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Interface Dipole for Remarkable Efficiency Enhancement in All-
solution-processable Transparent Inverted Quantum Dot Light-
emitting Diodes 

Lixiang Chen, † Min-Hsuan Lee, † Yiwen Wang, Ying Suet Lau, Ali Asgher Syed, and 
Furong Zhu* 

We report our effort to develop high performing all-solution-processable transparent inverted quantum-dot light-

emitting diodes (QD-LEDs) by interposing an interface dipole between the ZnO electron-transporting layer (ETL) and the 

quantum dot light-emitting layer. It shows that the electrostatic interaction between the N+ groups in the polar 

conjugated polyelectrolyte molecules and the hydroxyl (OH) groups on the ZnO ETL surface creates the interface dipole. 

The presence of an optimal interface dipole benefits the efficient operation of QD-LEDs in two ways: (1) it effectively 

reduces the energy barrier at the ETL/QD emissive layer interface for efficient charge injection, and (2) it prevents the 

exciton quenching by suppression of ZnO surface defects. The combined effects resulted in a significant enhancement in 

the performance of the transparent inverted QD-LED, achieving an impressive high maximum luminance of 10011 cd/m2, 

which is 75% higher than that of a control device made with a pristine ZnO ETL (5721 cd/m2). QD-LEDs with an optimal 

interface dipole also possess a high luminous efficiency of 1.55 cd/A, which is 57% higher than that of a control QD-LED 

(0.99 cd/A). 

1. Introduction 

Transparent organic light-emitting diodes (OLEDs) have attracted an 

increasing attention because of their applications in flat panel 

displays, translucent window panes, and future solid-state lighting 

technologies. 1-3 Much effort has been devoted to improve the 

performance of the transparent OLEDs. Angular-dependent 

electroluminescence emission behavior is often encountered in 

transparent white OLEDs, caused by the microcavity effect. In a 

previous work, it was found that the prevention of the overlap 

between the resonant wavelength of the organic microcavity and 

the peak wavelengths of the emissive layer enables to mediate the 

angular-dependent emission feature, thereby improving the color 

stability of the transparent white OLEDs over a broad range of the 

viewing angles. 4 Compared to the progresses made in the 

transparent OLEDs, transparent quantum-dot light-emitting diodes 

(QD-LEDs) are emerging as an attractive option for application in 

large area flat panel displays due to their unique advantages of 

tunable emission wavelength, high color purity, high efficiency, and 

solution fabrication process. 5–11 To meet the requirements for low-

cost, large-area manufacturing of transparent QD-LEDs, it requires 

that all functional layers, including the charge injection interlayers, 

quantum-dot light-emitting layer and the upper electrode, can be 

prepared using solution fabrication process. Many encouraging 

progresses have been made in developing solution-processable 

transparent conducting materials, including transparent conductive 

oxides, 12 graphene sheets, 13 conducting polymers, 14 silver 

nanowires (AgNWs), 15, 16 and carbon nanotubes 17, for upper 

electrode in transparent QD-LEDs. The advances in high quality 

solution procesable transparent electrodes, readily adopted 

through solution fabrication and transfer printing processes, 

provide a freedom for new device concepts and applications. 18–20 

However, the relatively low luminescence and luminous efficiency 

are still some of the technical challenges the transparent QD-LEDs 

face today. 21–23  

The perfect charge injection and electron-hole current balance 

are the prerequisites for achieving high performance transparent 

QD-LEDs. It is known that the transparent QD-LEDs with an inverted 

device structure, having a stack of the functional layers sandwiched 

between a front transparent cathode and an upper transparent 

anode, are more preferred over the ones with a conventional 

configuration having a pair of a front transparent anode and an 

upper transparent cathode for application in flat panel displays. The 

inverted QD-LEDs can be readily integrated with n-type metal oxide 

or amorphous silicon thin film transistor backplanes in active matrix 

displays. 24–26 A combination of a metal oxide electron-transporting 

layer (ETL) and an organic hole-transporting layer (HTL), e.g., a pair 

of zinc oxide (ZnO)-modified front indium tin oxide (ITO) cathode 

and solution-processable AgNWs upper anode, has been adopted 

for application in QD-LEDs and OLEDs. 27,28 The efficient charge 

injections at the emissive layer/upper transparent anode and the 

emissive layer/front transparent cathode interfaces are two critical 

issues for attaining efficient operation of the light-emitting devices. 
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The hole injection is closely associated with the contact quality at 

