of (a) current density and (b) luminance for FTO/ZnO/150 nmthick F8BT 

(98 %):F8TBT (2 %) blend film/MoO3/Au with (red-round line) and without CPE (black-rectangular 

line) layer under a forward bias of 8.0 V. 

 

The chemical structures of FPQ-Br, F8BT, and F8TBT are shown in Figure 4.1c. It is well-known 

that F8BT is a highly efficient green emitter particularly in HyPLEDs.
104, 113, 198

 A red-emitting 

polymer, F8TBT was designed and synthesized for blending with green-emitting F8BT as a dopant. 

F8BT and F8TBT are expected to have great compatibility (and miscibility) in common organic 

solvents because both structures have the same PFO-based main backbone. F8BT was supplied from 
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Cambridge Display Technology, Ltd. (Mn = 114 kg/mol). F8TBT was synthesized following the 

previously reported procedures.
188

 The monomer, 4,7-bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-

benzothiadiazole was prepared by palladium-catalyzed stille coupling between 4-(hexyl-2-

thienyl)stanne and 4,7-dibromo-2,1,3-benzothiadiazole, followed by bromination with N-

bromosuccinimide. The brominated monomer was polymerized with 2,7-bis(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene via Suzuki polycondensation in 80 % yield. The number-

average molecular weight was measured to be 16,000 g/mol (PDI:1.9) via GPC, using chloroform as 

an eluent, relative to a polystyrene standard. The hexyl side chain on the thiophene moiety yielded 

good solution processability for device fabrication.
188

  

 

 

Figure 4.4. Normalized absorption spectrum of F8TBT and normalized photoluminescence spectra of 

F8BT and F8TBT. 

 

The UV-vis absorption and PL spectra of F8TBT and F8BT are shown in Figure 4.4. The emission 

spectrum of F8BT (λmax = 540 nm) was almost perfectly overlapped the absorption spectrum of 

F8TBT (λmax = 550 nm) in film, where efficient FRET from the F8BT host to the F8TBT dopant is 

expected. The energy transfer efficiency is also very sensitive to the intermolecular distance between 

the donor and acceptor molecules; thus, a homogeneous polymer blend without phase separation is 

crucial for enhanced device performance and long-term stability. In Figure 4.5, AFM images of the 

F8BT:F8TBT blending film (98:2 (wt %)) showed no phase separation morphology, while the 
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F8BT:F8TBT blend film (70:30 (wt %)) showed an aggregated morphology. It supports the formation 

of homogeneous surface morphology with no visible phase separation in F8BT:F8TBT film (98:2 

(wt %)).  

 

 

Figure 4.5. Atomic force microscopic (AFM) images of (a) pure F8BT film, (b) F8BT:F8TBT 

blending film (98:2 wt. %), (c) F8BT:F8TBT blending film (90:10 wt. %) and (d) F8BT:F8TBT 

blending film (70:30 wt. %). The measured root-mean-square (rms) roughness of films is 3.01, 3.36, 

4.49 and 5.57 nm, respectively. 

 

Figure 4.6a represents the EL emission spectra of F8BT, F8TBT, and F8BT:F8TBT blended 

polymers with different F8TBT doping concentrations of 0.5, 1.0, and 2.0 wt %. EL emission spectra 

of the F8BT:F8TBT blends changed with the F8TBT dopant concentration. As the concentration of 

F8TBT increased, the typical spectral characteristics of F8BT disappeared and that of the red F8TBT 

emission (λmax = 640 nm) increased. At a doping concentration of 2 wt %, almost pure red emission 

was measured via complete FRET from F8BT to F8TBT. The EL emission spectrum of the 

homogeneous F8BT:F8TBT blend film (98:2 (wt %)) was much narrower than that of pure F8TBT, 

because of a solid-solution state effect that the polymer F8TBT was uniformly dispersed in the F8BT 
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host polymer matrix as existing in solution state and the intermolecular interactions are significantly 

reduced by dilution effects.
129

 This behavior was also shown in the CIE coordinates in Figure 4.6b. 

The CIE (1931) coordinates of F8BT, F8TBT, and F8BT:F8TBT blends with F8TBT concentrations 

of 0.5, 1.0, and 2.0 wt % in HyPLEDs, were determined to be (X = 0.42, Y = 0.56), (X = 0.68, Y = 

0.31), (X = 0.52, Y = 0.47), (X = 0.57, Y = 0.43), and (X = 0.62, Y = 0.38), respectively. The color 

coordinates dramatically moved toward a pure red emission with the addition of a small amount of 

F8TBT into the F8BT matrix. 

 

 

Figure 4.6. (a) Normalized EL spectra for a series of FTO/ZnO/FPQ/F8BT:F8TBT/MoO3/Au devices 

with different F8TBT concentrations (expressed as wt %). (b) CIE chromaticity diagram for a series 

of FTO/ZnO/FPQ/F8BT:F8TBT/MoO3/Au devices with different F8TBT concentrations (expressed as 

wt %). 

 

The spectral changes with different doping content of F8TBT were analyzed by dipole-dipole 

Förster energy transfer from F8BT to F8TBT. The Förster radius (R0) is defined as the distance 

between the donor and the acceptor materials at which the probability of intermolecular energy 

transfer equals that of the donor relaxation via fluorescence. This means that the exciton on F8TBT is 

as likely to decay (either radiatively or nonradiatively) as it is to decay on F8BT. R0 can be calculated 

from the spectral overlap of the emission of donor and absorption of acceptor via equation (4.1):
128, 200
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where K
2
 is an orientation factor (2/3 for random orientation), NA is Avogadro's number, and n is 

the refractive index of the host. T is the overlap integral between the absorption spectrum of the 
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acceptor and the fluorescence spectrum of the donor as follows:  
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            (4.2) 

where Fm is the normalized fluorescence spectrum of the donor, and εQ is the molar extinction 

coefficient of the acceptor, both expressed as a function of energy in wavenumbers (ῡ).  

For our F8BT:F8TBT blend system, a large value of R0 was calculated (5.32 nm), which comes 

from the almost-perfect overlap between the emission of F8BT and the absorption of F8TBT, leading 

to very efficient Förster energy transfer. Moreover, the FRET efficiency was also measured by TCSPC 

technique, according to equation (4.3):
201-202

 

D

DA
FRET

τ

τ
E  1

                (4.3) 

where τDA is the exciton lifetime of the donor in the presence of the acceptor and τD is the lifetime 

of the donor alone (without acceptor). The average exciton lifetime of the donor, F8BT, was 

determined to be 1.4-1.8 ns. The lifetime of the blended films decreased up to ~0.6 ns at [F8TBT] = 1 

wt % and ~0.3 ns at [F8TBT] = 2 wt %. As the doped concentration of F8TBT (acceptor) increased, 

the exciton lifetime of F8BT decreased, because of the additional fast pathway for deactivation of the 

excited states via efficient FRET to F8TBT (Figure 4.7). The resulting FRET efficiency was 

calculated to be ~60% and ~80 % for the F8BT (99 %):F8TBT (1 %) and F8BT (98 %):F8TBT (2 %) 

blended systems, respectively. The detailed liftetime data are summarized in Table 4.1.  

The detailed EL characteristics of F8BT, F8TBT, and F8BT:F8TBT in HyPLEDs were investigated 

by (a) J-V, (b) L-V, (c) LE-L, and (d) PE-L, as shown in Figure 4.8. The F8TBT-based HyPLED was 

fabricated as a reference, showing a maximum L of 120 cd/m
2
 (at 12.8 V), LE of 0.023 cd/A (at 9.2V), 

and PE of 0.0082 lm/W (at 8.4 V). In contrast, HyPLEDs containing a polymer blend with 2 wt % 

F8TBT showed the ideal red emission (λmax = 640 nm) and dramatically enhanced EL performance 

with a maximum L of 26,400 cd/m
2
 (at 12.8 V), a LE of 7.14 cd/A (at 12.8 V), and a PE of 1.75 lm/W 

(at 12.8 V), showing ca. 200-300 fold enhanced luminous characteristics, compared to the reference 

HyPLEDs. This high device efficiency in inverted-type red-emitting HyPLEDs originates from 

effective FRET with a large value of R0 (5.32 nm) and interfacial engineering of metal oxide layer 

with the CPE. Details of the device characteristics are shown in Table 2.  
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Figure 4.7. (a) Time-resolved PL signals of F8BT, F8TBT (1 %), and F8TBT (2 %) films, measured 

by time-correlated single photon counting (TCSPC) at emission wavelengths of 530-550 nm. (b-d) 

Time-resolved PL signals of F8BT, F8TBT (1 %), and F8TBT (2 %) films, measured by time-

correlated single photon counting (TCSPC) at specific emission wavelengths of (b) 530 nm, (c) 540 

nm, and (d) 550 nm. (e) Exciton lifetime of F8BT, F8TBT (1 %), and F8TBT (2 %) films. 
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Table 4.1. Summarized Exciton Lifetime of F8BT, F8TBT (1 %), and F8TBT (2 %) Films. 

Excitation 450 nm 
film configuration 

avr 

[ns] 

η 
[%] Emission 

530 nm 

Quartz / F8BT 1.44 - 

Quartz / F8BT(99%):F8TBT (1%) 0.56 61.1 

Quartz / F8BT(98%):F8TBT (2%) 0.28 80.6 

540 nm 

Quartz / F8BT 1.86 - 

Quartz / F8BT(99%):F8TBT (1%) 0.62 66.7 

Quartz / F8BT(98%):F8TBT (2%) 0.31 83.3 

550 nm 

Quartz / F8BT 1.82 - 

Quartz / F8BT(99%):F8TBT (1%) 0.60 67.0 

Quartz / F8BT(98%):F8TBT (2%) 0.36 80.2 

 

 

 

Figure 4.8. HyPLEDs characterization of (a) current density versus voltage (J-V), (b) luminance 

versus voltage (L-V), (c) luminous efficiency versus luminance (LE-L), and (d) power efficiency 

versus luminance (PE-L). 
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Table 4.2. Summarized Device Performances of HyPLEDs with Different F8TBT Concentrations. 

