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ABSTRACT  

In this paper, highly stable violet-blue emitting ZnSe/ZnS core/shell QDs have been synthesized by a 

novel “low temperature injection and high temperature growth” method. The resulting nearly 

monodisperse ZnSe/ZnS core/shell QDs exhibit excellent characteristics such as high color saturation 

(typical spectral full width at half-maximum between 12 and 20 nm), good emission tunability in the 

violet-blue range of wavelength from 400 to 455 nm, high absolute PL quantum yield (up to 83 %), and 

superior chemical and photochemical stability. By employing ZnSe/ZnS core/shell quantum dots (QDs) 

as emitters with a fully solution processable method, bright, efficient, and color-stable violet Cd-free 

quantum dot-based light-emitting diodes (QD-LEDs) with maximum luminance up to 2632 cd/m
2
 and 

peak EQE at 7.83 % have been demonstrated successfully. Considering the factors of the photopic 

luminosity function, the brightness and efficiency results of such violet QD-LEDs not only represent 12-

fold increase in device efficiency and extraordinary 100 times increase in luminance compared with 

previous Cd-free QD-LEDs but also can be much superior to the best performance (1.7 %) of their Cd-

based violet counterparts. These results demonstrate significant progress in short-wavelength QD-LEDs 

and shed light on the acceleration of commercial application of environmental-friendly violet QD-based 

displays and lighting. 

TOC Figure 
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Introduction 

Colloidal semiconductor quantum dots (QDs) have attracted much attention due to their unique size-

dependent optical properties which can achieve excellent spectral purity at high optical flux. Their 

excellent optical properties make them potential superstars in light-emitting diodes (LEDs) and 

displays.
1-7 

To fully exploit the potential of QDs in these applications, researchers need to synthesize 

materials that simultaneously meet the following five criteria: narrow and symmetric emission spectra, 

high photoluminescence (PL) quantum yields (QYs), high optical stability, eco-friendly materials, and 

low-cost methods for mass production. Most of previous works on highly emissive and color-tunable 

QDs have been mainly concentrated on materials containing toxic cadmium, mercury, or lead.
8-16 

For 

example, red light emitter of CdSe/CdS QDs with QYs up to 90 %,
14 

green region emitter of 

CdSe/ZnS/CdSZnS QDs with the best QYs of 100 % and improved photo- and chemical-stabilities,
15

 

and the QYs of ZnxCd1-xS/ZnS QDs also reached almost unit even in the violet-blue region.
16 

However, 

the increasing concerns that these toxic materials such as cadmium, lead, and mercury would pose 

serious threats to human health and the environment, and the European Union’s Restriction of 

Hazardous Substances (RoHS) rules ban consumer electronics containing any more than trace amounts 

of these materials.
17

 The likelihood of commercial success for quantum dots-based light-emitting diodes 

(QD-LEDs) and displays will therefore be greatly improved if the devices can be fabricated using eco-

friendly and heavy-metal-free QDs.  

Most of the synthesis of non-toxic or low toxicity QDs are now focused on I-III-VI semiconductors 

(such as CuInS2),
18-22

 III-V semiconductors (such as InP),
23-26 

and II-VI semiconductors (such as ZnSe 

and related Cu-, Mn-doped ZnSe),
27-31 

which have low toxicity, tunable emissions in the visible to near 

infrared region. The current QYs for the CuInS2 core/shell QDs is up to 60 %, but the emission 

tunability is mainly confined between 540 and 650 nm.
20, 21 

The obtained III-V heavy-metal-free QDs 

typically possess emissions from 480 to 600 nm with the highest QYs up to 70 %.
24, 25

 Most recently, the 

QD-LEDs fabricated based on low toxicity QDs also have some progress. The maximum brightness 

utilizing I-III-VI semiconductor QDs have reported over 1000 cd/m
2
 in yellow-red area without the 
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demonstration of external quantum efficiency (EQE).
21, 32

 For those using the III-V heavy-metal-free 

QDs, such as InP/ZnSeS QDs, the maximum EQE can reach more than 3 % with electroluminescence 

(EL) peak at 518 nm and show full width at half-maximum (FWHM) of about 64 nm.
33 

These results 

demonstrate good color tunability and competitive efficiencies for heavy-metal-free QD-LEDs in the 

range of 510 to 630 nm, but still lack of good result on the violet-blue emission QD-LEDs due to the 

absence of corresponding heavy-metal-free QD emitters. Therefore, one of the main challenges is the 

development of efficient violet-blue emitters and the realization of higher efficiency QD-based LEDs by 

using heavy-metal-free QDs.  

