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Abstract

:

Quantum dot light-emitting diodes (QLEDs) have potential application prospects in new-type display fields due to their wide color gamut, high energy efficiency, as well as low-cost mass production. Research on lead-free and cadmium-free blue quantum dots (QDs) is urgently needed for the development of QLED technology. For I-III-VI QDs, multiple luminescent centers generated by imbalanced local charge distribution have a detrimental effect on the emission performance. Regulating the chemical composition is one of the effective methods to control the defect type of blue-emitting QDs. In this work, narrow-bandwidth (with a full width at half maximum of 53 nm) blue CuAlSe2 QDs are achieved by altering the Cu/Al ratio. As the Cu/Al ratio increases from 0.2 to 1, the photoluminescence (PL) emission peak is red-shifted from 450 to 460 nm, with PL quantum yield up to 56%. The PL spectra are deconvoluted into three emission peaks by Gaussian fitting analysis, demonstrating the main luminescent contribution coming from the radiative recombination of electrons residing in the aluminum–copper antisite (AlCu) defect level with the holes in the valence band. This work provides a new approach for preparing eco-friendly and high-efficient blue-emitting QDs.
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1. Introduction


Semiconductor quantum dots (QDs) have served as potential emitters for optoelectronic devices [1,2] owing to their remarkable properties, including tunable band gap, high color purity, and solution processability. In the application of QD light-emitting diodes (QLEDs), significant progresses in luminescent efficiency and stability for green- and red-emitting QLEDs [3,4,5] have been obtained by modulating the nanostructure and band gap of QDs and optimizing the device structure. However, the luminescence performance of blue QLEDs needs further improvement [6,7,8]. The color purity and efficiency of QDs are the key features for the development of high-efficient QLEDs, in which the relatively mature QD types include group IV [9,10], II-VI [11,12,13], III-V [14,15], I-III-VI [16,17], and lead-free perovskite QDs [18,19]. The photoluminescence (PL) emission of the above QDs stems from the recombination luminescence induced by excitons and defect states [20,21], thus yielding size/composition-dependent tunable emission ranging from blue to red. Among them, eco-friendly I-III-VI QDs become an attractive emitter suitable for QLEDs owing to excellent absorption and high-stable properties, which have been proven to achieve blue emission in the range of 455 to 475 nm but possess a wide full width at half maximum (FWHM) characteristic from 50 to 90 nm that impairing the color purity for QLED display applications.



The luminescent properties of lead-free and cadmium-free blue-emitting QDs are strongly dependent on chemical composition, size distribution, and energy level structure [22,23]. Kim et al. [16] reported the synthesis of Ag-Ga-S QDs upon introducing Zn2+ ions, exhibiting blue emission at 450 nm with an FWHM of 85 nm, which resulted from the nonexcitonic recombination at intragap states (e.g., Ag vacancy) (VAg). This work proposed that a VAg level could be energetically positioned more distantly from the vanlance band maximum, improving the conduction band to VAg radiative recombination. Bai et al. [22] realized narrow-bandwidth (PL FWHM of 63 nm) blue-emitting AgGaS2/ZnS QDs at 460 nm with a PL quantum yield (QY) of up to 21%, which exhibited a tunable band gap from 2.98 to 2.83 eV by changing the Ag/Ga molar ratio. Xie et al. [17] synthesized Ag-Ga-Zn-S QDs with a facile one-pot approach by varying Ag/Zn and Ag/Ga ratios, in which QDs emitted 470 nm peaking with PL QY of 16.7%. Further, this work demonstrated narrow-bandwidth (electroluminescence FWHM of 53 nm) blue QLEDs based on the QDs, which could be attributed to the improvement of the balance of carrier injection and transport for enhancing device efficiency. At present, developing high-color-purity blue I-III-VI QDs is still a challenge, while PL mechanisms of QDs need further investigation to guide the structural design of QDs for fabricating high-efficient blue QLEDs.



Herein, we presented a facile synthesis of CuAlSe2 QDs by the reverse cation-exchange reaction. The tunable blue-emitting from 450 to 460 nm was achieved by controlling the Cu/Al molar ratio with PL QY up to 56%. X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) characterizations were performed to confirm the particle size distribution and phase structure of blue QDs. PL spectra and time-solved PL decay spectra were systematically studied to discuss the photophysical process of QDs. We believe that this work may provide a new approach to synthesizing blue-emitting QDs for new-type QLED applications.




2. Experimental Section


2.1. Materials


Copper acetate (Cu(OAc)2, 99.99%), aluminum isopropoxide (Al(OCH(CH3)2)3, 99.998%), indium acetate (In(OAc)3, 99.99%), zinc acetate (Zn(OAc)2, 99.99%), Se powder (99.99%), oleylamine (OLA, 90%), oleic acid (OA, 90%), octadecene (ODE, 90%), dodecanethiol (DDT, 98%), methanol (99.5%), and n-hexane (97%) were purchased from Aldrich Inc (Shanghai, China). All the materials were used without further purification.