Device configuration 
Lmax 

(cd/m
2
) @bias 

LEmax 
(cd/A) @bias 

PEmax 
(lm/W) @bias 

Turn-on 
Voltage (V) 

FTO/ZnO/FPQ/F8BT(100%)/MoO3/Au 32,000 (14.4 V) 11.60 (14.2 V) 2.57 (14.2 V) 3.4 

FTO/ZnO/FPQ/F8TBT(100%)/MoO3/Au 120 (12.8 V) 0.023 (9.2 V) 0.0082 (8.4 V) 2.8 

FTO/ZnO/FPQ/F8BT(99.5%):F8TBT(0.5%)/MoO3/Au 31,200 (14.0 V) 10.14 (13.4 V) 2.38 (13.4 V) 3.0 

FTO/ZnO/FPQ/F8BT(99.0%):F8TBT(1.0%)/MoO3/Au 27,200 (13.2 V) 8.82 (13.2 V) 2.10 (13.2 V) 2.8 

FTO/ZnO/FPQ/F8BT(98.0%):F8TBT(2.0%)/MoO3/Au 26,400 (10.8 V) 7.14 (12.8 V) 1.75 (12.8 V) 2.8 

FTO/ZnO/F8BT(98.0%):F8TBT(2.0%)/MoO3/Au 3,030 (14.2 V) 0.69 (14.0 V) 0.15 (14.0 V) 3.8 

 

 

Figure 4.9. The air-stability of HyLEDs with F8BT:F8TBT was evaluated in terms of (a) luminance, 

(b) luminous efficiency, and (c) EL spectrum under ambient atmospheric conditions without further 

encapsulation. Normalized EL spectra of (d) HyPLEDs with homogeneous F8BT:F8TBT blending 

film (98:2 wt. %), (e) F8BT:Merck-red and (f) F8BT:P3HT blending films (98:2 wt. %) depending on 

luminance. 
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Moreover, the air stability of HyPLEDs with a homogeneous F8BT:F8TBT blending system was 

evaluated under ambient atmospheric conditions without further encapsulation (see Figures 4.9(a)-

(c)). The L and LE of the device were measured at 100 cd/m
2
 for 100 h. Despite the long exposure to 

the air, the normalized L and LE for 100 h were maintained almost uniformly, compared to those of 

their initial state. In Figure 4.9(d), the spectra of HyPLEDs with homogeneous F8BT:F8TBT 

blending films were similar with increased luminance. However, the spectra of HyPLEDs using 

F8BT:Merck-red and F8BT:P3HT blending films with different polymer backbones changed as the 

luminance increased, as shown in Figures 4.9(e) and (f). Therefore, we confirm that the HyPLEDs 

with a homogeneous F8BT:F8TBT blending film show long-term stability of the desired donor-

acceptor nanomorphology. 

 

4.4 Conclusion 

In conclusion, we demonstrated a highly efficient red-emitting HyPLED via Förster energy transfer 

with the homogeneous polymer blend of similarly structured F8BT and F8TBT based on a same 

polyfluorene conjugated backbone. Inverted-type device architecture was utilized with ZnO/CPE as 

an EIL/ETL to optimize the EL characteristics of HyPLEDs. A large Förster radius of R0 = 5.32 nm 

was determined due to the almost perfect spectral overlap between the emission of F8BT and 

absorption of F8TBT as a FRET donor and acceptor, respectively, resulting in efficient Förster 

resonance energy transfer (FRET)-mediated red emission (FRET efficiency ~80%). The inverted 

PLED based on F8BT:F8TBT (98:2 (wt %)) showed a red emission (CIE coordinate = (0.62, 0.38), 

λmax = 640 nm) with the maximum L of 26,400 cd/m
2
, a LE of 7.14 cd/A, and a turn-on voltage of 2.8 

V. To the best of our knowledge, the LE obtained here is the one of the highest values for pure red-

PLEDs reported so far. 
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Chapter 5. Amine-Based Polar Solvent Treatment for Highly Efficient 

Inverted Polymer Solar Cells 

 

5.1 Research Background 

BHJ-PSCs are promising devices for an alternative energy source because of their low cost, large 

area, and easy solution-based fabrication with mechanical flexibility.
105, 123, 203-207

 Moreover, extensive 

efforts have been made to enhance their PCE by the use of low band gap donor materials
208-211

 for a 

broader absorption range of the solar spectrum and device optimization.
44, 104, 106-107, 212-213

 A corrosive 

HTL such as PEDOT:PSS and a low WF metal cathode such as Ca, Ba, or Al are usually used in 

conventional PSCs, which require strict encapsulation to prevent degradation under oxygen and 

moisture for long-term device stability.
54, 86, 214

 Meanwhile, iPSCs show much better air-stability using 

metal oxides (ZnO, TiOx, etc.) as buffer layers and high WF metals (Ag or Au) as top electrodes.
105, 

215-217
 Furthermore, a favorable vertical phase separation and concentration gradient in the active layer 

can be expected in the iPSCs configuration.
218-219

 

In spite of the many advantages of iPSCs, device performance given in terms of Jsc, FF, and PCE 

is not very high owing to the large contact barrier between the active layer and the electrodes. A Au 

anode with a p-type MoO3 (hole-extracting) layer deposited on it
113

 has been used as an ohmic contact 

to the HOMO level of the active layer and enables abundant hole extraction at the anode in iPSCs. 

However, the contact barrier between the transparent cathode, including n-type metal oxides, and the 

LUMO of the acceptor of an active layer still exists in iPSCs, leading to inefficient charge transport 

and extraction.
104, 111, 144

 In this regard, band gap engineering at the interface between inorganic 

electrodes and organic semiconductors is central to current research interests.
111

 One way to solve the 

problem of this large energy barrier turned out to be by incorporating an interfacial dipole layer or 

surface modifier, such as a SADM,
111

 ionic ILMs,
144

 CPE,
104, 220

 an alcohol/water-soluble conjugated 

polymer,
105-109

 or a polar solvent.
221-222

 The energy barrier between the cathode and an active layer can 

be controlled by these interfacial dipole layers, leading to improved electron transport and extraction. 

Moreover, it can minimize interfacial contact resistance and prevent undesired charge recombination, 

which can result in enhanced device efficiency. In this communication, we report remarkable 

enhancement of iPSCs efficiency by the reduction of the energy barrier between the CB of ZnO and 

the LUMO of the acceptor in an active layer, using a simple and effective method of polar solvent 

treatment on the ZnO layer, specifically, with 2-methoxyethanol (2-ME) and ethanolamine (EA) co-

solvents. The dipolar polarization, which arises spontaneously from the absorption of EA end groups 

such as amine (NH3) and hydroxyl (OH) groups on ripple-structure zinc oxide (ZnO-R), lowers the 

contact barrier for the electron transport and extraction and leads to enhanced electron mobility, 
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suppression of bimolecular recombination, reduction of the contact resistance and Rs, and remarkable 

enhancement of PCE from 6.71 % to 8.69 %.  

 

5.2 Experimental 

ZnO-R/2-ME+EA film fabrication. 0.50 M ZnO-R solutions were prepared by dissolving zinc 

acetate dehydrate [Zn(CH3COO)2·2H2O] in 2-ME solution containing EA as a stabilizer and ZnO 

nanoparticles. This solution was stirred at 60 °C for 30 min to yield a clear and homogeneous 

solution.
223-225

 The ZnO-R precursor solution was spin-cast on cleaned ITO substrates after a UV-

ozone treatment for 30 min and heated to 380 °C with a heating rate of 20 °C/min. Subsequently, 2-

ME+EA was spin-cast at 3,000 rpm on top of the ZnO-R layer and then dried at 110 °C for 10 min.  

AFM characterization. The surface property and morphology of the ZnO-R films with and 

without the 2-ME+EA layer were characterized by AFM. The AFM images (5 μm × 5 μm area) were 

obtained using a Veeco atomic force microscope in tapping mode.  

Scanning Kelvin probe microscopy (SKPM) characterization. The surface potential of the 

active layer and ZnO-R surfaces was measured by SKPM (XE-70, Park Systems, Suwon, Korea). The 

Pt/Cr-coated conducting tip was modulated by applying AC modulation of 350 mV (rms) at a 

frequency of 17.5 kHz using a lock-in amplifier (SR-830, Stanford Research Systems, Sunnyvale, 

CA). The V CPD was obtained by applying a DC feedback voltage to the sample to cancel the 

electrostatic force component between tip and sample, which is proportional to the first harmonic 

signal of the lock-in amplifier.  

X-ray photoelectron spectroscopy (XPS) characterization. To measure the elemental 

composition, empirical formula, and chemical state of intrinsic impurities existing in the ZnO-R films 

with and without 2-ME+EA, XPS investigations were carried out on a Thermo Scientific K-Alpha 

spectrometer (Thermo Fisher) using Al Kα non-monochromatic X-ray excitation at a power of 72 W, 

with an analysis area 400 μm in diameter and a pass energy of 50 eV for electron analysis.
226

  

Solar cell fabrication. The iPSCs devices were fabricated using poly[[4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) as the electron donor and [6,6]-phenyl-

C71butyric acid methyl ester (PC71BM) as the electron acceptor. The PTB7:PC71BM active blending 

layer (~80 nm) was prepared by spin-coating a mixed solvent of chlorobenzene/1,8-diiodoctane (97:3% 

by volume) solution (concentration, 25 mg/mL) at 800 rpm for 1 min. The device was then pumped 

down under vacuum (<10
-6

 Torr), and MoO3 (5 nm) and Ag (100 nm) electrodes were then deposited. 

The area of the Ag electrode defines the active area of the device as 13.0 mm
2
. PCE values were 

determined from J-V curve measurements (using IviumStat source meter, Ivium Technologies, 

Eindhoven, The Netherlands) under a 1 sun, AM 1.5G spectrum from a solar simulator (Portable Solar 
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Simulator PEC-L01, Peccell Technologies Inc., Kanagawa, Japan; 1,000 W/m
2
 ).  

Solar cell characterization. EQE measurements were obtained by using the PV Measurements 

system, applying monochromatic light from a xenon lamp under ambient conditions. The details are 

given in the literature.
227

 The impedance spectra were measured using electrical impedance 

spectroscopy (SI 1287 from Solartron Analytical) and the oscillation amplitude of the AC voltage was 

maintained at 10 mV for all impedance measurements.
104

 The absorption of real devices of ITO/ZnO-

R/PTB7:PC71BM/MoO3/Ag with and without 2-ME+EA treatment were determined by values based 

on the reflection mode (Fig. 5.4). The details are given in the literature.
228

  

 

5.3 Results and Discussion 

 

Figure 5.1. The iPSCs based on PTB7:PC71BM blend with polar solvent. (a) Device architecture of 

the iPSCs. Inset: The chemical structures of the interfacial layer with EA and 2-ME. (b) The chemical 

structures of the active materials. The donor material is PTB7 and the acceptor material is PC71BM. (c) 

Schematic energy diagrams for flat band conditions of iPSCs. 