the HTL/AgNWs upper anode interface, affected by the process 

compatibility and the electric properties of the upper AgNWs anode 

in OLEDs, which otherwise causes a poor hole injection contact due 

to a large surface roughness and mismatch in interfacial energy 

level alignment at the organic/composite anode interface. 29 A 

poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: 

PSS)/AgNWs composite transparent anode was proposed to 

improve the hole injection for application in OLEDs. 27 However, 

deposition of the PEDOT:PSS-based composite upper anode had 

some process difficulties due to the poor wettability of the aqueous 

PEDOT:PSS on hydrophobic surface of the organic HTL. In a recent 

work, 28 we demonstrated that the use of solution-processed 

molybdenum trioxide (s-MoO3) additive in the composite 

PEDOT:PSS/ AgNWs anode greatly improves its process wettability 

and contact quality at the QD emission layer/upper anode interface. 

It is shown that the addition of s-MoO3 nanoparticles (NPs) not only 

alleviates the deposition difficulty of the upper composite anode 

but also enhances the hole injection at the QD emissive layer/upper 

anode interface. The transparent QD-LEDs with a maximum 

luminance of 4839 cd/m2 and a current efficiency of 1.39 cd/A, 

were obtained, which is 33% higher than the maximum luminance 

of a control QD-LED with a composite PEDOT:PSS/AgNWs anode 

(3622 cd/m2) and 27% higher than the luminous efficiency of the 

control device (1.09 cd/A). The transparent QD-LED has a visible 

light transparency over 70%. 

A thin layer of solution-processed ZnO NPs has high electron 

mobility, high visible light transparency, which can be prepared 

without the post annealing process and is one of the commonly 

used ETL materials in inverted QD-LEDs. 25-26 However, the 

performance of QD-LEDs can be limited due to the imperfection in 

ZnO ETL, such as surface defects, non-radiative exciton quenching 

and the inefficient electron injection caused by the mismatch in 

energy level between ZnO ETL and QD emissive layer. 30 The 

solution-processed ZnO ETL requires an appropriate surface 

modification for achieving efficient electron injection, thereby 

improving the efficient operation of QD-LEDs. Conjugated 

polyelectrolyte, poly[(9,9-bis(3’- ((N,N-dimethyl)-N-

ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-9,9-

dioctylfluoren)]dibromide (PFN-Br) is an efficient interfacial 

modifier that has been used for modifying the surface of metal 

oxide (or metal) layer to improve the contact between the metal 

oxide (or metal) and organic active layers. 31–32 In this work, we 

demonstrate that the luminance and current efficiency of all-

solution-processable QD-LEDs can be further enhanced by 

interposing an interface dipole between the ZnO ETL and the QD 

emission layer, created by modifying the ZnO ETL surface with an 

ultrathin layer of solution-processed PFN-Br. The use of the PFN-Br-

modified ZnO ETL interlayer benefits the efficient operation of the 

QD-LEDs in two ways: (1) it effectively reduces the energy barrier at 

the ETL/QD emissive layer interface for efficient charge injection, 

and (2) it prevents the exciton quenching by suppression of ZnO 

surface defects. As a result, transparent QD-LEDs with a very 

remarkable high maximum luminance of 10011 cd/m2 and a high 

luminous efficiency of 1.55 cd/A were attained, which is 75% higher 

than the maximum luminance of a control QD-LED made with a 

pristine ZnO ETL (5721 cd/m2), and is 57% higher than the luminous 

efficiency of a control QD-LED (0.99 cd/A). The optimized 

transparent QD-LEDs also possess a high visible light transparency 

of 74%.   