So far, for the heavy-metal-free QDs, no matter I-III-VI or III-V QDs, all cannot obtain high QYs 

(>70 %) and high stability QDs in the violet-blue area, let alone high brightness and efficiency of 

corresponding violet-blue QD-LEDs. Most recent studies have begun to concentrate on the synthesis of 

wide bandgap ZnSe QDs as potential violet-blue emitter. Our previous report showed an impressive 

high QY of 70 %,
30  

but the stability of ZnSe related QDs is still unsatisfied. Previously reported red-

green and Cd-containing blue QD emitters showed QYs of up to 90 % with high stabilities,
14-16 

and 

these results all indicate the immediacy of the QY and stability improvement of violet-blue ZnSe QDs. 

Therefore, the synthesis of violet-blue QDs which can simultaneously satisfy high PL QYs (> 80 %), 

narrow and symmetric emission (FWHM < 20 nm), high stability, environmentally friendly, and low-

cost is an urgent demand in the realization of heavy-metal-free violet-blue and thus full-color QD-LEDs. 

Herein, we present a method for the synthesis of violet-blue emitting ZnSe/ZnS core/shell QDs that 

show high QYs as well as high stability. Different from most of the traditional nucleation at high 

temperature/shell growth at low temperature method, we adopt a lower temperature injection and higher 

temperature growth method for the synthesis of ZnSe/ZnS core/shell QDs.
14-16

 Nearly monodisperse 

ZnSe/ZnS core/shell QDs were synthesized with high absolute PL QYs (up to 80 %), high color purity 

(with FWHM about 12~20 nm), good color tunability in the violet-blue range from 400 to 455 nm. 

Significantly, such ZnSe/ZnS core/shell QDs showed very good chemical/photochemical stability 

compared with previous studies.
 27, 30
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Furthermore, violet QD-LEDs using ZnSe/ZnS core/shell QDs have also been successfully 

demonstrated with a fully solution-processed method. Highly bright violet QD-LEDs show maximum 

luminance of 2632 cd/m
2 

and peak EQE of 7.83%. And in a sense, such brightness and efficiency exhibit 

the huge superiority to those of the best Cd-based violet-blue QD-LEDs considering the factors of the 

photopic luminosity function. These results may offer a practicable platform for the realization of heavy-

metal-free QDs based violet-blue and full-color displays and lighting. 

Experimental Section 

Chemicals: All reagents were used as received without further experimental purification. Zinc oxide 

(ZnO, 99.99% powder), sulfur (S, 99.98%, powder), 1-octadecene (ODE, 90%), oleic acid (OA, 90%), 

octanethiol (OT, 98%), zinc acetate (99.99 %), dimethyl sulphoxide (DMSO, 99.7%), 

tetramethylammonium hydroxide (TMAH, 97%), and selenium (Se, 99.99%, powder) were purchased 

from Aldrich. Chlorobenzene (analytical grade), hexanes (analytical grade), paraffin oil (analytical 

grade), and methanol (analytical grade) were obtained from Beijing Chemical Reagent Ltd., China. 

Typical Synthesis of ZnSe/ZnS with Low Temperature Nucleation/ High Temperature Shell Growth 

Method: Stock solution for Zn precursor: A mixture (20 mL in total) of ZnO (0.488 g, 6 mmol), oleic 

acid (18 mmol, 5.076 g), and 14 mL paraffin oil were loaded in a 100 mL three-necked flask and heated 

to 300 ºC under nitrogen to obtain a clear solution. Zn precursor solution was stored at 120 ºC for the 

following use. Stock solution for Se precursor: Se (0.237 g 3 mmol) and 30 mL of ODE were mixed in a 