 

Figures 5.1 a and b illustrate the device architecture of our iPSCs and the chemical structures of 

PTB7 (1-material Inc.), PC71BM, 2-ME, and EA used in this work. The devices consist of ITO as a 

transparent cathode, ZnO-R as an electron extraction layer, a polar solvent as a surface modifier, an 

active layer with PTB7 as the donor material and PC71BM as the acceptor material, MoO3 as a hole 
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extraction layer, and Ag as an anode. A 30 nm thick n-type ZnO-R layer was prepared on ITO by a 

slow heating process, resulting in a denser film with higher surface area than a ZnO planar film. A 

denser ZnO-R film has fewer defects, leading to lower leakage current, larger Rsh, and higher FF in 

comparison with a ZnO planar film.
223

 Next, UV-ozone treatment was conducted on the ZnO-R to 

avoid electron trapping, which led to improved charge transport and collection.
213

 For the interfacial 

modification of the top surface of the ZnO-R layer, various polar solvents were spin-coated at 3,000 

rpm onto a ZnO-R layer and then annealed at 110 °C for 10 min to remove residual solvent. More 

details of the preparation of the ZnO-R layer and surface modification of the ZnO-R layer using polar 

solvents are given in the Experimental Section. The PTB7 (10 mg):PC71BM (15 mg) blend solution 

was dissolved in a mixed solvent of chlorobenzene/1,8-diiodoctane (97:3% by volume), and the 

solution (concentration, 25 mg/mL) was spin-cast at 800 rpm on top of the buffer layer to give a 80 

nm thick active layer. A 5 nm thick MoO3 layer and a 100 nm thick Ag layer were thermally 

evaporated onto the active layer at a slow deposition rate of 0.03 nm/s. Figure 5.1 c shows the energy 

level diagram of the fabricated iPSCs. For higher efficiency of our iPSCs, well-matched work 

functions between the CB of ZnO-R and LUMO of PC71BM and also the suppression of bimolecular 

recombination are required.  

Device characterizations of the iPSCs with and without treatment by polar solvents such as 

methanol, ethanol, 2-ME, and 2-ME+EA on top of the ZnO-R are presented in terms of J-V under 

1000 W/m air mass 1.5 global (AM 1.5G) illumination in Figure 5.2 a. The reference iPSCs without 

polar solvent treatment (reference device) exhibited Jsc = 13.70 mA/cm
2
, Voc of 0.71 V, FF = 0.69, and 

PCE (η) = 6.71 %. On the other hand, the iPSCs with polar solvent treatment showed remarkably 

enhanced device efficiency in comparison with the reference device. Among iPSCs with polar solvent 

treatment, optimized iPSCs using 2-ME+EA (1 % by volume) co-solvents as a surface modifier of the 

ZnO-R layer exhibited the best device performance. The detailed device characteristics with and 

without various polar solvent treatments are summarized in Table 5.1. Moreover, the iPSCs with 2-

ME and EA co-solvent treatment were optimized through different concentration of co-solvents and 

the optimized iPSCs with 2-ME+EA (1 %) co-solvent treatment showed the highest device 

performance, with Jsc = 16.76 mA/cm
2
, FF = 0.73, and PCE = 8.69 %, whereas Voc was similar, at 

0.71 V. The use of excessive volume percentage of EA in 2-ME degraded the device performance 

because higher interfacial negative dipoles, which reduced the contact barrier between ZnO and active 

layers, were not formed and the extraction of electrons was more difficult toward the cathode in a 

thicker EA interfacial insulator (Fig. 5.3 and Table 5.2.
104, 144, 173

 The shift of the vacuum level of 

ZnO-R by the interfacial dipole of EA does not affect the Voc value in this study. The EQE spectra of 

iPSCs with and without the polar solvent treatment on top of the ZnO-R are shown in Figure 5.2 b. 

The iPSCs with polar solvent treatment exhibited higher values, from 350 to 700 nm, than that 
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without polar solvent treatment. The iPSCs with 2-ME+EA co-solvents as a surface modifier of the 

ZnO-R layer showed the highest EQE value with a maximum value of 75 % at 630 nm. 

 

 

 

Figure 5.2. Enhanced device performance in iPSCs with polar solvent treatment. (a) J-V 

characteristics and (b) EQE characteristic under 1,000 W/m
2
 AM 1.5G illumination for the reference 

(black squares), with methanol (gray circles), with ethanol (black triangles), with 2-ME (gray 

triangles), and with 2-ME+EA (gray stars). (c) Absorption spectra and (d) IQE of the full devices 

without (ITO/ZnO-R/PTB7:PC71BM/MoO3/Ag; black symbols) and with 2-ME+EA co-solvent 

treatment (ITO/ZnO-R/2-ME+EA/ PTB7:PC71BM/MoO3/Ag; gray symbols) on a ZnO-R layer. 
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Table 5.1. Summarized device performances of iPSCs with and without polar solvent treatment, 

measured under 1,000 W/m
2
 AM 1.5G illumination. 

Devices configuration 
Jsc 

[mA/cm2] 
Voc 
[V] 

FF 
η 

[%] 
Rs 

[Ω cm2] 

ITO / ZnO-R / PTB7:PC71BM / MoO3
 
/ Ag 13.70 0.71 0.69 6.71 1.08 

ITO / ZnO-R / Methanol / PTB7: PC71BM / MoO3
 
/ Ag 14.69 0.72 0.73 7.72 0.73 

ITO / ZnO-R / Ethanol / PTB7: PC71BM / MoO3
 
/ Ag 14.75 0.72 0.72 7.65 0.95 

ITO / ZnO-R / 2-ME / PTB7: PC71BM / MoO3
 
/ Ag 14.45 0.71 0.71 7.28 0.90 

ITO / ZnO-R / 2-ME+EA (1 %) / PTB7: PC71BM / MoO3
 
/ Ag 16.76 0.71 0.73 8.69 0.69 

 

 

Figure 5.3. J-V characteristics of iPSCs with different co-solvent concentration. J-V characteristic 

under 1,000 W/m
2
 AM 1.5G illumination for full device (ITO/ZnOR/PTB7:PC71BM/MoO3/Ag) with 

2-ME+EA (0.50 %); black line, with 2-ME+EA (1.00 %); red line, with 2-ME+EA (1.67 %); blue line 

and with 2-ME+EA (2.50 %); green line. 

 

Table 5.2. Summarized device performances of iPSCs with different co-solvent concentration, 

measured under 1,000 W/m
2
 AM 1.5G illumination. 

Devices configuration 
Jsc 

[mA/cm2] 
Voc 
[V] 

FF 
η 

[%] 

ITO / ZnO-R / 2-ME+EA (0.50 %) / PTB7:PC71BM / MoO3
 
/ Ag 15.98 0.72 0.73 8.40 

ITO / ZnO-R / 2-ME+EA (1.00 %) / PTB7:PC71BM / MoO3
 
/ Ag 16.76 0.71 0.73 8.69 

ITO / ZnO-R / 2-ME+EA (1.67 %) / PTB7:PC71BM / MoO3
 
/ Ag 16.04 0.71 0.69 7.86 

ITO / ZnO-R / 2-ME+EA (2.50 %) / PTB7:PC71BM / MoO3
 
/ Ag 13.59 0.71 0.68 6.56 
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The IQE of iPSCs with and without 2-ME+EA co-solvent treatment, obtained from the absorption 

spectra (Figure 5.2 c), is shown in Figure 5.2 d. Moreover, the total absorption spectra of iPSCs with 

and without 2-ME+EA co-solvent treatment were obtained from the reflectance spectra (Fig. 5.4), and 

these two absorption spectra are almost identical regardless of 2-ME+EA co-solvent treatment on 

ZnO-R. It proves that the 2-ME+EA interfacial treatment on the ZnO-R layer does not affect the 

absorption of iPSCs. The IQE spectrum of the iPSCs with 2-ME+EA interfacial treatment on the 

ZnO-R layer shows a higher value, above 90 %, than that without the 2-ME+EA interfacial layer, 

which shows around 80 % from 400 to 700 nm, as presented in Figure 5.2 d. 

 

Figure 5.4. Reflectance spectra characteristics. (a) A schematic of optical beam path in (i) ITO/ZnO-

R/MoO3/Ag sample as a reference, ITO/ZnO-R/PTB7:PC71BM/MoO3/Ag samples (ii) without and (iii) 

with 2-ME+EA co-solvents treatment on ZnO-R layer. (b) Reflectance spectra of the iPSCs with and 

without 2-ME+EA co-solvents treatment on ZnO-R layer. 

 

 The wide and high IQE data indicate that the morphology of the blend film is close to the ideal 

donor and acceptor nanometer-scale morphology and the charge extraction in the active layer and two 

metal oxide interfaces is all very close to 100 % in iPSCs with 2-ME+EA co-solvent treatment on 

ZnO-R. The remarkable device performance following 2-ME+EA treatment on ZnO-R originates 

from the spontaneous dipolar polarization. The energy band diagrams for ZnO-R/active layer 

junctions with and without 2-ME+EA co-solvent treatment are illustrated in Figure 5.5 a. For higher 
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device efficiency, the CB of the ZnO-R should match well with the LUMO of PC71BM. After spin-

casting of the 2-ME+EA co-solvent on top of ZnO-R, the CB of the ZnO-R was reduced from 4.4 eV 

to 3.9 eV, as confirmed by UPS measurements, as shown in Figure 5.5 b. 

 

Figure 5.5. Schematic energy level diagrams. (a) Schematic energy diagrams for flat band conditions 

at the ZnO-R/active layer without (left) and with (right) 2-ME+EA co-solvent treatment on the ZnO-R 

layer. (b) UPS measurement of ZnO-R (black line) and ZnO-R with (gray line) 2-ME+EA co-solvent 

treatment. 
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There is no considerable difference in topography between ZnO-R and 2-ME+EA/ZnO-R surfaces 

(Figure 5.6 a), however, we can also confirm the change of surface potential after 2-ME+EA 

treatment by means of SKPM. We measured the contact potential difference (Vcpd) between the tip and 

the partially 2-ME+EA-covered ZnO-R surface (Figure 5.6 b). SKPM measurement revealed an 

increase of surface potential of around 82.6 meV on the active layer (Figure 5.6 c). From UPS and 

SKPM results, we can understand that the 2-ME+EA active layer plays an important role in enhanced 

device performance.  

 

Figure 5.6. Surface characteristic for ZnO-R with and without 2-ME+EA co-solvent treatment. (a) 

The surface property and morphology of the ZnO-R films without (left) and with (right) the 2-

ME+EA layer were characterized by AFM. The AFM images (5 μm × 5 μm area) were obtained using 

the tapping mode. The measured rms roughness of the ZnO-R layer with and without co-solvent 

treatment is 3.94 and 4.47 nm, respectively. (b) Schematic illustration of the experimental setup for 

SKPM. (c) Vcpd as a function of position measured by SKPM. 
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Thus, the interfacial modification of the EA on the ZnO-R layer creates an ohmic contact through 

changes of the energy barrier between the ZnO-R and active layer. This ideal ohmic contact provides 

promoted overall electron transport and high-electron-mobility pathways (see Fig. 5.7). 