2. Experimental section 

Materials. The solution of ZnO NPs was formulated in two steps: 

(1) the zinc acetate dehydrate (ZnAc2H2O) solution was prepared 

by dissolving 780 mg ZnAc2H2O in 50 ml methanol, and potassium 

hydroxide (KOH) solution was formed by dissolving 390 mg KOH in 

29 ml methanol. (2) ZnAc2H2O solution was pre-annealed at 65°C, 

the KOH solution was then added slowly to the ZnAc2H2O solution. 

The ZnAc2H2O and KOH mixture solution was stirred at a constant 

temperature of 65°C for approximately 3 h reaction, forming ZnO 

NPs. ZnO NPs were then precipitated by centrifugation and purified 

using methanol twice. Finally, ZnO NPs were re-dispersed in 

methanol, forming solution with a ZnO NP concentration of 20 

mg/ml. 33,34 The s-MoO3 NPs were also synthesized following the 

procedure described in the previous work. 34 High conductivity 

PEDOT:PSS (Heraeus-Clevios, PH1000), AgNWs (with a diameter of 

60 nm, an average length of 10 μm, 0.5% dispersion in IPA, Sigma-

Aldrich), poly(9-vinylcarbazole) (PVK) (Nichem Fine Technology, 

Taiwan), PFN-Br (Yurui Chemical Co., Ltd, Shanghai) and the 

colloidal CdSe-ZnS core-shell quantum dots (5 mg/ml in Toluene, 

Mesolight Nano Technology, China) were used as received without 

further purification. The formulation solutions were optimized to 

meet the process compatibility and requirement for high 

performing QD-LEDs.  

Device fabrication. The formulations with different PFN-Br 

concentrations of 0.2 mg/ml, 0.5 mg/ml, 1.0 mg/ml and 1.5 mg/ml 

in methanol were obtained by dissolving PFN-Br in methanol 

solvent. The transparent inverted QD-LEDs made with the full-

solution fabrication processes have a device configuration of 

glass/ITO/ZnO/PFN-Br/CdSe-ZnS QDs/PVK/s-MoO3/PEDOT:PSS 

/AgNWs. The ultrathin PFN-Br modified 40-nm thick ZnO serves as 

an electron injection layer. The 5-nm thick s-MoO3 layer assists the 

deposition of composite anode on the hydrophobic PVK layer (30 

nm). 28 These functional layers were spin-coated via a layer-by-layer 

approach on the surface of the pre-patterned ITO/glass substrates. 

ZnO ETL was formed on ITO/glass by spin coating at a rotation 

speed of 2000 rpm for 40 s, following an annealing at 150°C for 10 

min in the glove box. The PFN-Br layer was spin-coated on ZnO ETL 

at a rotation speed of 3000 rpm for 40 s, and annealed at 90°C for 

10 min. The QDs emissive layer was spin-coated on the ETL using a 

5 mg/ml QDs toluene solution, followed by annealing at 100°C for 

30 min. PVK was dissolved in chlorobenzene solvent. The PVK hole 

injection layer was formed on QD emissive layer by spin coating at a 

rotation speed of 2000 rpm for 2 s, having a continuous N2 gas 

blowing over the specimen during film preparation. The PVK hole 

injection layer was then annealed at 100 °C for 10 min and cooled 

to room temperature for subsequent device fabrication. A 5 nm 

thick s-MoO3 interlayer was spin-coated on surface of the PVK hole 

injection layer at a rotation speed of 4000 rpm for 30 s and 

annealed at 60°C for 10 min. Finally, the composite anode 

composed of PEDOT:PSS layer and AgNWs layer was deposited by 
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spray coating. The control QD-LED with a pristine ZnO ETL was 

fabricated following the same procedure for comparison studies. 