100 mL three-necked flask. Under nitrogen flow and stirring, the mixture was heated to 220 ºC for 180 

min, and then the reaction solution was cooled down to room temperature. Se precursor solution was 

stored at 50 ºC for the following use. Synthesis of ZnSe QDs with lower temperature and synthesis of 

ZnSe/ZnS core/shell QDs with high temperature:octanethiol as S precursor and ligands for the synthesis 

of ZnSe/ZnS core/shell QDs: ZnSe core was prepared according to the previous literature of our group 

(see Supporting Information).
30

 In a typical synthesis, 2 mL Se precursor and 8 mL paraffin oil were 

heated to 300ºC under nitrogen flow in a 100 mL flask. Next, 1.3 mL Zn precursor solution was injected 
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and maintained for 5 min for the formation of ZnSe core QDs (Figure S1 and Figure 1a). Subsequently, 

the reaction temperature was set at 320 ºC without any purification steps, then 2 mL OT mixed with 20 

mL of Zn precursor was added at a rate of 6 mL/h. All the shell growth process lasted for 4 h. Aliquots 

of QDs were taken during the reaction to analyze the development of ZnSe/ZnS core/shell QDs (Figure 

1). After the reaction was completed, the temperature was cooled down to room temperature and the 

QDs were purified using acetone or methanol. ZnSe/ZnS core/shell QDs with different shell growth 

temperature (as shown in Figure 3) were prepared following the same procedures as described above for 

the synthesis of ZnSe/ZnS core/shell QDs at 320ºC, with variation of different growth temperature of 

240 ºC, 260 ºC, 280 ºC, 300 ºC, and 340 ºC, respectively (see Supporting Information). S-ODE as S 

precursor for the synthesis of ZnSe/ZnS core/shell QDs: The synthesis of ZnSe/ZnS core/shell QDs with 

S-ODE as S precursor was similar to aforementioned method, just octanethiol was replaced by 

conventional S-ODE (0.2 M) as S precursor. 

Fabrication and characterization of QD-LEDs: QD-LEDs were fabricated on a patterned ITO glass 

substrate (25.4 mm×25.4 mm) with a sheet resistance of ~20 Ω sq
-1

 and consisting of 4 emitting spots 

with an active area of 4 mm
2
. The substrates were washed with deionized water, acetone and 

isopropanol, consecutively, for 15 min each, and then treated with ozone for 15 min in air to form clean 

and hydrophilic surface for following spin-coating processes. PEDOT:PSS (AI 4083) was first spin-

coated onto each ITO substrates followed by baking at 150 ºC for 15 min in air. The spin-coating of the 

poly(9-vinlycarbazole)(PVK), ZnSe/ZnS QD and ZnO nanoparticle layers were then conducted in a N2-

filled glove box. The hole-transport layer of PVK was spin-coated using 1.5 wt% in chlorobenzene 

(2,000 rpm for 30 s), followed by baking at 160 ºC for 30 min. ZnSe/ZnS QDs toluene solution (15 

mg/mL) and ZnO nanoparticles dispersed in ethanol (30 mg/mL) were used to form emissive and 

electron injection layers with spin speed of 2000 rpm (layer thickness of ~25 nm) and 3000 rpm (layer 

thickness of ~30 nm), respectively, followed by another 30 min baking process under 75 ºC. These 

substrates were then transferred into a custom high-vacuum evaporation chamber (background pressure, 
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~3 × 10
-7

 torr) to deposit the top Al cathode (with thickness of 100 nm) patterned by an in situ shadow 

mask to form an active device area of 4 mm
2
. 

Characterization: Room temperature UV-vis absorption and PL spectra were measured with an Ocean 

Optics spectrophotometer (mode PC2000-ISA). The PL QYs were measured by an integrating sphere 

whose inner face was coated with BenFlect equipped with a spectrofluorometer. The excitation and 

emission bandwidths were 5.0 and 0.1 nm respectively. The step size was 0.2 nm and the integration 

time was 0.3 seconds. TEM observation was conducted by a JEOL JEM-2010 electron microscope with 

accelerating voltage of 200 kV. The thickness of the films was measured by a UVISEL 2 Scientific 

Spectroscopic Ellipsometer (HORIBA Scientific). The Current–luminance–voltage characteristics were 

measured on a Keithley 2400 sourcemeter and a Keithley 6485 picoammeter coupled with a Si 

photodetector (Newport UV-818), which was calibrated by a Minolta CS-100 Chroma Meter. The EL 

spectra were recorded using an Ocean Optics spectrometer (USB 2000) and a Keithley 2400 power 

source. Detailed calculations of power efficiency and external quantum efficiency are provided in the 

Supporting Information. 