 

Figure 5.7. Electron-only devices characteristic. (a) Black line of ITO/ZnOR/PTB7:PC71BM/LiF/Al 

and red line of ITO/ZnO-R/2-ME+EA/PTB7:PC71BM/LiF/Al show J-V curve of linear scale. (b) 

Fitting results (blue dash line) using SCLC model (log scale). 

 

The interfacial dipolar polarization, which arises from the absorption of EA end groups, such as 

amine and hydroxyl groups, on ZnO-R was confirmed by XPS and contact angle measurement. To 

confirm the adsorption of functional groups of EA on ZnO-R, ethylene diamine (EDA, 

NH2CH2CH2NH2) with 2-ME was coated on ZnO-R as a reference because EDA is a well-known 

bidentate ligand and two nitrogen atoms of EDA bond to a Zn metal using electron pairs. Therefore, a 

uniform EDA layer was readily formed on the ZnO-R surface through a chemical bond between two 

nitrogen atoms of EDA and the Zn metal of ZnO-R. While nitrogen atoms with higher 

electronegativity existed near the ZnO-R surface, aliphatic groups (–CH2CH2–) with lower 

electronegativity existed oriented upward in the monolayer. Therefore, the contact angle increased 

with concentration of EDA in 2-ME until two nitrogen atoms of EDA covered all the Zn metal in the 

ZnO surface (3.33 vol % of EDA in 2-ME, maximum contact angle 65.0°), and then decreased as the 

concentration of EDA in 2-ME was further increased because the absorption of EDA end groups on 

the ZnO competed with each other for the excess EDA molecules and some of the hydrophilic end 

groups of EDA oriented upward (see Fig. 5.8). The result of contact angle measurement with EA 

molecules on ZnO-R also showed the same trend as with EDA molecules. The amine and hydroxyl 

end groups of EA were absorbed on the ZnO-R surface and hydrophobic ethylene groups existed 

oriented upward because the interaction between ZnO and hydroxyl groups could also be hydrogen 

bonding between oxygen atom in ZnO and hydrogen atom in hydroxyl groups, as represented in 

Figure 5.5 a. The contact angle was maximized as 37.9° at the specific concentration of EA (1 %) in 
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2-ME where the efficiency of iPSCs also showed the highest value of 8.69 % (Fig. 5.3), and then 

decreased with excess EA.  

 

Figure 5.8. Surface charateristic. (a) Contact angles on ZnO-R/Si layer (25.4°) with various polar 

solvents treatment: methanol (32.4°), ethanol (35.4°), (b) 2-ME (35.7°), 2-ME+EA (0.50 %) (37.3°), 

2-ME+EA (1.00 %) (37.9°), 2-ME+EA (1.67 %) (35.2°), 2- ME+EA (2.50 %) (30.0°) and 2-ME+EA 

(5.00 %) (26.5°). (c) ZnO-R/Si layer with ethylenediamine (EDA) different concentrations as 2-

ME+EDA (1.00 %) (32.1°), 2-ME+EDA (1.67 %) (36.5°), 2-ME+EDA (3.33 %) (65.0°), 2-ME+EDA 

(5.00 %) (51.1°), 2-ME+EDA (8.33%) (44.1°) and 2-ME+EDA (16.67 %) (41.5°). 
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These results indicate that the EA molecules with moderate concentration in 2-ME create the 

negative dipoles, and they lead to reduction of the contact barrier after surface treatment of EA on 

ZnO-R. The adsorption of amine groups of EA on Zn metals of ZnO-R and the existence of EA 

molecules on ZnO-R were also confirmed using XPS measurement by tracking the position and shape 

of the N 1s peak at 400.1 eV (N-C peak) and 398.8 eV (N-Zn peak) (Fig. 5.9).
229-231

  

 

Figure 5.9. XPS spectra characteristics. The observed scans are black line of the Si/ZnO-R sample 

and red line of the Si/ZnO-R/2-ME+EA sample. The inset shows fitted nitrogen from Gaussian 

functions. The black line of intrinsic N 1s peak, green line of background, red line of smoothed 

intrinsic N 1s peak, pink line of N-Zn peak and blue line of N-C peak are shown in the inset data. 

 

The effect of interfacial dipolar polarization on electron transport efficiency could be confirmed by 

the electron-only device characteristics. Electron-only device configurations of ITO/ZnO-

R/PTB7:PC71BM/LiF/Al with and without 2-ME+EA co-solvent treatment were prepared and the 

electron mobility was obtained from the Mott–Gurney space-charge-limited current (SCLC) equation: 

  

3

2
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d
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J reff    (5.1) 

 

where J is the current density, μeff the effective charge carrier mobility, which includes the effect of 

transport efficiency or traps, ε0 the permittivity of free space, εr the relative permittivity of the medium, 

V the applied voltage, and d the thickness of the active layer. The J–V characteristics of electron-only 

devices were fitted with the SCLC model as given in Equation (5.1) (see Fig. 5.7). According to the 

relative dielectric constant (3.4)
108

 and the measured thickness of 80 nm for the active layer, the 

effective electron mobility (μeff) was calculated to be 5.44 × 10
-6

 cm
2
/V∙s for the device without co-

solvent treatment. In contrast, the device with co-solvent treatment showed the higher effective 
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mobility of 5.75 × 10
-4

 cm
2
/V∙s, which corresponds to an approximately hundredfold increase 

compared to the device without co-solvent treatment. This result along with UPS and SKPM 

measurements indicates that the polar co-solvent treatment on the ZnO-R layer effectively promoted 

electron transport and extraction. 

The ZnO-R surface with 2-ME+EA co-solvent treatment was significantly smoother than that 

without 2-ME+EA co-solvent treatment as confirmed by AFM in Figure 5.6 a. The rms roughness of 

the ZnO-R layer with and without co-solvent treatment is 3.94 and 4.47 nm, respectively. Furthermore, 

the 2-ME+EA treatment on ZnO-R minimizes the contact resistance between the ZnO-R and active 

layer due to the improved compatibility in interface, as confirmed by electrical impedance 

spectroscopy, as shown in Fig. 5.10. Upon deposition of the 2-ME+EA interfacial layer, the Rs of the 

device decreased from 1.08 Ω∙cm
2
 to 0.69 Ω∙cm

2
. The combined results, such as higher Jsc, FF, PCE, 

and electron mobility and lower resistance, provide clear evidence for the enhanced performance. 

 

Figure 5.10. Resistance of device analysis. Electrical impedance measurements for PTB7:PC71BM 

iPSCs with and without 2-ME+EA co-solvents treatment on ZnO-R layer. 

 

To confirm the suppression of the bimolecular recombination by the EA interfacial layer the J-V 

characterizations of iPSCs with and without 2-ME+EA co-solvent treatment on top of the ZnO-R 

were measured in the dark, as shown in Fig. 5.11. The dark current density of the iPSCs with 2-

ME+EA co-solvent treatment under reverse bias is much smaller than that of the iPSCs without co-

solvent treatment, and this lower dark current density, observed from the iPSCs with 2-ME+EA co-

solvent treatment, indicates the suppression of the bimolecular recombination by the EA interfacial 

layer.
109

 Thus charge extraction is enhanced. 
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Figure 5.11. Leakage current characteristic. J-V characteristic of iPSCs devices with (red line) and 

without 2-ME+EA co-solvents treatment (black line) on ZnO-R layer in the dark. 

 

 

Figure 5.12. Air-stability characteristic. Normalized (a) Jsc, (b) Voc, (c) FF and (d) PCE as a function 

of storage time for iPSCs with 2-ME+EA co-solvent treatments on ZnO-R layer in air under ambient 

conditions (no encapsulation). 
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In addition, the air stability of iPSCs with and without 2-ME+EA co-solvent treatment on ZnO-R 

layer was measured as a function of storage time under ambient air conditions without any particular 

device encapsulation, as shown in Fig. 5.12. The PCEs of iPSCs with and without 2-ME+EA co-

solvent treatment remained at approximately 60 % of the original values even after storage in air for 

720 h (30 days), and the slopes of decrease for Jsc, FF and PCE values of the iPSCs with and without 

2-ME+EA treatment are almost identical. This result indicates that the interaction between the ZnO-R 

surface and EA is consistent for a long time. 

 

5.4 Conclusion 

In summary, we have successfully demonstrated highly efficient iPSCs using a simple surface 

treatment using a polar solvent, which tunes the barrier between the LUMO of the ZnO-R and active 

layer, and results in improved device performance. In particular, the optimized iPSCs with the 2-

ME+EA interfacial layer demonstrated an enhanced Jsc of 22 %, FF of 6 %, PCE of 30 %, and IQE of 

19 % compared with iPSCs without that interfacial layer. The high efficiency of the iPSCs originates 

from interfacial dipolar polarization, which comes spontaneously from the absorption of EA end 

groups such as amine and hydroxyl groups on ZnO-R. The EA interfacial dipole layer including 

amine groups creates an ohmic contact, leading to improved electron mobility, suppresses bimolecular 

recombination, and reduces the contact resistance and Rs. This charge-selective interfacial engineering 

provides a promising method for organic-semiconductor-based devices, such as OPVs, OLEDs, 

OTFTs, and OLDs.  
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Chapter 6. Highly Efficient Inverted Polymer Light-Emitting Diodes Using 

Surface Modifications of ZnO Layer  

 

6.1 Research Background 

OLEDs/PLEDs have been extensively used over the past few decades for display and solid-state 

lighting applications because of their low cost, light weight, fast response time, large viewing angle 

and mechanical flexibility.
6-7, 131

 Nevertheless, the current state-of-the-art PLEDs still have 

considerable room for improvement in the device efficiency and stability needed for commercial 

applications. To achieve OLEDs/PLEDs of high EQE, two key parameters are important: a high IQE 

including a high PLQE, (ηpl) of the emissive material, singlet formation (ηs) via spin statics and a high 

fraction of recombination (ηre) of electrons and holes in the emissive layer; and a high out-coupling 

efficiency (ηe) such that a high fraction of photons escape the device. In conventionally structured 