Characterizations. Surface electronic properties a solution-

processed ZnO and a PFN-Br-modified ZnO films were analyzed 

using X-ray Photoelectron Spectroscopy (XPS) measurements, using 

a monochromatic Mg Kα line having photon energy of 1253.6 eV, 

operated at 10 kV and an emission current of 15 mA. Ultraviolet 

Photoelectron Spectroscopy (UPS) measurements were performed 

in an ultra-high vacuum system with a base pressure of <2×10−9 

mbar, equipped with an electron spectrometer (Sengyang SKL-12) 

and an electron energy analyzer (VG CLAM 4 MCD). The QD-LEDs 

were encapsulated inside the glove box, with oxygen and moisture 

levels  0.1 ppm, before they were taken out for characterization in 

air. The electroluminescence (EL) spectra of the QD-LEDs were 

measured by a spectral colorimeter (Photo Research Inc., Model 

650) spectrophotometer. Current density–voltage–luminance (J–V–

L) characteristics of the all-solution-processed transparent QD-LEDs 

were measured by a Keithley source unit (Keithley Instruments Inc., 

Model 236 SMU), which was calibrated using a silicon photodiode. 

3. Results and discussion 

The J–V–L characteristics measured for the QD-LEDs made with a 

PFN-Br-modified ZnO ETL, prepared using a solution with a PFN-Br 

concentration of 0.5 mg/mL in methanol, and a structurally 

identical control QD-LED made with a pristine ZnO ETL are shown in 

Figure 1a and 1b, respectively. The QD-LEDs made with a PFN-Br-

modified ZnO ETL display an obvious higher current density and a 

remarkable enhancement in total luminance (green curve), the sum 

of the luminance measured from the ITO side (red curve) and 

AgNWs side (blue curve) of the QD-LEDs. as compared to those of a 

control QD-LED. The results also reveal that the luminance intensity 

measured from the front ITO/ZnO/PFN-Br side is almost the same 

as that from the s-MoO3/PEDOT:PSS/AgNWs side, suggesting that 

the solution-processed s-MoO3/PEDOT:PSS/AgNWs upper 

transparent anode is fully comparable for application in all-solution-

processable QD-LEDs. It is clear that the total luminous efficiency of 

the QD-LEDs made with a PFN-Br-modified ZnO ETL is apparently 

higher than that of the control QD-LED, as illustrated in Figure 1c. 

The improvement in the electron injection contributes to the 

efficient operation of the QD-LEDs, producing an almost identical EL 

emission behavior for the QD-LEDs with a PFN-Br-modified ZnO ETL 

and the control device. The normalized EL spectra, shown in the 

inset in Figure 1c, have an emission peak at 620 nm and a full-width 

at half-maximum of 35 nm, representing the saturated emission 

from the CdSe/ZnS QDs.  
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A summary of the turn-on voltage (Von), total luminance and 

current efficiency measured for the optimized QD-LEDs made with a 

PFN-Br-modified ZnO ETL and a pristine ZnO ETL is listed in Table 1.  

QD-LEDs with Von (V) 
Lmax 

(cd/m2) 

ηmax 

(cd/A) 

η1000 

(cd/A) 

PFN-Br-modified ZnO 

ETL 
3.6 10011 1.55 0.66 

pristine ZnO ETL 4.1 5721 0.99 0.59 

Compared to a control QD-LED, the QD-LEDs made with a PFN-Br-

modified ZnO ETL had a relatively lower Von of 3.6 V, indicating a 

reduced electron injection barrier and an improved contact quality 

at the PFN-Br-modified ZnO ETL/QD emissive layer interface. The 

maximum luminance of 10011 cd/m2 for QD-LEDs made with a PFN-

Br-modified ZnO ETL was obtained, which is 75% higher than that of 

a control device having a pristine ZnO ETL (5721 cd/m2). 10011 

cd/m2 is one of the highest luminance values reported for the all-

solution-processed transparent inverted QD-LEDs so far. QD-LEDs 

with a PFN-Br-modified ZnO ETL also possess a current efficiency of 

1.55 cd/A, which is 57% higher than that of a control QD-LED (0.99 

cd/A). The modification of ZnO ETL with a PFN-Br interlayer 

contributes to the remarkable enhancement in the performance of 

the all-solution-processable QD-LEDs. The current efficiency values 

measured for the QD-LEDs with a PFN-Br-modified ZnO ETL and a 

control device at the luminance of 1000 cd/m2 also listed in Table 1, 

demonstrating the advantage of incorporating a PFN-Br-modified 

ZnO ETL for efficient operation of the QD-LEDs. 