Results and Discussion 

Synthesis of high QY and stable ZnSe/ZnS core/shell QDs 

The ZnSe QD cores were prepared according to the previous literature of our group
 30

 (see Supporting 

Information). The temporal evolution of the absorption and PL spectra of the ZnSe QDs are shown in 

Figure S1 with the reaction temperature of 300 ºC. The as-synthesized ZnSe QDs showed significant PL 

emission in 400–450 nm range with narrow FWHM of 12–16 nm and absolute PL QYs of 20 to 50%. 

Figure 1 shows the optical spectra of ZnSe core (corresponding to Figure S1-5 min, with QY of 41%) 

and ZnSe/ZnS core/shell QDs (see the Experimental Section for details) taken at different reaction time 

with the reaction temperature of 320 ºC. The FWHM of PL spectrum of the ZnSe core was about 18 nm 

(Figure 1A). The shell formation process was triggered by the addition of octanethiol as S precursor and 
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Zn-OA as Zn precursor, and the PL QYs of core/shell structured QDs were sharply increased with stable 

narrow FWHM (< 20 nm). When the reaction lasted for 4 h, the measured QY reached as high as 83 %, 

which is the highest value of ZnSe/ZnS QDs reported so far. A little blue-shift in PL indicates partial 

formation of ZnSeS alloy shells, which is considered as opposite tendency to the formation of core/shell 

QDs by the epitaxial growth of ZnS shell with high temperature nucleation and low temperature shell 

growth method.
 22

 

 

Figure 1. (A). Evolution of the absorption and PL spectra upon consecutive growth of ZnSe/ZnS 

core/shell QDs. a: ZnSe core, and ZnSe/ZnS obtained after the growth of ZnS shell for b: 1h, c: 2h, and 

d: 4h, respectively. (B) Normalized PL spectra of ZnSe/ZnS core/shell QDs (dispersed in hexanes) 

starting from different ZnSe cores with tunable PL peaks covering from 400 to 455 nm (λex= 360 nm), 

and representative emission colors of ZnSe/ZnS core/shell QDs (in hexanes) under the radiation of a UV 

lamp. 

There are two proposed reasons for the obtaining of core/shell QDs with such high QYs. One is the 

growth of shells at high temperature. Different from traditional nucleation at high temperature/shell 
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growth at low temperature method,
34

 our preparation approach adopted shell growth at a high 

temperature level. We speculate that the significantly improved PL QYs and stability observed here is at 

least partially caused by the highly crystalline shell that results from high-temperature mild shell-growth 

conditions (a detailed discussion will be given later). Another one lies in the successful surface 

passivation of the cores with wider bandgap capping materials. When the ZnS shells are grown onto 

ZnSe QDs, the newly formed ZnSeS shell and ZnS shell can structurally passivate the surface defects of 

cores and energetically confine the excitons in the cores due to the wider bandgap of shell materials. All 

of the above facilitates the great improvement of the PL QYs. Figure 1B clearly demonstrates the PL 

tunability of ZnSe/ZnS QDs which were prepared using different ZnSe cores in the wavelength range of 

400–455 nm. This covers most part of the violet-blue spectral range which is very important for the 

application of violet-blue LEDs. 

 

Figure 2. TEM images of the ZnSe cores (a) and ZnSe/ZnS core/shell QDs obtained after shell growth 

time of 1 h (b), 2 h (c), and 4h (d), respectively; a1, b1, c1, and d1 show the corresponding HRTEM of 

a, b, c, and d, respectively. 
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Figure 2 shows the TEM and HRTEM results of ZnSe cores and ZnSe/ZnS core/shell QDs obtained 

after ZnS shell coating. All the TEM images show well-controlled size and size distributions with 

average particle diameters of 7.6 nm (b), 8.7 nm (c), and 10 nm (d) for ZnSe/ZnS QDs obtained with 

different shell growth time but the same batch of original ZnSe core QDs (a), which have a mean 

diameter of 4.5 nm. The corresponding HRTEM images of ZnSe cores and ZnSe/ZnS core/shell QDs are 

shown in Figure 2 a1-d1. Those HRTEM images show continuous lattice fringes throughout the whole 

particles and this reveals the high crystalline nature of as-synthesized ZnSe and ZnSe/ZnS QDs. No 

evidence for the formation of an interface between ZnSe core and ZnS shell can be detected (the lattice 

mismatch between ZnSe and ZnS is about 5%), which implies the coherent epitaxial growth of shells.
34

