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Abstract 

In light-emitting diodes (LEDs), balanced electron and hole transport is of particular importance 

to achieve high rates of radiative recombination. Most of quantum dot (QD)-based LEDs, 

however, employ infinitesimal core-shell QDs which inherently have different electron and hole 

mobilities. As QDs are the core building blocks for QD-LEDs, the inherent mobility difference 

in the core-shell QDs causes significantly unbalanced charge carrier transport, resulting in 

detrimental effects on performances of QD-LEDs.  

Herein, we introduce a post chemical treatment to reconstruct the QD films through the solvent-

mediated self-organization process. The treatment using various poly-alkyl alcohol groups 

enables QD ensembles to transform from disordered-solid dispersion into ordered-superlattice 

and effectively modulate electron and hole mobilities, which leads to the balanced charge 

carrier transport. In particular, ethanol-treated QD films exhibit enhanced charge carrier 

lifetime and reduced hysteresis due to the balanced charge carrier transport, which is attributed 

to the preferential-facet oriented QD post-organization. As a result, 63%, 78%, and 54% 

enhancement in external quantum efficiency (EQE) were observed in red, green, and blue QD-

LEDs, respectively. These results are of fundamental importance to understand both solvent-

mediated QD film reconstruction and the effect of balanced electron and hole transport in QD-

LEDs.  

 

Keywords: Quantum dots, Post chemical treatments, Crystal orientations, Charge carrier 

transport, Light-emitting diodes 

 

  



     

3 

 

Introduction 

Quantum dots (QDs) have been brought to the forefront of new high-performance displays and 

smart light-emitting diodes (LEDs) due to their fascinating physicochemical properties, such as 

size-tunable emission wavelengths, high color purity, high quantum yield, and low fabrication 

cost.1-6 Attributed to the unique optical properties and inorganic nature, QD-LEDs provide 

excellent photo-stability, quantum efficiency, and narrow emission bandwidth.3 Therefore, 

extensive researches have been carried out for high performance QD-LEDs via (i) development 

of synthesis methods for QDs with high photoluminescence quantum yield (PLQY), (ii) 

engineering device architecture to align energy band levels of electron/hole transport layers 

(ETL/HTL), and (iii) balancing charge carrier transport to reduce charge accumulations in 

devices to enhance radiative recombination of electron-hole pairs.7-17 The combination of 

various approaches, in turn, lead to recent achievements in QD-LEDs with high external 

quantum efficiency (EQE), over 20% of red and green QD-LEDs and 8 % of a blue QD-LED 

based on cadmium selenide and zinc sulphide core-shell (CdSe@ZnS) QDs.7 

Due to the intrinsic asymmetrical population of electron and hole trap densities, however, 

CdSe@ZnS QDs, have shown large mobility deviation between charge carriers within core 

CdSe and shell ZnS, resulting in unbalanced charge carrier transport in Cd-based QD-

LEDs.13,14,18 In addition, the unbalanced charge carrier transport forms space charges in QD-

LEDs, leading to non-radiative recombination. In spite of the importance of achieving charge 

balanced QD building blocks, less attention has been paid on balancing the charge transport in 

QD solids without modifying currently well-developed QD-LED structures, and its effect on 

the performance of QD-LED has not been reported so far. In this regard, it is urgently required 

to develop a fundamental and a viable concept on a new strategy of balancing the charge carrier 

transport at the level of the emissive QD layer via surface chemical engineering, which can 

directly facilitate efficient radiative recombination leading to high efficiency 

electroluminescence (EL).2,7,18-21 
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Herein, we report that protic solvents, a group of poly-alkyl alcohols, effectively balance 

the charge carrier transport crossing QD films associated with reconstruction of QD solid films. 