PLEDs, ηe is particularly poor at approximately 20% because the light generated in the emissive 

semiconductor is trapped and waveguided inside the OLEDs/PLEDs.
232-236

  

iPLEDs have recently been established as a the substitute for conventional PLEDs because of the 

good air-stability of such devices, which use high WF metal for the anode and air-stable metal oxide 

layers for the EIL and HIL.
56, 59, 102, 110, 237

 However, there are certain critical obstacles impeding the 

realization of highly efficient iPLEDs. In particular, the majority of the light generated in the 

polymeric emissive layer is fully reflected and trapped by in-plane waveguide (WG) optical modes 

because of the use of high-reflective-index layers such as metal oxide (nmo ~1.8-2.4) as the EIL, which 

results in low ηe values for iPLEDs.
103, 117, 175, 238

 Thus far, several approaches have been proposed to 

solve the problem of waveguiding in OLEDs/PLEDs. One method of enhancing the out-coupling 

efficiency is to use a high-refractive index glass substrate and a hemisphere microlens thereon.
117, 238-

239
 Moreover, a Bragg diffraction grating (BDG), a low-index grid and an internal scattering structure 

of the organic layer have been introduced in these devices for the light extraction of the ITO/organic 

WG mode.
240-245

 However, BDGs fabricated using the electron-beam lithography,
242

 nanoimprinting
243

 

and holographic methods
240-241, 244

 incur the high costs and require complex techniques. In addition, it 

is difficult to extract at broad range of light emission using BDGs with regular periodic structures for 

white OLEDs because such a BDG extracts specific emission wavelengths in accordance with 

Bragg’s law, depending on the specific grating period and angle. Even though several methods have 

been suggested to efficiently extract the ITO/organic and glass/air WG modes, alternative methods are 

still required to achieve low costs, and simple manufacturing process and efficient light extraction for 

a broad range of wavelengths. An additional challenge facing the development of iPLEDs is that a 

balance between the charge-carrier injection and transport from each electrode is crucial to increasing 
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the efficiency of iPLEDs by improving the recombination of electrons and holes in the emissive layer. 

However, the charge injection and transport are unbalanced in iPLEDs that use ITO or FTO as the 

cathode; n-type metal oxide, such as ZnO, HfO2 or ZrO2, as the EIL/ETL; F8BT or SY as the 

emissive layer; MoO3 or NiO as HIL/HTL and gold (Au) as the anode. In fact, the hole injection in 

this type of device indicates an ohmic contact from the MoO3/Au to the highest occupied molecular 

orbital level of the emissive layer,
100-101

 whereas the electron injection rates are fairly low because of 

the considerable energy barrier difference between the CB of the n-type metal oxides and the LUMO 

of the emissive layer.
55-56, 59, 102-104, 110, 117, 144, 175, 237-238, 246

 Recently, various strategies have been applied 

to promote electron injection and transport by controlling the interface between the CB of the n-type 

metal oxide and the LUMO of the emissive layer by using an interlayer, such as ILMs,
144

 CPE,
104, 246

 

SADM,
103

 Cs2CO3
102

 or Ba(OH)2
117

. Here we show highly efficient iPLEDs by introducing a 

spontaneously formed ZnO-R and applying an amine-based polar solvent treatment using 2-ME+EA 

to the ZnO-R. In particular, we solve the critical problems facing iPLEDs by enhancing the light 

extraction of the WG mode using spontaneously modified ZnO-R, by improving the recombination of 

balanced charges via the promotion of electron-injection and hole-blocking behavior and by reducing 

exciton quenching through the application of a 2-ME+EA polar solvent treatment to the ZnO-R for 

the ultimate iPLEDs devices. 

 

6.2 Experimental 

ZnO-R/2-ME+EA film fabrication. A 0.75 M ZnO-R solution was synthesized by dissolving zinc 

acetate dehydrate [Zn(CH3COO)22H2O] in 2-methoxyethanol and ethanolamine co-solvents. This 

solution was stirred at 60 °C for 30 min to yield a clear and homogeneous solution.
223-224, 247

 The ZnO-

R precursor solution was spin-cast onto cleaned FTO substrates after a 30-min UV-ozone treatment 

and heated to 400 °C with a heating rate of 20 °C per minute (ZnO-R1) or 10 °C per minute (ZnO-R2). 

Subsequently, the EA/2-ME (1:20 (vol. %)) was spin-cast at 3,000 rpm on top of the ZnO-R layer and 

then dried at 140 °C for 10 min.  

 

AFM characterization. The surface roughnesses and morphologies of the ZnO-F, ZnO-R1 and 

ZnO-R2 films with and without the 2-ME+EA layer were measured using AFM (Veeco Co.). 

 

iPLED cell fabrication and characterization. FTO substrates were cleaned in an ultrasonic bath 

using a conventional cleaning process with deionized water (DI water), acetone and IPA and were 

then dried under a stream of N2. The ZnO layers were spin-coated onto FTO substrates after a 30 min 

UV-ozone treatment and were then heated to 400 °C with different heating rates. Then, the 2-ME+EA 

co-solvent was spin-cast on top of the ZnO layers and dried at 140 °C for 10 min under ambient 
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atmosphere. The emissive layer of F8BT (Cambridge Display Technology Ltd. (Mn = 114 kg/mol) was 

spin-coated from a p-xylene solution onto the prepared ZnO-R/2-ME+EA film and then annealed at 

155 °C for 1 h under nitrogen. A MoO3 (10 nm) and Au (100 nm) electrode were deposited via 

thermal evaporation under vacuum conditions (< 10
-6

 Torr). The area of the device was 13.0mm
2
. The 

J-V-L characteristics and efficiencies were measured using a Keithley 2400 Source Meter and a 

Konica Minolta spectroradiometer (CS-2000), respectively. 

 

TCSPC. The exciton lifetime was measured by using the TCSPC method. The details are shown in 

ref 
184

. 

 

Angular measurement. An angular stage was used to collect EL spectra at various angles from 0° 

to 80° while keeping the device stationary and moving the optical fiber attached to the multi-channel 

spectrometer (Ocean Optics, HR 2000+). A distance of 20 mm was maintained from the iPLEDs 

devices with different ZnO layers at 5.5 V.
238

 

 

Electron only devices. The electron only devices (FTO/ZnO-R1/F8BT/LiF/Al with and without 2-

ME+EA treatment) were prepared. The J-V characteristics were measured using a Keithley 2400 

Source Meter. 

 

PL measurement. The PL intensities of the F8BT (10 nm)/ZnO-F or ZnO-R1/quartz with and 

without 2-ME+EA were measured using PL spectroscopy (Edinburgh Instruments Ltd.). 

 

FDTD simulation. The dispersion curves were calculated using the two dimensional FDTD 

method. We assumed that the ZnO-R1 had the corrugation period of 300 nm and a corrugation depth 

of 15 nm. The refractive indices of Au and ZnO were obtained from the literature, and the refractive 

indices of glass, FTO, F8BT and MoO3 that were used in this calculation were 1.52, 1.85, 1.7 and 1.9, 

respectively. 
238

 

 

6.3 Results and Discussion 

iPLEDs structure. Figure 6.1a,b provide illustrations of the entire device structure of the iPLEDs, 

including the interfacial layer and the different surfaces of the ZnO layers: flat ZnO (ZnO-F) and 

ZnO-R, respectively. The insets illustrate the chemical structures of the emissive polymer, F8BT, and 

the interfacial layer of 2-ME and EA. The iPLEDs were fabricated via the sequential deposition of 

ZnO, 2-ME+EA, F8BT, MoO3 and Au onto an FTO-coated glass substrate; this process is described in 

detail in the Methods section. Although the glass WG mode remains inside the device and therefore 
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cannot contribute to the total light extraction, the ZnO/organic WG modes can be stimulated to be out-

coupled by the ZnO-R.  

 

 

Figure 6.1. Schematic illustrations of iPLEDs devices. The insets illustrate the chemical structures 

of the emissive layer, F8BT, and the interfacial layer, 2-ME+EA, as well as the detailed surface 

structure of ZnO-R. a,b: Device architectures of iPLEDs with (a) ZnO-F and (b) ZnO-R. 
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Figure 6.2. AFM analysis of ZnO layers. Dimensions: 5 μm × 5 μm. a-d: AFM images and Rrms 

vales of ZnO-F layers (a) without (Rrms = 2.13 nm) and (b) with the 2-ME+EA interlayer (Rrms = 1.21 

nm) and of (c) ZnO-R1 (Rrms = 3.11 nm) and (d) ZnO-R2 layers with the 2-ME+EA interlayer (Rrms = 

13.1 nm). Insets: The FFT of each ZnO layer. Isotropic PSD plots from FFT analysis for (e) ZnO-F 

layers without the 2-ME+EA interlayer and (f) ZnO-R1 (black) and ZnO-R2 (red) layers with the 2-

ME+EA interlayer. 
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Ripple-shaped nanostructure of ZnO. The different surface properties of each type of ZnO, such 

as morphology, height, period and roughness, are determined by controlling the heating rate during 

annealing and the concentration of the ZnO solution.
223-224, 247

 The ZnO ripple-shaped nanostructure 

was formed by the reorganization of gel particles of zinc acetate dehydrate [Zn(CH3COO)22H2O] 

during the slow drying process.
248

,
249

  

ZnO layers with a ripple-shaped nanostructure of lesser height and narrower width (ZnO-R1) were 

developed when the spin-coated ZnO samples were heated to 400 °C at a rapid heating rate (20 °C per 

minute), whereas structures of higher height and broader width (ZnO-R2) were fabricated using a 

slower heating rate (10 °C per minute). The preparation of the 2-ME+EA interlayer and the ZnO 

layers is described in the Methods section. Three different types of ZnO, ZnO-F, ZnO-R1 and ZnO-R2, 

with and without the 2-ME+EA interfacial layer were fabricated spontaneously by following the 

solution process using various heating rates during annealing, and the different ZnO types were 

confirmed via AFM in tapping mode, as shown in Figure 6.2a–d. The ZnO-F without 2-ME+EA has a 

rms roughness (Rrms) of 2.13 nm, whereas the ZnO-F with 2-ME+EA has a smoother surface with an 

Rrms of 1.21 nm. In contrast, the ZnO-R1 with 2-ME+EA has an Rrms of 3.11 nm, a height of ~30nm 

and a period of ~300nm (the dominant period over a broad wavelength range), and the ZnO-R2 with 

2-ME+EA has a Rrms of 13.1 nm, a height of ~70 nm, and a period of ~600nm (the dominant period 

over a broad wavelength range). The periodicity of the ripple-shaped nanostructure of the ZnO layer 

was analysed by using the fast Fourier transform (FFT) method. Both ZnO-F layers regardless of the 

2-ME+EA layer have no characteristic FFT patterns, indicating the absence of any periodic structure. 