 

To further characterize the evolution of structures of ZnSe/ZnS core/shell QDs, their crystallographic 

properties were determined by XRD (Figure S2). According to the XRD patterns, the peak positions of 

the ZnSe QDs are in agreement with bulk ZnSe in zinc blende structure (JCPDS No. 80–0021). An 

obvious peak shift to the position of standard zinc blende phase ZnS (JCPDS No. 80–0020) also has 

been observed when ZnS shells were grown onto the ZnSe cores and all samples still kept cubic 

structures. 

Low temperature nucleation/high temperature shell growth method 

To get high QYs and stable ZnSe/ZnS QDs, the growth of shell materials is conducted at high 

temperature, which is different from the traditional high temperature nucleation/ low temperature shell 

growth method.
 34, 35

 It is widely accepted in the synthesis of core/shell structured QDs that cores should 

be crystallized under elevated temperatures and the shell growth process should be conducted in 

comparatively low temperature to stop the separate nucleation of shell precursor.
35

 In principle, a high 

shell growth temperature may lead to a new nucleation with shell material after the injection of 

precursors, but the concentration of shell precursor nucleation should reach Lamer nucleation 

concentration. If the precursor concentration can be controlled beneath the super-saturation level,
 36

 such 

as lower the added amount of precursors or using low activity and mild precursors, nucleation process 

will therefore be suppressed. So, mere growth of shells at higher temperature is completely possible. 
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Based on this envisage, Zn-OA and octanethiol were used as Zn and S precursors for shell growth at 

high temperature. No new ZnS QDs were formed during the slow addition of precursors, and the quality 

of as-prepared ZnSe/ZnS core/shell QDs is evidently superior to similar core/shell QDs synthesized 

through low temperature shell growth strategy in PL quantum yield (up to 83 %) and color purity 

(FWHM about 12 – 20 nm). 

 

Figure 3. Evolution of PL spectra of ZnSe/ZnS core/shell QDs with different shell growth time and 

temperatures. Note: Same batch of ZnSe QDs (PL at 424 nm) have been selected as starting cores for the 

shell growth. 

In order to prove the advantage of this method, ZnSe/ZnS core/shell QDs were specially synthesized 

using the same batch of ZnSe cores under different shell growth temperatures. Figure 3 shows the PL 

spectra of ZnSe/ZnS core/shell QDs with different shell growth time and temperature but same ZnSe 

cores. The detailed information of QYs, PL peaks, and FWHMs with different shell growth time and 

temperatures are summarized in Table S1. The PL intensities showed a sharp increase at the initial stage 

(such as in 1 h) when the growth temperature was set at 280 °C and lower, but the QYs kept dropping 
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after the shell growth time was longer than 2 h. The PL QYs dropped from 48 % (1 h) to 37 % (2 h) and 

60 % (1 h) to 51 % (2 h) when the growth temperature was set at 240 °C and 280 °C, respectively. When 

the temperature was increased to 320 °C for the growth of shell material, the absolute QYs of final 

ZnSe/ZnS core/shell QDs could be kept up over 83 %, and the FWHM of PL decreased from 18 nm 

(ZnSe core) to 16.6 nm (at the end of the reaction), which was consistent with the narrowing of size 

distribution of QDs. This narrow PL FWHM is most likely the result of the matching between the slow 

infusion rate of shell precursors and the low reactivity of octanethiol, which ensures the constant 

epitaxial growth of ZnS shell and is consistent with recent researches.
 14, 37 

Such superior optical 

properties can be attributed to the successful surface passivation of the ZnSe cores with wider bandgap 

ZnS shells. But it is more essential for the growth of shell material at high temperature, which can 

promote the diffusion of S and Zn atoms into the ZnSe cores, and thus ensures the formation of ZnSeS 

transition layer between ZnSe core and ZnS shell (which can be proved from the blue shift of PL peaks). 