We found that a preferential crystal orientation of ensemble QD solids were effectively 

controlled by soaking them in different types of protic solvents. The QD solids exhibited the 

ordered superlattice when they were treated by ethanol and 1-butanol. On the contrary, the 

disordered QD solid dispersion was formed when they were treated by other types of poly-alkyl 

alcohols. The difference in QD solids eventually resulted in different electron and hole mobility, 

exciton lifetime as well as hysteresis behaviors. In particular, a QD film treated by ethanol 

exhibited the uniform crystalline orientation, which leads to a longer exciton lifetime and 

consequently efficient radiative recombination. We further investigated the electronic 

characteristics of QD films via systematic analysis of mobilities of electrons and holes as a 

function of the poly-alkyl length of alcohols. We demonstrated that QD film treated by ethanol 

exhibited the most balanced charge carrier transport, leading to a negligible hysteresis behavior. 

On the other hand, the QD film treated by 1-propanol or 1-butanol showed significant hysteresis 

behavior due to the imbalance of charge carrier transport. The results revealed the relationship 

between the post-treatment and crystal order reconstruction, resulting in the improvement in 

QD-LED performances. Our findings, in particular, provide a base platform to further enhance 

the performance of QD-LEDs, which is directly applicable to the well-established structure. 

 

Result and Discussion 

To understand the origin of solvent effect in charge carrier dynamics, we synthesized typical 

CdSe@ZnS QDs according to the previous works and fabricated LEDs via a layer-by-layer 

fabrication method.22-24 As-prepared CdSe@ZnS QDs were purified several times before 

dispersing into hexane at a concentration of 12.5 mgmL-1. Figure 1(a) illustrates a QD solution 

in hexane under ambient and ultra-violet (UV 365 nm) light, respectively. The absolute 

solution-state PLQY was determined to be 80 ± 5 %. The transmission electron microscopy 
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(TEM) analysis revealed the characteristic cubic feature of as-prepared QDs.22,24 As shown in 

Figure 1(b), (111) lattice fringes are observed, which is in good agreement with the results 

reported previously.22,24 The bottom image of Figure 1(b) shows the histogram of QD sizes, 

revealing that the average size of QDs is 4.83 nm ± 1 nm and they have narrow size distribution 

with a standard deviation below 20%. Figure 1(c) shows absorption and PL spectra of a QD 

film without any ligand treatment. A negligible stoke shift is observed from the absorption and 

PL spectrum, indicating that CdSe core is well passivated by ZnS shell. 

Generally, QDs are capped with organic ligands consisting of long-chain aliphatic ligands 

(8-18 carbons) to ensure their colloidal stability and solution processability. Therefore, a QD 

film directly deposited from the solution requires a ligand exchange and washing process in 

order to facilitate charge carrier transport in both lateral and vertical directions.25-27 In order to 

understand the mechanism of surface ligand replacement, the solvent treatment using different 

kinds of poly-alkyl alcohol was performed on a QD film, and followed by Fourier-transform 

infrared spectroscopy (FTIR) measurement. As shown in Figure 1(d), these alcohol solvents 

exhibit significant effects on removing the long carbon chain ligands from the surface of the 

QD film, evidenced from a significant decrease in the vibration peaks of the −CHas (~2925 cm-

1) and −CHs (~ 2850 cm-1).28 After looking further into the FTIR measurement, different types 

of solution exhibit different degrees of ligand removal rates. It is found that ethanol is the most 

effective solvent in removing long chain ligands, even beyond methanol which is known to 

have the superior ability to remove ligands from the QD surface.29 In addition, the ligand 

removal was independent of QD losing by comparing absorption (Figure S1 in Supporting 

Inforation (SI)) with FTIR spectra, which indicates that there is almost similar amount of QDs 

before and after the solvent treatment. 