In the case of the ZnO-R1 and ZnO-R2 with the interfacial layer, their FFT results exhibit ring-like 

patterns that represent a ripple structure with a random orientation and a spatial period. Furthermore, 

the power spectral density calculated from the FFT indicates that there is a significant difference in 

the periodicities of the ripple structures of ZnO-R1 and ZnO-R2 with a wide distribution, as shown in 

Fig. 6.2f, while no characteristic periodicity is observed in the ZnO-F layer, as shown in Fig. 6.2e. A 

spontaneously formed, randomly oriented ZnO-R layer with a wide period distribution can potentially 

be used as the out-coupler for the WG light to extract a broad range of emission wavelengths, 

regardless of direction. iPLEDs performance. The device characterisations of the iPLEDs with 

differently structured ZnO layers (ZnO-F, ZnO-R1 and ZnO-R2) and interfacial layers are presented 

in Fig. 6.3 and Table 6.1; the presented data include (a) J-V, (b) L-V, (c) LE-J, (d) PE-J, (e) EQE-J 

and (f) normalized EL spectra. The efficiencies of the iPLEDs for the three different types of ZnO 

layers include LEs of 11.7 (ZnO-F/2-ME+EA), 14.8 (ZnO-R1/2-ME+EA) and 12.5 cd/A (ZnO-R2/2-

ME+EA), PEs of 4.49, 5.81 and 4.93 lm/W, and EQEs of 3.45, 4.36 and 3.68 %, respectively. In 

particular, the device efficiencies with ZnO-R1/2-ME+EA are higher than those for ZnO-F/2-ME+EA 

by approximately 25 % for LE, 30 % for PE and 25% for EQE because ZnO-R1/2-ME+EA can 
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extract the ZnO/organic WG mode from inside the device structure (Fig. 6.4).  

 

Figure 6.3. Performances of iPLEDs with 2-ME+EA and differently structured ZnO layers. (a) 

Current density versus voltage (J-V) characteristics, (b) luminance versus applied voltage (L-V, cd/m
2
), 

(c) luminous efficiency versus current density (LE-J, cd/A), (d) power efficiency versus current 

density (PE-J, lm/W), (e) EQE versus current density (EQE-J, %) and (f) normalized 

electroluminescence (EL) spectra of the iPLEDs. The insets of c-e show LE-J, PE-J and EQE-J on a 

linear-linear scale. 
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Table 6.1. Summary of device performance for iPLEDs with 2-ME+EA and differently structured 

ZnO layers. 

Device configuration 

L 
max 

[cd/m2] 

@ bias 

LE 
max 

[cd/A] 

@ bias 

PE 
max 

[lm/W] 

@ bias 

EQE 
max

 [%] 

@ bias 

Turn-on 

voltage [V] 

FTO / ZnO-F / 2-ME+EA / F8BT (100 nm) / 
MoO3

 
/ Au 

105400 (8.2 V) 11.7 (8.2 V) 4.49 (8.2 V) 3.45 (8.2 V) 2.0 

FTO / ZnO–R1 / 2-ME+EA / F8BT (100 nm) / 
MoO3

 
/ Au 

128900 (8.2 V) 14.8 (8.0 V) 5.81 (8.0 V) 4.36 (8.0 V) 2.0 

FTO / ZnO-R2 / 2-ME+EA / F8BT (100 nm) / 
MoO3

 
/ Au 

115800 (8.2 V) 12.5 (8.0 V) 4.93 (8.0 V) 3.68 (8.0 V) 2.0 

 

To confirm the enhancement of the out-coupling efficiency achieved using ZnO-R, an angular-

dependence measurement was conducted using an angular stage to measure the normalized EL spectra 

at various angles from 0° to 80°. In this study, strongly waveguided edge emission, which can occur at 

around 90° in the iPLEDs using high refractive index of ZnO-F, is ignored because this edge emission 

is useless for display applications. Interestingly, all emission patterns of the iPLEDs with ZnO-F, 

ZnO-R1 and ZnO-R2 are similar to that of a Lambertian pattern and the integrated EL intensities are 

enhanced by approximately 26 % (ZnO-R1) and 11 % (ZnO-R2) with respect to that of iPLEDs using 

ZnO-F (reference) because of the out-coupling effect. 

 

Figure 6.4. EL spectral characteristics. (a) Angular dependence of normalized light intensity at 540 

nm according to ZnO layers; Lambertian emission pattern (black square), ZnO-F (red circle), ZnO-R1 

(green up-pointing triangle) and ZnO-R2 (blue diamond) at 5.5 V. Device configurations are 

FTO/several types of ZnO/2-ME+EA/F8BT (100 nm)/MoO3/Au. All emission intensities were 

normalized with the emission intensity of the iPLEDs with ZnO-F in the normal direction. 
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The use of high-reflective-index layer for the ZnO layer confines the WG modes within the 

interface of the ZnO and the emissive layers and the introduction of ZnO-R improves the out-coupling 

of the light trapped within the devices and reduces in-plane WG losses. In particular, the efficiency of 

the iPLED with ZnO-R2 is lower than that of the iPLED with ZnO-R1 because of the optical 

quenching and trapping of photons caused by the higher surface roughness of ZnO-R2. 

The efficiency of iPLEDs with ZnO-R was further increased by the application of an amine-based 

solvent treatment to the ZnOR. We have demonstrated that applying a polar solvent treatment to the 

ZnO surface reduces the contact barrier between the active polymer and the ZnO layer because of the 

interfacial negative dipole effect, which is created spontaneously by the absorption of the amine (NH2) 

and hydroxyl (OH) groups of EA on ZnO-R, enhancing the electron extraction by suppression of 

recombination of the electron and hole carriers.
247

 The interfacial negative dipolar polarization that the 

nitrogen atoms and OH groups with higher electron-negativity existed near the ZnO-R surface while 

aliphatic groups (-CH2CH2-) with lower electron-negativity existed upward was confirmed by XPS, 

contact angle and UPS measurement. More detailed contents regarding the surface electronic structure 

by 2-ME+EA treatment are shown in ref.
247

. To support the reduction of the electron injection barrier 

between the active polymer layer and the ZnO layer and the promotion of electron injection and 

transport by the interfacial negative dipole effect, the current densities of the electron-only devices 

(FTO/ZnO-R1/F8BT/LiF/Al) with and without 2-ME+EA were measured (Fig. 6.5). The current 

density of electron-only device with 2-ME+EA is much larger than that of reference device without 2-

ME+EA. This result clearly demonstrates that the electron injection and transport in the devices 

treated with 2-ME+EA are enhanced due to the negative dipolar polarization effect.  

 

Figure 6.5 (a) Schematic energy diagrams for flat band conditions the ZnO-R/2-ME+EA/F8BT. (b) J-

V characteristics of electron-only devices with and without 2-ME+EA. 



93 

 

 

Figure 6.6 Performances of iPLEDs devices using ZnO-R1 without (black square) and with (red 

circle) 2-ME+EA interlayer. (a) Current density versus voltage (J-V) characteristics, (b) luminance 

versus applied voltage (L-V, cd/m
2
), (c) luminous efficiency versus current density (LE-J, cd/A), (d) 

power efficiency versus current density (PE-J, lm/W), (e) EQE versus current density (EQE-J, %) and 

(f) normalized electroluminescence (EL) spectrum of iPLEDs at 100 mA/cm
2
. 

 

The iPLEDs with 2-ME+EA exhibit low current densities because of a reduced leakage current and 

significantly enhanced device efficiencies because of the enhanced recombination of electrons and 

holes inside the emissive layer (see Fig.6.6 4a). Thus, the iPLEDs with ZnO-R1 and 2-ME+EA has a 
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high L of 100,500 cd/m
2
, an LE of 17.3 cd/A, a PE of 6.60 lm/W and an EQE of 4.91 %, which are 

approximately 11-fold, 14-fold, 16-fold and 14-fold higher, respectively, than the corresponding 

values for the iPLEDs with the same ZnO structure without 2-ME+EA, as shown in Supplementary 

Fig. 6.6 and Supplementary Table 6.2.  

 

Table 6.2. Summarized device performances of iPLEDs using ZnO-R1 with and without 2-ME+EA 

interlayer. 

Device 
configuration 

Bias [V] 

@ 10 

mA/cm2 

Bias [V] 

@ 1000 

cd/m2 

L 
max 

[cd/m2] 

@ bias 

LE 
max 

[cd/A] 

@ bias 

PE 
max 

[lm/W] 

@ bias 

EQE 
max

 [%] 

@ bias 

Turn-on 

voltage 

[V] 

w/o 2-ME+EA 4.6 8.0 8,900 (10.4 V) 1.28 (9.8 V) 0.41 (9.8 V) 0.36 (9.8 V) 2.0 

with 2-ME+EA 5.6 5.4 100,500 (10.6 V) 17.3 (10.2 V) 6.60 (5.2 V) 4.91 (10.2 V) 2.0 

Full devices : FTO / ZnO–R1 / (2-ME+EA) / F8BT (200nm) / MoO3
 
/ Au 

 

Figure 6.7 provides the exciton lifetimes of F8BT on various ZnO layers with and without the 2-

ME+EA layer determined via TCSPC. The exciton lifetimes of F8BT on ZnO-F, ZnO-R1 and ZnO-R2 

are 1.44, 1.41 and 1.28 ns at 540 nm, respectively.  

 

 

Figure 6.7. Exciton lifetime. a-c, Time-resolved PL signal of (a) Quartz/ZnO-F/F8BT, (b) 

Quartz/ZnO-R1/F8BT and (c) Quartz/ZnO-R2/F8BT with and without 2-ME+EA, measured via 

TCSPC at an excitation wavelength of 450 nm and an emission wavelength of 540 nm. (d) Summary 

of the exciton lifetimes of F8BT on the different ZnO layers. 
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The exciton lifetime of F8BT on ZnO-R2 is significantly shorter than that on ZnO-F because of the 

high surface roughness, which causes considerable exciton quenching. However, the exciton lifetime 

of F8BT on ZnO-R1 is comparable to that on ZnO-F. Moreover, the exciton lifetimes are increased by 

coating a 2-ME+EA interlayer onto the ZnO layer, which is the opposite of the results obtained when 

measuring exciton lifetimes for conjugated polyelectrolyte and Cs2CO3 interlayers on ZnO
104, 117

; the 

application of the 2-ME+EA polar solvent treatment to the ZnO layers results in reduced exciton 

quenching. These results are summarized in Table 6.3.  

 

Table 6.3. Summarized excition lifetime of F8BT on the different ZnO layers with and without 2-

ME+EA. 