    The visible light transparency spectra measured for the all-

solution-processed QD-LEDs and an ITO/glass substrate are shown 

in Figure 1d. The inset in Figure 1d illustrates a schematic cross-

sectional view of the layered QD-LED. It shows clearly that the all-

solution-processed QD-LEDs developed in this work had a high 

visible light transparency. A photo picture taken for a transparent 

inverted QD-LED emitting light is presented in the insert of Figure 

1c. These results reveal that solution-processable PFN-Br-modified 

ZnO layer is a unique method for achieving high efficient electron 

injection, a promising approach that can be readily adopted by 

industry for application in large area flat panel displays through all-

solution fabrication processes.  

To unravel the origin of the advantages of PFN-Br-modified ZnO 

ETL on the significant enhancement in the performance of QD-LEDs, 

the impact of the PFN-Br modification on the surface electronic 

properties of the ZnO ETL was analyzed using XPS and UPS 

measurements. The N 1s, Zn 2p3/2, Br 3d and O 1s XPS spectra 

measured for the pristine ZnO and PFN-Br-modified ZnO films are 

shown in Figure 2a, 2b, 2c and 2d, respectively. The N 1s and Br 3d 

XPS characteristic spectra are the record of the photoelectrons 

excited from the core levels of the nitrogen and bromine atoms in 

the PFN-Br-modified ZnO specimen, which are absent from the XPS 

spectra measured for the pristine ZnO sample. The XPS results 

indicate the successful deposition of ultrathin PFN-Br on ZnO thin 

film. There is an observable shift in the peak position of Zn 2p3/2 and 

O 1s XPS spectra toward lower binding energy, measured for PFN-

Br-modified ZnO film, with a noticeable shift in Zn 2p3/2 peak 

position from 1022.67 eV to 1022.46 eV (Figure 2c), and a similar 

shift observed for the O 1s XPS peak from 530.6 eV to 530.4 eV 

(Figure 2d), as compared to that measured for the bare ZnO film. 

The shift in the peak position of the Zn 2p3/2 and O 1s XPS spectra 

measured for the surface of PFN-Br-modified ZnO film in this work 

agrees with the previous observation reflecting an interaction 

occurred between PFN-Br and ZnO. 35  
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The cut-offs of the secondary electrons in the UPS spectra 

measured for a PFN-Br-modified ZnO film and a pristine ZnO film 

are shown in Figure 3a. There is a clear shift in the cut-off of the 

secondary electrons toward the high binding energy in UPS spectra 

measured for the PFN-Br-modified ZnO. For example, as shown in 

Figure 3a, a shift in the cut-off of the secondary electrons of～0.4 

eV was observed in the UPS spectrum measured for the PFN-Br-

modified (0.5 mg/ml) ZnO film as compared to that of a pristine ZnO 

film. The shift in the cut-off of the secondary electrons in the UPS 

spectra reveals the presence of a negative interface dipole (∆<0), 

induced by the interaction between ZnO and PFN-Br on ZnO 

surface. 36, 37 In addition to the advantage of reducing the energy 

barrier at the ETL/QD emissive layer interface for efficient charge 

injection, the presence of a PFN-Br interlayer also prevents the 

exciton quenching by suppression of ZnO surface defects, which 

was clearly manifested by the time resolved photoluminescence 

(TRPL) measurements. The results of the TRPL spectra measured for 

the QD emissive layers coated on the PFN-Br-modified ZnO ETL and 

a pristine ZnO ETL are plotted in Figure 3b. The lifetime of excitons 

in the QD emissive layers was extrapolated from the TRPL decays. 

The TRPL results reveal clearly that there is an obvious increase in 

the lifetime of excitons (23 ns), measured for the QD emissive layer 

on the PFN-Br-modified ZnO ETL, as compared to the exciton 

lifetime (18 ns) measured for the QD emissive layer formed on a 

pristine ZnO ETL. TRPL results support the analyses made with the 

J–V–L and UPS measurements in showing that the presence of PFN-

Br interlayer prevents the exciton quenching.38 PFN-Br is a polar 

molecule with a center of the positive charges near the N+ groups. 