  

Following the studies on properties of solution phase QDs, we investigated the effect of the 

post-chemical treatment on the crystalline orientation of QD solid films. Basically, the post 
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treatment using polar protic solvents reconstructs QD orientations as QDs attached together to 

reduce the surface energy of the un-passivated surface after removal of ligand.30,31 In particular, 

during the protonation reaction (generating protonated oleic acid and dissociation of zinc oleate), 

we found that ethanol treatment provides the best balance between ligand removal and QD 

colloidal stability which results in the formation of the preferred lattice orientations.32,33 The 

real-time 2D grazing incidence X-ray diffraction (GIXRD) was performed through a high 

brightness synchrotron X-ray source. A strong scattering background from the diffraction 

patterns and the uniform diffraction rings appeared in QD films treated by poly-alkyl alcohol 

solvents are shown in Figure 2(a)-(f) together with the control film, i.e. no solvent treatment. It 

can be seen that QD films treated with ethanol (Figure 2(c)) and 1-butanol (Figure 2(e)) exhibit 

a uniform diffraction ring, indicating that the film has the uniform crystalline orientation. The 

uniform crystalline orientation is known to assist efficient recombination of electrons and holes 

in the film, facilitating optimum EL performance of a QD-LED.34-36 

In addition, the GIXRD reveals that the crystal (k01) diffractions become preferentially 

oriented normal to the substrate when QD films were treated by ethanol and 1-butanol, while 

the untreated films exhibited powder-like diffuse rings in the diffraction pattern indicating a 

random crystallite orientation.34-36 The 2D GIXRD pattern of the ethanol sample has a more 

pronounced ring-like and less textured appearance than the other samples. The (101), (103) and 

(203) peaks can be indexed from azimuthally integrated scattering intensity of different GIXRD 

profiles along the ring. The GIXRD results provide clear evidence of preferred lattice 

orientation in reconstructed QD films assisted by different protic solvents.34 Because the 

internal structure and crystal properties of QD films mainly determines the dynamic charge 

transport characteristics and the EL performance, the GIXRD results suggest that a QD-LED 

treated by ethanol would have an optimum device performance. 
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The effect of chemical treatment on exciton dynamics in QD solids is investigated via time-

resolved photoluminescence (TRPL). Figure 3(a) shows a PL spectrum of a QD film treated by 

ethanol as a representative, which shows a peak at 573 nm. Notably, other QD films treated by 

other poly-alkyl alcohol solvents also exhibited a peak at the same wavelength (Figure S2(a) in 

SI). This result together with the absorption spectra in Figure S1 indicates that there were no 

bandgap variations induced by different protic solvents. By employing a pulse laser with 

wavelength at 573 nm, TRPL measurement was conducted on each QD film (Figure S2(b)-(f) 

in SI). The charge carrier lifetime was then extracted by fitting TRPL decay curves with a 

biexponential decay function where the first exponent (τ1) is related to a high rate of transition 

of interparticle charge and energy transfer, and the second exponent (τ2) is attributed to charge 

carrier recombination.37-40 Figure 3(b) illustrates the exciton lifetime of each QD film treated 

by different types of poly-alkyl alcohol solvents, and fitted results are summarized in Table S1 

in SI. The long charge carrier lifetime (τ2) observed in ethanol and 1-butanol treated QD films 

and enhanced PL intensity from both films (Figure S3 in SI) indicate that less surface defects 

exist in the QD films, which is attributed to the uniform crystalline orientation within the QD 

films.41-43 

Measurement of electron and hole mobility of QD films treated by different poly-alkyl 

alcohol solvents was carried out by extracting space-charge-limited current (SCLC) as shown 

in Figure S4 and S5 in SI. It is worth noting that the same hole injection layer (HIL) (poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate), or PEDOT:PSS), HTL (poly(9,9-

dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine, or TFB), and ETL (zinc oxide 

nanoparticles, or ZnO NPs) were used for electron only and hole only devices in order to attain 

consistent results with QD-LEDs. To completely remove residual solvent, we performed a 

thermal annealing at each step of the layer deposition, which prevented the solvent erosion 

effect. In particular, solvents, hexane and chlorobenzene, were chosen for the QD and TFB 

layer because they are complete orthogonal solvents and therefore each solvent hardly erodes 
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the other layer.44 The structures of electron only and hole only devices were ITO/ ZnO NPs/ 