The ZnSeS shells can structurally passivate the surface dangling bonds of cores and energetically 

confine the excitons in the cores and also make consecutive transition of lattice parameters from core to 

shell, which is critical for the reduction of structural defects. However, when the growth temperature is 

too high, such as 340 °C, high QY can be maintained but the PL FWHM is broadened rapidly with the 

increase of reaction time which leads to the decline of the quality of final QDs. 

 

Figure 4. Evolution of the relative PL stability of ZnSe/ZnS core/shell QDs which synthesized with 

octanethiol (★) and conventional S-ODE (●) as S precursor, respectively. (A) Photochemical stability of 
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QDs in hexanes solution under UV-irradiation (12 W, 365 nm); (B) Stability of QDs upon repeated 

purification process steps. 

It should be mentioned that choosing octanethiol stock solution instead of conventional S-ODE as S 

precursor is not just because it can improve the QYs of ZnSe/ZnS QDs, but more importantly, 

octanethiol as ligand can bind strongly to the QD surface and thus enhance their stability under UV-

irradiation and repeated purification process (Figure 4, Figure S3). Figure 4A shows that the ZnSe/ZnS 

core/shell QDs synthesized with octanethiol are very stable, and the absolute QY can be maintained 

more than 80 % of its primary value even after 3000 min while the ZnSe/ZnS core/shell QDs 

synthesized using conventional S-ODE reduced to below 30% of their initial value. It is also clearly 

shown in Figure 4B, the QYs of ZnSe/ZnS core/shell QDs which were synthesized with octanethiol as S 

precursor show a slightly decline upon many cycles of purification in hexanes (see Supporting 

Information). But the QY of ZnSe/ZnS core/shell QDs which were synthesized with S-ODE as S 

precursor dropped to below 40% of their initial value only after 10 times of precipitation and it was 

almost not dispersable in hexanes after 10 times precipitation. The detailed performance comparison and 

discussion of QD-LEDs fabricated using ZnSe/ZnS QDs synthesized with different S sources (i.e. S-

ODE and octanethiol) will be given later. 

Fabrication of Cd-free violet emitting LEDs using ZnSe/ZnS core/shell QDs as emitters 

It is known that violet (380–440 nm) radiation has been widely used in many applications, such as 

sterilization, drinking water purifiers, phototherapy, and photocopying.
38

 With the renovating of 

synthetic method, although violet QDs with high QYs have been continuously developed, but there are 

few researches about violet QD-LEDs. Based on recent published results, the best luminance of Cd-

based violet-blue QD-LEDs can reach up to 2250 cd/m
2
 with EL peak at 437 nm and EQE about 1.7 %.

6
 

Ji et al 
39

 fabricated the deep-blue QD-LEDs using ZnSe/ZnS core/shell QDs with an inverted device 

architecture, the EL emission peak of the deep-blue QD-LEDs is 441 nm with maximum luminance and 

current efficiency reaching 1170 cd/m
2
 and 0.51 cd/A, respectively. However, the inverted structure QD-

LEDs cannot be fully solution-processable, since the solution processing of organic hole injection layer 
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and following QD deposition would cause a destructive interlayer mixing. Violet emitting devices based 

on cadmium-free ZnSe/ZnS core/shell QDs have been demonstrated by So and Wedel groups with and 

without fully solution-processed devices respectively, and the maximum luminance of 25 cd/m
2
 or EQE 

was about 0.65 %.
40, 41 

The reasons for low efficiency of violet QD-LEDs mainly lie in the following 

two points. The first is the relatively low QYs of violet QDs. Second, larger potential energy barrier 

between the violet-blue QDs and hole transport polymer, which would result in low hole injection 

efficiency along with poor EQE. The reason for low brightness of violet QD-LEDs mainly lies in the 

photometric quantity of luminance, which is determined by the relative sensitivity of human vision to 

different wavelengths, shows much lower spectral perception sensitivity for violet light versus green and 

red counterparts. 