Films configuration 


avr
 

[ns] 

Quartz / F8BT 1.75 

Quartz / ZnO-F / F8BT 1.44 

Quartz / ZnO-F / 2-ME+EA / F8BT 1.61 

Quartz / ZnO-R1 / F8BT 1.41 

Quartz / ZnO-R1/ 2-ME+EA / F8BT 1.56 

Quartz / ZnO-R2 / F8BT 1.28 

Quartz / ZnO-R2 / 2-ME+EA / F8BT 1.38 

 

Moreover, the PL spectra of ZnO/F8BT and ZnO/2-ME+EA/F8BT were measured to support the 

reduction of exciton quenching by 2-ME+EA. The PL intensities of ZnO-F and ZnO-R1 with 2-

ME+EA are higher than those of ZnO-F and ZnO-R1 without 2-ME+EA (Fig. 6.8). 
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Figure 6.8. Photoluminescence (PL) spectra of F8BT on to ZnO-F and ZnO-R1 films with and 

without 2-ME+EA. 

 

These PL results are in agreement with the TCSPC data, which can support the reduced exciton 

quenching. Therefore, it is concluded that the application of a 2-ME+EA interlayer on ZnO is 

effective for enhancing the electrical and optical properties of iPLEDs devices, as indicated by the J-

V-L characteristic curves and the TCSPC and PLQE data. Friend et al.
131

 have previously reported that 

because of the large recombination zone, optimized iPLEDs can be made to exhibit LEs of more than 

20 cd/A by controlling the width of the recombination zone with an approximately 1 mm thick F8BT 

layer.
113, 117

  

 

Table 6.4. Summary of device performance for iPLEDs with ZnO-R1, 2-ME+EA and various 

thicknesses of F8BT. 

Device configuration 

L 
max 

[cd/m2] 

@ bias 

LE 
max 

[cd/A] 

@ bias 

PE 
max 

[lm/W] 

@ bias 

EQE 
max

 [%] 

@ bias 

Turn-on 

voltage [V] 

FTO / ZnO–R1 / 2-ME+EA / F8BT (100 nm) / 
MoO3

 
/ Au 

128,900 (8.2 V) 14.8 (8.0 V) 5.81 (8.0 V) 4.36 (8.0 V) 2.0 

FTO / ZnO–R1 / 2-ME+EA / F8BT (200 nm) / 
MoO3

 
/ Au 

100,500 (10.6 V) 17.3 (10.2 V) 6.60 (5.2 V) 4.91 (10.2 V) 2.0 

FTO / ZnO–R1 / 2-ME+EA / F8BT (350 nm) / 
MoO3

 
/ Au 

110,500 (12.8 V) 34.8 (12.6 V) 9.42 (5.2 V) 10.1 (12.6 V) 2.0 

FTO / ZnO-R1 / 2-ME+EA / F8BT (750 nm) / 
MoO3

 
/ Au 

101,700 (15.2 V) 40.0 (15.0 V) 8.38 (15.0 V) 11.6 (15.0 V) 2.2 

FTO / ZnO-R1 / 2-ME+EA / F8BT (1,200 nm) 
/ MoO3

 
/ Au 

53,400 (20.6 V) 61.6 (20.4 V) 19.4 (4.8 V) 17.8 (20.4 V) 2.6 
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Figure 6.9. Performance of iPLEDs devices with ZnO-R1, 2-ME+EA and various thicknesses of 

F8BT. (a) Current density versus voltage (J-V) characteristics, (b) luminance versus applied voltage 

(L-V, cd/m
2
), (c) luminous efficiency versus current density (LE-J, cd/A), (d) power efficiency versus 

current density (PE-J, lm/W), (e) EQE versus current density (EQE-J, %) and (f) normalized 

electroluminescence (EL) spectra of the iPLEDs. 
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Figure 6.10. Performances of iPLEDs with 2-ME+EA and differently structured ZnO layers: ZnO-F 

(black square) and ZnO-R1 (red circle). 

 

Table 6.5. Summary of device performance for iPLEDs with ZnO-R1, 2-ME+EA and various 

thicknesses of F8BT. 

Device 
configuration 

Bias [V] 

@ 10 

mA/cm2 

Bias [V] 

@ 1000 

cd/m2 

L 
max 

[cd/m2] 

@ bias 

LE 
max 

[cd/A] 

@ bias 

PE 
max 

[lm/W] 

@ bias 

EQE 
max

 [%] 

@ bias 

Turn-on 

voltage 

[V] 

ZnO-F 16.2 12.4 49,900 (22.4 V) 49.9 (22.4 V) 12.4 (7.6 V) 14.6 (22.4 V) 2.8 

ZnO-R1 15.0 11.0 53,400 (20.6 V) 61.6 (20.4 V) 19.4 (4.8 V) 17.8 (20.4 V) 2.6 

Full devices : FTO / ZnO–X / 2-ME+EA / F8BT (1,200nm) / MoO
3 
/ Au  X: ZnO-F, ZnO-R1 

 

Here, we optimized the efficiencies of the iPLEDs by using emissive layer of different thicknesses 

ranging from 100 to 1,200 nm and ZnO-R1 to which the 2-ME+EA co-solvent treatment had been 
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applied. As the thickness of the F8BT emissive layers was increased, the LE, PE and EQE improved 

although the luminance decreased. Among the tested devices, the iPLEDs with 1,200 nm thick F8BT 

exhibits the highest values, with a luminance of 53,400 cd/m
2
, a LE of 61.6 cd/A, a PE of 19.4 lm/W 

and an EQE of 17.8 %, as shown in Fig. 6.9 and Table 6.4. The device efficiencies with 1,200 nm 

thick F8BT and ZnO-R1 treated 2-ME+EA are much higher than those with 1,200 nm thick F8BT and 

ZnO-F treated 2-ME+EA (Fig. 6.10 and Table 6.5). It should be highlighted that the EQE value of 

approximately 18 % is the record high value thus far presented for fluorescent PLEDs devices that 

contain a single polymer emissive layer (Table 6.6).  

 

Table 6.6. Comparison of our work with previous literature. 

 

Previous 
literature 

Emission type Structure 
Emission 

color 
LE 

max 
[cd/A] PE 

max 
[lm/W] EQE 

max
 [%] 

[Nat. Photonics, 2013] 

PLEDs 

[Fluorescent] 

Conventional Green 27.16 18.54 9.07 

[Nat. Photonics, 2012] Conventional Green 30.2 37.2 - 

[Adv. Mater., 2010] Conventional Green 22.1 ~ 5 7.1 

[Adv. Mater., 2010] Inverted Green 22.7 ~7 7.3 

[Adv. Func. Mater., 
2012] 

Inverted Green 27.6 ~ 9 8.9 

[Nat. Photonics, 2012] 

OLEDs 

[Phosphorescent] 

Conventional Green 98.1 102.7 - 

[Adv. Func. Mater., 
2013] Conventional Green 84 128 24 

[Adv. Mater., 2010] Inverted Green 15.1 9.1 ~4 

Our work 
PLEDs 

[Fluorescent] 
Inverted Green 61.6 19.4 17.8 

 

Moreover, a further increase in device efficiency can be obtained using a high-refractive-index 

glass substrate and a hemisphere microlens thereon to extract the glass/air WG mode, although they 

were not used in this study. If we assume that the recombination (ηre) of electrons and holes in the 

emissive layer is 100 %, the singlet formation (ηs) via spin statics is 25 %, the PLQE (ηpl) of the 

material is 100 % and the light extraction (ηe) of the iPLEDs is 25 %, then the calculation indicates 

that a maximum EQE (EQE= ηreηsηplηe) of 5 % can be achieved, which is significantly lower than the 

maximum EQE of 17.8 % observed in this experiment. Two possible explanations for such a high 

EQE are as follows: (i) the value of ηs attributable to electrical injection may be higher than 25 % 

because of the triplet-triplet annihilation process
250-251

 and the fact that the singlet-formation cross-

section of F8BT is greater than the triplet-formation cross-section of F8BT
240

 and (ii) the enhanced 

light extraction (ηe) of the iPLEDs achieved by using ZnO-R may also contribute to the high EQE 

value.  
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Finite-difference time-domain calculation. To investigate the enhanced device performance with 

regard to light extraction, we calculated the dispersion curves of the proposed OLED devices. We 

used the finite-difference time-domain method to enable the calculation of the dispersion curves of the 

nanostructure-incorporated devices. In this calculation, we compared the flat device (ZnO-F) to the 

nanostructured device (ZnO-R1) by assuming a uniform shape (hemi-ellipse) and pattern space (Λ = 

300 nm) of the ZnO nanostructures to simplify the random nature of the nano-patterns. Figure 6.11 

provides the calculated dispersion curves for the transverse-magnetic and transverse electric modes of 

the ZnO-F and ZnO-R1 devices. Figure 6.11b,d clearly indicate the extraction of guided modes into 

the air cone when the corrugated nanostructures are incorporated, but no such extraction is evident in 

the case of the flat device (Fig. 6.11a,c). Even though the exact theoretical calculation of the 

extraction efficiency is not available due to the random nature of the patterns and the limitation of 

two-dimensional simulation, the extraction efficiency and the optical loss of the iPLEDs was obtained 

by integrating the corresponding region in the power dissipation spectrum shown in Fig. 6.11 (ref.
252

). 

In the case of ZnO-F and ZnO-R1 devices, the amount of power emitted directly to air (kx<kn_air=1) is 

increased from 19 to 34 % and the optical loss including waveguided and SPP modes (kx>kn_glass=1.52) 

is decreased from 35 to 26 %. It implies that the enhancement of extraction efficiency is about 79 % 

for the iPLEDs with ZnO-R1 compared with ZnO-F. We believe that the extraction is primarily 

attributable to the reduction in the in-plane wave vectors of the WG modes caused by the Bragg 

grating vector.
235-236

 To clarify the higher extraction in the ZnO-R1 device (Λ = 300 nm) compared 

with that in the ZnO-R2 device (Λ = 600 nm), we calculated the grating period as a function of the 

emission wavelength, as shown in Supplementary Fig. 6.11e (ref.
235-236

). It should be noted that the 

corrugation period of the ZnO-R1 device (Λ = 300 nm) is well matched with the grating period that is 

required to extract the WG modes for the emission wavelength (~540 nm). These simulated results are 

consistent with the experimental observations (Fig. 6.3 and Fig. 6.4).  
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Figure 6.11. Calculation of waveguide modes by the FDTD method. (a) Dispersion curve (TM 

modes) of ZnO-F. (b) Dispersion curve (TM modes) of ZnO-R1. (c) Dispersion curve (TE modes) of 

ZnO-F. (d) Dispersion curve (TE modes) of ZnO-R1. (e) Calculated grating period with respect to 

emission wavelength required to extract the waveguides modes.  