CdSe@ZnS QDs/ ZnO NPs/ Al, and ITO/ PEDOT:PSS/ TFB/ CdSe@ZnS QDs/ TFB/ Au, 

respectively.  Then, the ratio of the difference in electron and hole mobility is calculated as 

shown in Figure 3(c) and Table S2 in SI.3 Electron and hole mobility mismatch is extremely 

high (~ 25 %) in a QD film treated by 1-propanol, which is in good agreement with severe 

hysteresis of the QD-LED treated by 1-propanol as shown in Figure 3(d). In addition, the QD 

films treated by 1-propanol show high hysteresis over various scanning ranges, as shown in 

Figure S6(a)-(c) in SI. On the contrary, QD films treated by methanol and ethanol exhibited a 

relatively low mobility mismatch, and therefore QD-LEDs treated by methanol and ethanol 

showed negligible hysteresis as shown in Figure 3(d) and Figure S6(a)-(c) in SI. In addition, 

charge balance in the QD-LED treated by ethanol was again confirmed by electron and hole 

currents from the SCLC devices as shown in Figure S4 and S5 in SI whereas other QD-LEDs 

show that one to two orders difference in electron and hole currents, indicating imbalance of 

electron and hole mobility and therefore charge carrier transport.2 Despite of negligible 

hysteresis in a QD film treated by methanol, a hysteresis curve exhibited a higher current level 

due to leakage current, which resulted in poor device performance (Figure 4). The leakage 

current in the QD-LED treated by methanol is due to the formation of the extra trap states as 

the methanol treatment was demonstrated to be offensive to QDs surface.45-47 With the 1-

butanol and 1-hexanol treatments, the mismatches between electron and hole mobilities within 

the films are slightly higher than that of the QD films treated by ethanol, and therefore both 

devices exhibit visible hysteresis behaviors as shown in Figure 3(d) and Figure S6 in SI. The 

different electronic properties of each QD film are closely related to the film crystallinity 

changes in accordance with the applied poly-alkyl alcohol solvents, which is in good agreement 

with previous reports on the effects of crystallinity on the performance of electronic devices.18,48 

As revealed by both the SCLC measurements and the hysteresis curves of QD films, charge 

carrier transport is facilitated and also optimally balanced in the QD-LEDs treated by the 



     

9 

 

ethanol. It is worth noting that we kept all other conditions in SCLC devices the same such as 

thickness of each layer and processes, except for the solvent treatments to QD films. Because 

the travel distances for electrons and holes were fixed for all SCLC devices, differences in 

charge carrier transport in SCLC devices are due to the differences in electron and hole mobility 

of QD films treated by different solvent, suggesting the balanced charge transport from the QD 

film level. Electrical and photo-electrical characteristics are summarized in Table S3 in SI. We 

find the performance of QD-LEDs follows the trend of the summarized results, and insightful 

discussions will be provided in the following sections. 

 

Figure 4(a) shows a flat-band energy level diagram of a QD-LED with a structure of ITO/ 

PEDOT:PSS/ TFB/ QDs/ ZnO/ Al. The energy level of each layer was referred to literature 

reported previously.2,3 This structure in our study was used on purpose because it is the most 

frequently employed structure with the highest EQE reported for CdSe@ZnS QD-LEDs.49 

Therefore, our work will give a general guideline to the research community for an effect of 

different poly-alkyl alcohol solvents for QD film treatment, and directly contribute to future 

researches without modifying any device structures.2,3,9,50 

Current density (J) and luminance (L) characteristics as a function of applied bias are 

shown in Figure 4(b) and (c). The QD-LEDs treated by ethanol (red), 1-propanol (blue), and 1-

butanol (green) show low leakage currents at low bias, i.e., below turn-on voltage. As the 

applied voltage increases, the QD-LED treated by ethanol (red) shows much higher luminance, 

which is attributed to the formation of the uniform crystal orientation in QD films (Figure 2) 

and consequently balanced electron and hole transport (Figure 3(c)). On the contrary, the QD-