The positive N+ groups in PFN-Br molecules adsorbed preferentially 

toward the hydrophilic surface of the ZnO layer, caused by the 

electrostatic interaction between the N+ groups in PFN-Br 

molecules and the hydroxyl (OH) groups on the ZnO surface. While 

the hydrophobic backbones in the PFN-Br molecules are arranged 

favorably on the upper surface forming an interface dipole with a 

reduced interfacial barrier for electron injection in all-solution-

processed QD-LEDs, as illustrated in Figure 3c. The schematic 

energy level alignments of a control inverted QD-LED, made with a 

pristine ZnO ETL, and an inverted QD-LED with an interface dipole 

between ZnO ETL and CdSe/ZnS QD emissive layer are shown in 

Figure 4a and 4b. The UPS results reveal clearly that the presence of 

a negative interface dipole on the ZnO ETL surface enables a lower 

interfacial energy barrier that is favorable for efficient electron 

injection at the ETL/QD emission layer interface.  

    Apart from an enhanced electron injection probability, due to 

the reduced energy barrier induced by the negative interface 

dipole, the presence of a PFN-Br interlayer also modifies the 

hydrophilic surface of the pristine ZnO ETL to a hydrophobic 

surface, improving the processability of the subsequent layers and 

thereby better contact quality. This can be further confirmed by the 

contact angle measurements. As shown in Figure 5a and 5b, there is 

an obvious change in water contact angle measured for the surfaces 

of a pristine ZnO film and a PFN-Br-modified ZnO layer. The water 

contact angle of 25° measured for the surface of a pristine ZnO 

layer increases to 51° for the surface of PFN-Br-modified ZnO layer, 

implying the capability of the PFB-Br modification in tuning the 

hydrophobicity of ZnO ETL. The increase in the hydrophobicity of 
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PFN-Br-modified ZnO ETL improves the ETL/QD contact quality. The 

corresponding atomic force microscopy (AFM) images measured for 

surfaces of a pristine ZnO film and a PFN-Br-modified ZnO film are 

shown in Figure 5c and 5d. The PFN-Br-modified ZnO layer exhibits 

a uniform surface morphology across the film surface with a slightly 

larger root-mean-square (RMS) roughness of 3.3 nm, as shown in 

Figure 5d. The AFM image measured for the surface of a pristine 

ZnO profiles some localized the defects on the surface of the 

solution-processed ZnO layer, although it has a relative smaller RMS 

of 2.6 nm (Figure 5c). The AFM measurements suggest that the 

PFN-Br modification may help to passivate the localized defects on 

the surface of the as-deposited ZnO layer. The modification of the 

PFN-Br molecules improves the enhanced adhesion between the 

ETL and QDs, enabled by its hydrophobicity nature. The results of 

AFM measurements agree with the UPS analyzes in showing that 

the existence of an interface dipole between the ZnO ETL and the 

QD emissive layer, not only facilitates the efficient charge injection, 

but also improves the contract quality via enhanced adhesion and 

the passivation of the localized defects at the ETL/QD interface. The 

combined effects allow increase of radiative charge recombination 

and suppression of the exciton quenching for efficient light 

emission. 

To investigate the effect of the interface dipole on the 

performance of QD-LEDs, a set of structurally identical QD-LEDs 

made with a set of the PFN-Br-modified ZnO ETLs having different 

PFN-Br layer thicknesses were examined. The thickness of the PFN-

Br interlayer on ZnO ETL was controlled by adjusting the PFN-Br 

formulations over the PFN-Br concentration range from 0.2 mg/ml 

to 1.5 mg/ml. A formulation having a higher PFN-Br concentration 

in the solution produces a thicker PFN-Br layer on the ZnO surface. 

The corresponding shifts in the cut-off of the secondary electrons 

are plotted in Figure 6a, suggesting the interface dipole (∆) is closely 

associated with the thickness of the PFN-Br layer on the ZnO ETL, 

which increases with the PFN-Br layer. 39–41 The UPS spectra, 

measured for PFN-Br-modified ZnO ETL with different PFN-Br layer 

thicknesses, are shown in the insert of Figure 6a. 