 

Figure 5. (A) Schematic of layered QD-LEDs device. (B) Energy level diagram for the various layers. 

(C) Normalized PL spectra of ZnSe/ZnS core/shell QDs with octanethiol (OT-QD for short) and S-ODE 

(S-QD for short) as S sources, and corresponding EL spectra of violet QD-LED. Inset: 

Electroluminescent image under an applied voltage of 11 V. (D) Evolution of EL spectra of QD-LEDs 
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with increasing bias voltage. (E) CIE color coordinates of (0.169, 0.023) corresponding to the violet 

emission spectra in (C). 

Based on this efficient synthesis method and resultant high quality violet ZnSe/ZnS core/shell QD 

emitters, all solution-processed violet QD-LEDs were fabricated to further explore their potential 

application in fields of EL devices driven by low DC voltage. Different from our previous reports which 

using (poly[9,9-dioctylfluorene-co-N-[4-(3-methylpropyl)]-diphenylamine] (TFB) as HTLs,
 16, 42, 43

 poly-

N-vinylcarbazole (PVK) was chosen as the hole-transporting material and ZnO was used as the electron-

transporting layers. Due to their higher HOMO levels, TFB cannot provide efficient hole injection 

pathway and are not suitable for HTLs in high-quality violet QD-LEDs. PVK has a lower HOMO energy 

level (− 5.8 eV) compared to that of TFB (− 5.3 eV), which may inevitably facilitate the efficient 

injection of holes. The spectral overlap between PVK emission and ZnSe/ZnS absorption can efficiently 

improve the transfer of excitons formed on PVK to QDs (Supporting Information, Figure S4). For the 

injection of electrons, ZnO (with an electron affinity of ~4.3 eV and an ionization potential of ~7.6 eV) 

NP layer was adopted as electron injection layer (ETL) to form an efficient injection channel of electron 

and help to block holes in the QD layer due to the large valence band offset at the QD-ZnO interface.
 4, 42 

The choices of HTL and ETL ensure the efficient injection of holes and electrons, which lead to an 

improved charge recombination within QD layer. The structure of the QD-LEDs is schematically shown 

in Figure 5A and the corresponding schematic energy level diagram is shown in Figure 5B. The QD-

LEDs were fabricated with layers of indium tin oxide (ITO)/poly (ethylenedioxythiophene):polystyrene 

sulphonate (PEDOT:PSS) (40 nm)/ PVK (30 nm)/ZnSe/ZnS core/shell QDs (25 nm)/ZnO NPs (30 

nm)/Al to confine exciton formation within the QD layer. Surface SEM images of uniformly, compactly 

packed emitting layer of ZnSe/ZnS QDs and electron transport layer of ZnO NPs are shown in Figure 

S5, The cross-sectional SEM image of ITO/PEDOT:PSS/PVK/QDs /ZnO is shown in Figure S6 and the 

thickness of each layer in the device are consistent with the results measured by ellipsometer. Figure 5C 

shows the PL spectra of ZnSe/ZnS core/shell OT-QDs (in toluene) and the EL spectrum of the 

corresponding QD-LEDs, respectively. As can be seen from Figure 5C, the color purity of EL is in good 
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agreement with PL of the ZnSe/ZnS QDs with a little increase in the FWHM from 16.6 nm to 20.4 nm. 

The EL peak of the violet QD-LEDs locates at 429 nm which shows a slight red-shift compared with the 

PL peak, and no noticeable parasitic emission from adjacent organic layers can be observed during the 

device operation, which supports the effective suppression of exciton leakage from the emissive QD 

layer. Figure 5D shows the EL spectra of the ZnSe/ZnS based QD-LEDs measured at voltages from 8 V 

to 13 V, and we noticed that the FWHM (~20.5 nm) of EL spectra remains nearly unchanged during all 

these tests. The corresponding EL spectra at half-exponential coordinates were shown in Figure S7 (see 

Supporting Information), which proved no noticeable emissions from deep-level trap states or EL 

emissions from the adjacent organic layers. The Commission Internationale de l’Eclairage (CIE) 

chromaticity coordinates of the EL spectra of the QD-LEDs is shown in Figure 5E, which shows 

identical coordinates of (0.169, 0.023) in the pure violet territory. 