LEDs treated by 1-propanol (blue), 1-butanol (green), and 1-hexanol (purple) exhibited limited 

current density and low luminance at high voltage, indicating that radiative recombination 

under a high electric field became less efficient than that of a QD-LED treated by ethanol due 

to unbalanced charge carrier transport. In particular, the QD-LED treated by 1-propanol showed 
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a fast drop of EQE (Figure 4(d)), which resulted from severely unbalanced charge carrier 

transport because the space charges formed in the device caused rapid deterioration of the 

device under the operational condition.4 In spite of high luminance of the QD-LED treated by 

methanol (black), high leakage current at the low bias condition led to poor device performance 

(Table 1), which is due to the formation of the non-uniform film and consequently charge traps 

formed (Figure 2). This is in good agreement with results from SCLC and QD-LED 

measurements in Figure 3(d) and Figure 4(b).  

The QD-LED treated by ethanol outperforms in comparison to other QD-LEDs, as shown 

in Figure 4(d). For example, EQE (ηEQE) and current efficiency (ηA) of the QD-LED treated by 

ethanol at 1000 cdm-2 luminance exhibits 2.9 and 13.2 times higher than that of the QD-LED 

treated by 1-hexanol. The results of QD-LEDs performance are well consistent with all 

characterization results discussed in Figure 2 (GIXRD) and Figure 3 (TRPL and SCLC), 

indicating that a judicious selection of poly-alkyl alcohol solvent to treat a QD film is of 

particular importance for the device performance. Table 1 summarizes the detailed performance 

parameters of QD-LEDs treated by the different solvents. In addition, a grey line in Figure 4(b)-

(d) shows a QD-LED without any solvent treatment to demonstrate the effect of the QD 

treatment on optoelectronic properties of a QD film. Because of insulating ligands on the 

surface of a QD film, i.e. high series resistance, the device turns on at higher voltage (3.6 V) 

and exhibited lower maximum luminance (Lmax 16660 cdm-2). As shown in Figure S7 in SI, 

electroluminescence (EL) spectrum of the QD-LED treated by ethanol illustrates a symmetric 

emission peak at 555 nm with a narrow full-width at half-maximum (FWHM) of 25.39 and 

25.74 nm at EQEmax and Lmax, respectively. EL spectrum of QD-LEDs treated by other solvents 

are also shown in Figure S7 and FWHM at EQEmax and Lmax are summarized in Table S4 in SI. 

It is worth noting that ZnO layers on QD films without and with solvent treatment exhibited 

similar surface roughness and morphology (Figure S8 in SI), indicating that the difference in 
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device performances is due to crystalline orientation, charge carrier mobilities, and hysteresis, 

not due to the quality of the  ZnO layers on QD films treated by the different solvents. 

 

We further expanded the post-treatment approach to attain high performance QD-LEDs by 

finely tuning thickness of QD and functional layers where PLQY of red, green, and blue QDs 

was approximately 80 ± 5 % for all colors. To ensure that QD films before and after the ethanol 

treatment do not form cracks, we performed AFM measurement. As shown in Figure S9 in SI, 

the QD film treated by ethanol did not show any observable cracks. As shown in Figure 5(a)-

(c), high EQE values were achieved in red, green, and blue QD-LEDs, which showed 

approximately 63%, 78%, and 54% enhancement compared to the QD-LEDs without any 

solvent treatment where the maximum EQE was 13.55, 7.17, and 3.73%, for red, green, and 

blue QD-LEDs, respectively. Further details of the QD-LEDs performance are shown in Table 