The J–V characteristics measured for a control QD-LED and a set 

of the QD-LEDs made with different PFN-Br-modified ZnO ETLs, 

prepared using formulations with different PFN-Br concentrations 

of 0.2 mg/ml, 0.5 mg/ml, 1.0 mg/ml and 1.5 mg/ml, are plotted in 

Figure 6b. Compared to the J–V characteristic of a control device, at 

a given operating voltage, the current density of the QD-LEDs made 

with the PFN-Br-modified ZnO ETLs decreases with the increase in 

the thickness of the PFN-Br interlayer, following the sequence of 

different PFN-Br interlayers prepared using formulations having 

PFN-Br concentrations of 0.2 mg/ml, 0.5 mg/ml, 1.0 mg/ml and 1.5 

mg/ml. The L–V characteristics measured for the QD-LEDs with a 

pristine ZnO ETL and the ones with the PFN-Br-modified ZnO ETLs, 

prepared using the formulations with different PFN-Br 

concentrations are shown in Figure 6c. Although the presence of an 

interface dipole, due to the electrostatic interaction between the N+ 

groups in PFN-Br molecules and the OH groups on ZnO surface, is 

favorable for electron injection, PFN-Br is an insulating material, a 

thick PFN-Br interlayer hinders the electron injection due to the 
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increased junction resistance, caused by a thicker modification 

layer. Therefore, the thickness of the PFN-Br interlayer was 

optimized for achieving the maximum luminance and current 

efficiency of the QD-LEDs. In this work, the maximum luminance 

and current efficiency of the QD-LEDs over a broad luminance range 

from 1000 to 7000 cd/m2 were found for the ones made with a 

PFN-Br-modified ZnO ETL, prepared using the formulation having a 

PFN-Br concentration of 0.5 mg/ml in methanol. 

The current efficiency (η)–V characteristics measured for a set of 

the QD-LEDs with a pristine ZnO ETL and with the PFN-Br-modified 

ZnO ETLs, prepared with the formulations having different PFN-Br 

concentrations are plotted in Figure 6d. The QD-LED made with an 

optimized PFN-Br-modified ZnO ETL prepared using the formulation 

with a PFN-Br concentration of 0.5 mg/ml had the highest current 

efficiency over the entire luminance range from 1000 to 7000 

cd/m2. The results in Figure 6d also reveal that there is no obvious 

efficiency roll-off for the QD-LED with an optimal PFN-Br-modified 

ZnO ETL operated at a high luminance of >6000 cd/m2, showing an 

excellent light emission performance. The all-solution-processable 

QD-LEDs made with an optimal interface dipole had a high current 

efficiency of 1.55 cd/A at a maximum luminance of 10011 cd/m2. 

Solution-processable PFN-Br-modified ZnO ETL with unique 

characteristics of surface electronic properties, high optical 

transparency and stable chemical property is a prerequisite for 

achieving high performing all-solution-processable transparent QD-

LEDs. It is anticipated that the concept of interposing an interface 

dipole between the ETL and QD light-emitting layer provides an 

enabling technique that can be adopted for light-emitting devices 

prepared by other solution fabrication approaches, e.g., inkjet 

printing and blade coating. 

4. Conclusion 

In conclusion, high performing all-solution-processable transparent 
inverted QD-LEDs with a remarkable high luminance of 11011 
cd/m2 and a high current efficiency of 1.55 cd/A were realized using 
a pair of a front transparent ITO/ZnO/PFN-Br cathode and an upper 
s-MoO3/PEDOT:PSS/AgNWs composite anode. The presence of an 
interface dipole, formed due to the electrostatic interaction 
between the N+ groups in the PFN-Br molecules and OH groups on 
the surface of ZnO ETL, improves simultaneously the electron 
injection and contact properties at the ETL/QD interface. The 
outcomes of this work are very exciting, and the technology thus 
developed has a plethora of opportunities for application in large 
area flat panel displays. 
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