 

Figure 6. EL performance of QD-LEDs with violet emissions based on ZnSe/ZnS core/shell QDs which 

synthesized with octanethiol (★) and conventional S-ODE (●) as S precursor. (a) Current–density (J) 

and luminance (L) versus driving voltage (V), (b) Current efficiency (ƞA) and external quantum 

efficiency (EQE) versus luminance. 

Figure 6 shows the direct comparison of current density–luminance–voltage (J–L–V) characteristics, 

luminous efficiency, and EQE curves for violet QD-LEDs fabricated with S sources of octanethiol (OT-

QD for short) and S-ODE (S-QD for short), respectively. These QDs represent two kinds of violet 
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ZnSe/ZnS QDs with similar synthesis procedure and emission wavelength, which ensured the 

comparability of corresponding EL performance to prove the superiority of octanethiol as S source. The 

absolute QYs of final ZnSe/ZnS core/shell S-QDs could be kept up over 48 % with PL peak at 425.6nm, 

the FWHM of PL and EL are 17.2 nm and 21.6 nm, respectively (Figure 5C). The violet QD-LEDs 

based on our ZnSe/ZnS core/shell QDs showed similar EL peak of 429 nm and 430 nm for OT-QD and 

S-QD (Figure 5C and Figure 5D), respectively, and high brightness with maximum value of 804 cd/m
2
 

(for S-QD@12.8 V) and 2632 cd/m
2
 (for OT-QD@12.1 V) were recorded (Figure 6a). It is note-worthy 

that the peak luminance obtained by using OT-QDs represents the highest level of brightness reported so 

far for heavy- metal-free QD-based violet LEDs. Considering the different conversion factors from 

photopic luminosity function for different wavelength (for examples, 430 nm-0.0116, 440 nm-0.023, 

470 nm-0.091, 535 nm-0.9148, 610 nm-0.503), emission with peak of 430 nm corresponds a 1/40, 1/80, 

and 1/8 of sensitivity of human vision of red, green, and blue ones, respectively. Thus, 2632 cd/m
2
 at 

429 nm is really a high value than that of previously reported heavy-metal-free QD-LEDs in more than 

100 times.
35

 In Figure 6a, QD-LEDs with OT-QDs show higher current density that those using S-QDs, 

which indicates that shorter surface capping ligand of OT favors the charge injection than longer 

capping molecules such as OA. The QD-LEDs using S-QDs show their highest EQE of 2.6 % (Figure 

6b), current efficiency of 0.46 cd/A (Figure 6b), and power efficiency of 0.15 lm/W (Figure S8), 

respectively. While control devices using OT-QDs exhibit record values of maximum EQE of 7.83 % 

(Figure 6b), current efficiency of 1.38 cd/A, (Figure 6b) and power efficiency of 0.53 lm/W (Figure S8) 

for violet QD-LEDs based on heavy-metal-free QDs. Such high efficiency is 4 times more than the best 

violet Cd-containing QD-LEDs technology (EQE=1.7 %).
6
 This high quality violet QD-LEDs are 

originating from the high QYs of the ZnSe/ZnS core/shell QDs and the excellent structure design of 

QD-LEDs. The optimized selection of organic PVK hole injection layer and inorganic ZnO electron 

injection layer can effectively guarantee good energy band alignment between layers and thus the 

matching injection rates of carriers. 

Conclusions 
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In summary, we introduce the concept of low temperature nucleation and high temperature shell 

growth to synthesize high-quality violet-blue emitting ZnSe/ZnS core/shell QDs. The resulting nearly 

monodisperse ZnSe/ZnS core/shell QDs exhibit excellent characteristics such as high stable PL QY up 

to 83%, superior color saturation with FWHM < 20 nm, and flexible emission tunability at wavelength 

range of violet-blue from 400 to 455 nm. Highly bright and efficient violet QD-LEDs demonstrate 

maximum luminance up to 2632 cd/m
2
 with peak EQE of 7.83% successfully by using such ZnSe/ZnS 

core/shell QD emitters. These results may offer a practicable platform for the realization of heavy-metal-

free QD-based violet lighting devices. 
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