2 and Figure S10-S15 in SI. All QD-LEDs exhibited stable performance without drooping until 

at 1000 cd/m2, a level of which used for display technology. QD-LEDs maintained over 90% 

of their original performances, which were 13.55 to 13.54%, 7.17 to 7.03%, and 3.73 to 3.43% 

for red, green, and blue QD-LEDs, respectively.51 Figure S16 shows Commission International 

de l’Eclairage (CIE) chromaticity diagram of the QD-LEDs at Lmax. Corresponding coordinates 

are close to the spectral locus, (X,Y) = (0.6761, 0.3229), (0.3787, 0.6137), and (0.1301, 0.0665) 

for red, green and blue QD-LEDs, respectively, indicating that the QD-LEDs exhibit very 

saturated and pure monochromatic colors, which is ideal for future display applications.2,3,52 

Average EQE values shown in Figure 5(d) were extracted from each 15 individual devices of 

red, green, and blue QD-LEDs as shown in Table 2, which demonstrated stable QD-LEDs 

performance in all colors. 

 

The effect of poly-alkyl alcohol solvents on QD films was thoroughly investigated in this work. 

First, crystal orientations in QD films varied with respect to the poly-alkyl alcohol solvents 
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applied to the QD films. The QD films treated by ethanol and 1-butanol exhibited a uniform 

diffraction ring, meaning the uniform crystalline orientation over the QD films. The uniform 

crystalline orientation facilitated efficient recombination of electrons and holes in the QD films, 

contributing to the optimum EL performance of a QD-LED. Second, TRPL measurement 

further revealed that QD films treated by ethanol and 1-butanol had a longer charge carrier 

lifetime, which was attributed to the uniform crystalline orientation on the QD films. Third, 

comparing the QD films treated by ethanol and 1-butanol, we found that the QD film treated 

by ethanol demonstrated particularly well-balanced charge carrier transport due to almost 

identical electron and hole mobility, which resulted in the negligible hysteresis effect in the 

QD-LEDs. As a result, QD-LEDs treated by ethanol outperformed QD-LEDs without 

treatments and treated by other types of poly-alkyl alcohol solvents, achieving high luminance 

and EQE values in green QD-LEDs. To further add a generality of our new approach, we 

applied this method to QDs with different emission wavelengths, namely, red (~630 nm) and 

blue (~465 nm). The solvent treatment revealed that this new approach had the same effect to 

all RGB QDs, exhibiting significant enhancement in device performance, in particular, over 12% 

average EQE in red QLEDs with the peak luminance 53610 cdm-2. In addition, we observed 

low efficiency roll-off in blue QLEDs. This is attributed to the well-balanced charge carrier 

transport in ethanol treated blue QLEDs and also high bandgap of blue QDs which made the 

QLEDs less susceptible to the high current.53,54 Overall, all of RGB QD-LEDs exhibited 

negligible efficiency roll-off until 1000 cdm-2 luminance, indicating that our new method can 

provide an effective way to fabricate high and stable device performance. Our findings provide 

valuable information on the correlated relationships among the post-treatment, the crystalline 

orientation, the charge carrier lifetime, and balanced charge carrier transport. In addition, this 

result is directly applicable to the well-established QD-LED structures without modifying the 

structures for balancing charge carrier transport.  
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Conclusion 

We introduced a post chemical treatment to a QD film for turning intrinsic charge unbalanced 

CdSe@ZnS core-shell QDs into a charge balanced QD film. QD solids were built with a 

preferential crystal orientation by treating poly-alkyl alcohol solvents. The QD film treated by 

ethanol formed the uniform crystalline orientation, which led to a longer exciton lifetime. In 

addition to the uniform film, the QD film treated by ethanol exhibited the optimum charge 

balance of the QD film, indicating that the post-chemical treatment effectively modified charge 

unbalanced individual core-shell QD to attain charge balanced QD solid matrix. The charge 

balanced QD solids through the ethanol treatment were used as building blocks for a QD-LED. 