102 

 

6.4 Conclusion 

In this article, we successfully achieve an ultimate LE of 61.6 cd/A, a PE of 19.4 lm/W and an 

EQE of 17.8 % in iPLEDs using a simple and effective method that relies on the nanostructure of 

ZnO-R and the 2-ME+EA polar solvent treatment of the ZnO-R. Spontaneously formed ZnO-R 

effectively enhances the extraction of the ZnO/organic mode, and this enhancement is independent of 

the specific grating period and polar angle because of the broad periodicity distribution and the 

random orientation. Moreover, modification of the interface using 2-ME+EA controls the energy 

barrier between the CB of the ZnO-R and the LUMO of the emissive layer to balance the injection of 

charges, which results in highly efficient iPLEDs. Furthermore, our approach can be applied to white 

PLEDs and electrically pumped organic lasers. 
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Chapter 7. Summary 

 

I have studied various interfacial engineering with charge selective transport for highly efficient 

polymer based optoelectronic devices such as PLEDs and PSCs. The balanced charge transport via 

charge selective interfacial engineering or surface modification is key issues for optimizing 

optoelectronic device performances, which enhances the minority carrier transport with energy level 

matching between the materials, reduce the interfacial resistance and passivate the charge trap sites. 

Furthermore, interfacial engineering can support blocking behavior of abundant majority carrier and 

reduction of exciton quenching, which give rise to improve the recombination probability of electron-

hole in PLEDs while suppress bimolecular recombination in PSCs.  

In this thesis, one of my research fields is various interfacial engineering strategies employing 

modified charge transport layer such as GO as HTL in conventional PLEDs and surface modified ZnO 

as ETL using ILMs, CPE and amine-based polar solvents in iPLEDs and iPSCs. 

In chapter 1, the background including history, principle, mechanism and concept of the 

organic/polymeric optoelectronic devices, as well as their electrical and optical properties were 

introduced briefly. Furthermore, various methods, concepts and trends were introduced with 

reviewing several papers or books for highly efficient performance of optoelectronic devices such as 

PLEDs and PSCs. In particular, this chapter focused on importance of balanced charge transport via 

charge selective interfacial engineering in PLEDs and PSCs.  

In chapter 2, improvement of PLED the performance using solution-processing GO as HTL was 

investigated. The GO layer with a wide band gap (~3.6 eV) blocks electron transport from an emissive 

polymer to an ITO anode while reduces the exciton quenching between the emissive layer and GO 

alternative to PEDOT:PSS. This GO interlayer maximizes recombination rate of electron-hole within 

the emissive layer, finally improving device performance in PLEDs. Optimized PLEDs with a 4.3 nm 

thick GO interfacial layer showed a maximum L of 39,000 cd/m
2
, maximum LE of 19.1 cd/A (at 6.8 

V), and maximum PE of 11.0 lm/W (at 4.4 V). PLEDs with GO layer show a 220 % increase in their 

LE and 280 % increase in their PE compared to PLEDs with PEDOT:PSS. 

In chapter 3, enhancement of device performance by surface modification of ZnO using ILMs such 

as benmim-Cl in HyPLEDs and HyPSCs was studied. Spontaneously aligned dipole polarization 

within the thin ILMs layer reduces the energy barrier between the CB of ZnO and LUMO of the 

active layer, leading to enhancement of injection of electron in HyPLEDs and increase of Voc in 

HyPSCs. The Device performance of HyPLEDs using ILMs indicated a maximum L of 7,500 cd/m
2
 

(at 14.0 V) and a LE of 2.7 cd/A (at 14.0 V), which is approximately 40-fold higher than that of 

reference HyPLEDs. Moreover, it is confirmed the ionic dipole polarization effect by reduction of the 

turn-on voltage in HyPLEDs and two-fold increase of the Voc in HyPSCs. 
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 In chapter 4, highly efficient inverted-type red-emitting HyPLEDs using Fӧrster resonance energy 

transfer (FRET) and interfacial engineering of metal oxide with a cationic CPE were described. 

Similarly structured polyfluorene copolymers such as F8BT (green emission) and F8TBT (red 

emission) were homogeneously blended as a FRET donor (host) and acceptor (dopant). A cationic 

polyfluorene based CPE was also used as an interfacial layer for optimization of the charge 

injection/transport and improvement of the compatibility between hydrophobic emissive layer and the 

hydrophilic ZnO. The perfect spectral overlap between the emission of F8BT and the absorption of 

F8TBT results in a long Fӧrster radius (R0 = 5.32 nm) and high FRET efficiency (∼80 %). A 

HyPLED with F8TBT of 2 wt. % doping showed a pure red emission (λmax = 640 nm) with a CIE 

coordinate of (0.62, 0.38), as well as a maximum L of 26,400 cd/m
2
 (at 12.8 V), a LE of 7.14 cd/A (at 

12.8 V), and a PE of 1.75 lm/W (at 12.8 V).  

In chapter 5, highly efficient iPSCs using a simple and effective method of polar solvent treatment 

such as 2-ME and EA co-solvents on the ZnO layer were demonstrated. In particular, optimized iPSCs 

with 2-ME+EA co-solvent treatment showed Jsc = 16.76 mA/cm
2
, Voc = 0.71 V, FF = 0.73, and PCE = 

8.69%. Spontaneously dipolar polarization results in lowering the energy barrier for the electron 

transport/extraction, leading to enhancement of electron mobility, suppression of bimolecular 

recombination, as well as reduction of the contact resistance and Rs.  

In chapter 6, improvement of the efficiency of iPLEDs by employing a spontaneously formed 

ripple-shaped nanostructure of ZnO and an amine-based polar solvent treatment to the nanostructure 

of ZnO was studied. The nanostructure of the ZnO layer enhances the extraction of the waveguide 

modes inside the device structure, and a 2-ME+EA interlayer improves the electron injection and hole 

blocking in addition to reduce the exciton quenching between the polar-solvent-treated ZnO and the 

emissive layer. Furthermore, optimized iPLEDs show a LE of 61.6 cd/A and EQE of 17.8 %, which 

are the highest efficiency values among PLEDs that contain a single emissive layer.   
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지치지 않고 당당히 박사의 길을 걸을 수 있게 도와 주신 송명훈 지도교수님께 정말 감

사의 말씀을 드리고 싶습니다. 때로는 큰 형처럼 학업뿐 만 아니라, 인생의 조언까지 아

끼지 않으시고 늘 아끼던 동생처럼 대해주셔서 감사 드립니다. 그리고 기꺼이 박사학위

심사위원을 맡아주신 최경진 교수님, 박장웅 교수님, 김병수 교수님, 조신욱 교수님께 

감사의 말씀을 전하고 싶습니다. 학위 심사와 더불어 많은 조언과 지도, 공동연구의 기

회를 주셔서 감사 드립니다. 그 밖에 지금은 안식년을 맞이하여 UCSB에서 연구 중이신 

김진영 교수님을 비롯하여, 늘 밝은 모습으로 절 맞아주시는 양창덕 교수님, ACS Nano

라는 좋은 저널을 쓰도록 도움주신 신현석 교수님, 처음 인연을 맞았던 박기복 교수님, 

먼 KAIST에서 좋은 조언과 의견을 주신 김상욱 교수님, 오랫동안 공동연구를 진행해온 

부산대학교의 우한영 교수님께 감사의 마음을 전합니다.  

 

  학위과정 동안 동고동락했던 OPOL 멤버들, 솔선수범으로 자기 일에 최선을 다하는 

우리 랩장 재철이, 가장 오랫동안 나와 함께 했던 윤석이, 친동생처럼 나를 잘 따르고 

나와 잘 맞는 부사수 승진이, 늘 딴짓하는 것처럼 보이지만 부지런한 상윤이, 인간성이 

좋아서 주위에 사람이 많은 다빈이, 모든 문제를 전부 다 해결해주는 의대, 긍정의 아이

콘 종현이까지 모두가 나에게 큰 힘이 되었습니다. 특히, 나를 가장 많이 발전시켜준 좌

우 양날개 박지선 박사와 최효성 박사에게도 감사의 말을 전합니다. 그리고 같은 필드

에서 선의의 경쟁을 펼치는 서진이, 나와 가장 오랜 시간을 함께하고 나를 가장 잘 아

는 재환이, 무뚝뚝하고 거칠어 보이지만 속이 깊은 태희, 좋은 그림으로 나를 도와준 정

민이와 경식이, 그 밖에 NGEL 식구들, HPPS 식구들 감사합니다. 나의 건강을 책임져 주

었던 르메르 멤버들도 열심히 운동하고 연구해서 대박 나길 바랍니다. 지금은 좋은 곳

에 취업해서 떠난 나의 유니스트 소울메이트들 미희와 내 친구 상하도 감사!!  
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그리고 최근 결혼한 단짝친구 혁진이와 한결 같은 성원이, 늘 친형처럼 잘 따라준 웅

이와 권호, 곧 처남이 될 원욱이, 격려해주는 아름이에게도 감사의 말을 전합니다. 또 

나를 위해 기도해주는 우리 5남매 형님누나들, 제혁이형, 상록이형, 정진누나, 은주누나!! 

진심으로 감사합니다. 또 귀염둥이들 기철이, 종진이, 민성이, 누리, 세윤이, 도애, 찬미

도 고마워요. 또 나를 위해 늘 기도해 주신 정호종 목사, 박원일 목사님 잊지 않을게요. 

마지막으로 지금까지 사랑과 믿음으로 키워주신 부모님과 어느덧 한 아이의 아빠가 

되어버린 우리형, 그리고 나의 베프인 형수 찬미, 그리고 귀염둥이 조카 로운이, 친가 

외가 식구들까지, 정말 가족이 있어서 든든했고 끝까지 잘 학위과정을 마칠 수 있었습

니다. 그리고 내년이면 나의 아내가 될 희진이에게도 진심으로 감사의 말을 전합니다. 

아무것도 가진 것 없고 부족한 나를 믿고 끝까지 나의 길을 갈 수 있게 해준 당신이 있

어서 행복합니다. 그리고 예쁘고 착한 딸을 허락하신 예비 장인장모님께도 감사의 마음

을 전합니다.  

지금까지 감사의 마음을 전한 여러분들이 없었다면 저는 이렇게 좋은 성과와 결과를 

얻지 못했을 뿐 아니라, 학위도 얻기 힘들었을 겁니다. 여러분들이 있어서 정말 든든했

고 감사했으며 늘 새 힘을 얻을 수 있었습니다. 또 유니스트에서 한 시간들이 제 삶의 

큰 재산이며 좋은 추억들입니다. 이 시간들 영원히 잊지 못할 것 같습니다.  

다시 한번 진심을 담아 감사 드립니다.   
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