The device demonstrated significantly enhanced electrical and opto-electrical properties 

compared to QD-LEDs treated by other types of poly-alkyl alcohol solvents, which was found 

to be originated from a longer exciton lifetime and balanced charge transport associated to the 

formation of uniform crystalline orientation. Using the post-treatment strategy, red, green, and 

blue QD-LEDs exhibited 63%, 78%, and 54% of EQE improvement where maximum EQE was 

13.55, 7.17, and 3.73%, for red, green, and blue QD-LEDs, respectively. The result highlights 

the significance of developing a new charge balance strategy at the level of the emissive QD 

layer mediated by judicious selection of the poly-alkyl alcohol solvent. 
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Experimental 

Material preparation: Pixelated ITO substrates, PEDOT:PSS solution and TFB powder were 

purchased from Ossila. ITO substrates and PEDOT:PSS were used as received and TFB was 

dissolved in chlorobenzene at the concentration of 8 mgmL-1. CdSe@ZnS QDs were 

synthesized according to the previous works, and the concentration of the QDs was 12.5 mgmL-

1 in Hexane.22-24 ZnO nanoparticles (NPs) were synthesized using previously reported recipe by 

our group.55,56 

GIXRD measurement: The grazing incidence X-ray diffraction (GIXRD) measurements were 

performed at the BL14B1 beamline of the Shanghai Synchrotron Radiation Facility (SSRF) 

using X-ray with a wavelength of 1.24 Å. Two-dimensional (2D) GIXRD patterns were 

acquired by a MarCCD mounted vertically at a distance ~223 mm from the sample with a 

grazing incidence angle of 0.1°and 0.3°, and an exposure time of 20 sec. The 2D GIXRD 

patterns were analyzed using the FIT2D software and displayed in scattering vector q 

coordinates. The in-situ tensile XRD experimental was measured by the transmission mode, 

and the flexible PSCs were pasted on the lateral side of the sample holder and placed at the 

vertical of X-ray incidence direction. 

Device fabrication: Pixelated ITO substrates were cleaned using acetone, 1-propanol, and 

deionized water for 10 minutes, respectively, and then Ozone treatment was carried out on the 

substrates for 5 minutes. PEDOT:PSS was spin-coated at the speed of 4000 rpm for 60 seconds 

and then baked at 150 ℃ for 30 minutes. After the annealing, the PEDOT:PSS coated substrates 

were transferred to a nitrogen-filled glove box. TFB was spin-coated on the PEDOT:PSS layer 

at the speed of 4000 rpm for 45 seconds, which was followed by thermal annealing at 130 ℃ 

for 30 minutes. CdSe@ZnS QDs were spin-coated on the TFB layer at a speed of 4000 rpm for 

30 seconds, and the protic solvent was loaded on to the QD layer for surface treatment for 60 

seconds. Using the same solvent, the washing process was performed for two times. Finally, 

ZnO NPs were spin-coated on the QD layer at the speed of 3000 rpm for 30 seconds. The QD 
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and ZnO layers were thermally annealed at 90 ℃ for 10 minutes, and then Aluminum (100 nm 

thick) was deposited on the ZnO layer using a thermal evaporator. The active area was 0.045 

cm2. The optimized thickness for QD-LEDs is ~46 nm for PEDOT:PSS and TFB, ~ 20 nm for 

QDs, and ~ 50 nm for ZnO nanoparticles. 

Device characterization: QD-LEDs were passivated prior to measurements and were measured 

using HAMAMATSU PMA-12 connected with Keithley 2400 source meter at room 

temperature under ambient air condition. For space charge limited current (SCLC) 

measurements, electron only and hole only devices were fabricated with a structure of (1) ITO/ 

ZnO/ QD/ ZnO/ Al and (2) ITO/ PEDOT:PSS/ TFB/ QD/ TFB/ Au, respectively. I-V curves 

were measured using Keithley 4200, and then the I-V curves were fitted using the Mott-Gurney 

law to extract electron and hole mobility where relative permittivity of CdSe@ZnS QDs was 

assumed to be 9.5.37,57 Hysteresis measurements were performed using the QD-LEDs treated 

by each protic solvent with various scanning range, (i) -0.5 ~ 3 V, (ii) -1 ~ 5 V, and (iii) -2 ~ 8 

V. Each step and scanning speed were fixed for all measurements. The cross-sectional TEM 

images of the QD-LEDs were characterized via high-resolution (HR)-STEM (FEI Tecnai F20 

FEGTEM), and the samples were sliced using a focused ion beam (FIB) system (Dual-Beam 

FIB, FEI Helios Nanolab SEM/FIB). 
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Figure 1. (a) Digital images of CdSe@ZnS QD solution under ambient light (left) and UV light 

(right). (b) Fast-fourier transformed high resolution TEM diffraction and histogram of QD sizes. 

(c) Absorption and PL spectra of CdSe@ZnS QDs. (d) FTIR measurement results of a QD film 

treated by different kinds of protic solvents. 
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Figure 2. 2D GIXRD patterns of the QD films with: (a) untreated, (b) methanol, (c) ethanol, 

(d) 1-propanol, (e) 1-butanol and (f) 1-hexanol. The diffraction peaks are highlighted in the 2D 

GIXRD images. 
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Figure 3. (a) The PL emission spectrum of the QD film treated by ethanol. (b) exciton lifetime 

of QD films treated by different poly-alkyl alcohol solvents. (c) Calculated electron and hole 

mobility mismatch in percentage and (d) hysteresis curves of QD-LEDs with respect to different 

poly-alkyl alcohol solvents. 

  



     

27 

 

 
Figure 4. (a) Flat-band energy level diagram. (b) Current density and (c) luminance 

characteristics for QD-LEDs as a function of voltage applied. (d) EQE of QD-LEDs as a 

function of luminance.  

  



     

28 

 

 
Figure 5. Luminance-EQE characteristic of the (a) Red, (b) Green, and (c) Blue QD-LED. (d) 

Average EQE values of Red, Green, and Blue QD-LEDs. 
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Table 1. Electroluminescence performance of QD-LEDs treated by different solvent: Lmax is 

maximum luminance; ηA is current efficiency; ηP is power efficiency; ηEQE is EQE; and L1000 

is luminance at 1000 cd m-2. 

   η
A
 (cd A-1) η

p
 (lm W-1) η

EQE
 (%) 

Green 

QD-LED 

V
on 

(V) 

L
max

 

(cd m-2) 
Peak @L1000 Peak @L1000 Peak @L1000 

Methanol 2.6 73180 16.85 5.95 9.77 4.38 3.72 1.30 

Ethanol 2.4 65120 26.65 24.27 18.20 17.15 5.83 5.30 

1-Propanol 2.4 25630 19.25 18.40 16.49 14.66 4.19 4.14 

1-Butanol 2.5 40320 18.76 17.45 12.92 12.87 4.15 3.86 

1-Hexanol 2.5 24690 10.74 1.84 6.04 5.85 2.39 1.82 

 

 

Table 2. Electroluminescence performance of Red, Green, and Blue QD-LEDs. 

 V
on 

(V) 

L
max

 

(cd m-2) 
η

A
 (cd A-1) η

p
 (lm W-1) η

EQE
 (%) 

   Peak @L1000 Peak @L1000 Peak @L1000 Avg. 

R 1.8 53610 19.29 19.29 26.60 24.24 13.55 13.54 12.40 ± 0.85 

G 1.9 32020 30.89 30.43 38.26 34.14 7.17 7.03 7.30 ± 0.59 

B 3.1 8037 1.88 1.70 1.03 1.03 3.73 3.43 3.69 ± 0.53 
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