2.2. Preparation of Stock Solution


Se powder (0.16 mmol), OA (0.5 mL), ODE (6.0 mL), and DDT (0.5 mL) were mixed in a 100 mL three-neck round-bottomed flask sonicated for 10 min at 25 °C to create Se stock solution, which was then stored at room temperature for future use.




2.3. Synthesis of CuAlSe2 QDs


Cu(OAc)2 (0.16 mmol), Al(OCH(CH3)2)3 (0.27 mmol), OA (1.0 mL), ODE (6.0 mL), and OLA (0.5 mL) were first loaded into a 100 mL three-neck round-bottomed flask. The formed mixture was stirred for 10 min under Ar flow, after which it was heated to 120 °C and DDT (0.6 mL) was immediately injected and kept at 120 °C for 15 min until a clear solution was obtained. Afterwards, the temperature was elevated to 200 °C, and the mixture solution was swiftly injected into Se stock solution (1.5 mL) and stirred for 20 min. Subsequently, the reaction system temperature was decreased to 180 °C, following injection into Se stock solution (5.0 mL) and stirred for 15 min to ensure a complete reaction. After 10 s, the mixture was immediately cooled by liquid nitrogen, then the temperature gradually returned to room temperature and a CuAlSe2 QD solution was obtained. The product was precipitated by the addition of excess acetone and purified two times with methanol and n-hexane. The final sample was dispersed into n-hexane for the structural and optical characterization of the QDs. To investigate the luminescence properties of CuAlSe2 QDs, Cu/Al ratios of 0.2, 0.6, and 1 were adopted in the synthetic process with a Cu/Se ratio of 1. CuInSe2 and CuIn0.3Al0.7Se2 QDs were prepared by the identical experimental design.




2.4. Characterization


The crystal structure of all samples was determined by a Rigaku D/max 2500v/pc diffractometer with Cu Kα radiation (Tokyo, Japan). An FEI Talos F200X (Thermo Fisher Scientific, Waltham, MA, USA) operated at an accelerating voltage of 300 kV was used to obtain HRTEM images. PL spectra and decay profiles were measured by a Jobin-Yvon FluoroLog-3 fluorescence spectrometer (Longjumeau, France), using a 450 W Xenon lamp (Tokyo, Japan) and a laser with a wavelength of 376 nm (Tokyo, Japan) as excited sources, respectively. The UV–Vis absorption spectra were recorded on a Hitachi UV-4100 spectrophotometer (Tokyo, Japan). The components of the QDs were characterized by a PerkinElmer ELAN DRC-e inductively coupled plasma mass spectrometer (ICP-MS) (Woodbridge, ON, Canada). PL QY of the QDs was measured by the reference method with rhodamine 6G as a standard reference (95% QY in ethanol) [24]. Cyclic voltammetry (CV) electrochemical measurement (Shanghai, China) of the QDs was carried out in an electrolyte solution of tetrabutylammonium perchlorate (0.1 M) dissolved in dichloromethane. QD film as a working electrode was coated on a glassy carbon electrode, while a platinum wire and Ag/AgCl electrode were utilized as a counter electrode and a reference electrode, respectively.





3. Results and Discussion


3.1. Crystal Structure and Morphology Analysis


The XRD patterns of CuInSe2, CuIn0.3Al0.7Se2, and CuAlSe2 QDs before and after Al3+ ion introduction are depicted in Figure 1 to determine the crystal structure of CuAlSe2 QDs. The main diffraction peaks of CuInSe2 QDs located at 26.58°, 44.23°, and 52.39° are ascribed to tetragonal CuInSe2. The diffraction peak position at 19.9° corresponds to the (112) plane of hexagonal κ-In2Se3 [25]. After introducing partial Al3+ ions, the major diffraction peaks of CuIn0.3Al0.7Se2 QDs are assigned to chalcopyrite CuAlSe2 [26], and the peak positions are obviously shifted towards the higher angles compared to CuInSe2 QDs. The diffraction peaks appearing at 34.28° and 64.60° are matched with the (210) and (411) planes of cubic Cu2Se. Considering the stable valence state and matching ionic radius, it is reasonable to state that Al3+ ions of radius 0.53 Å occupy the sites of In3+ ions of radius 0.81 Å in the CuInSe2 QD lattice, inducing the higher-angle shift in diffraction peaks. Moreover, the disappearance of the diffraction peak at 19.9° indicates that the inserting of Al3+ ions can suppress the formation of the κ-In2Se3 phase. With the complete replacement of In3+ ions by Al3+ ions, the obtained CuAlSe2 QDs exhibit primary diffraction peaks located at 27.73°, 46.23°, and 54.34°, which are indexed to chalcopyrite CuAlSe2. An increase in the peak intensity of CuAlSe2 QDs was recorded, suggesting an enhancement in the crystallinity of the QDs. The interplanar spacing corresponding to the (112) crystal face in chalcopyrite CuAlSe2 is 0.321 nm.



To identify the morphology and size of CuAlSe2 QDs with Cu/Al of 0.6, HRTEM measurement was conducted and shown in Figure 2a. The QDs have an almost identical grain size of 4.8 nm, and the crystal place spacing of 0.32 nm is determined by image analysis in Figure 2b, which is assigned to the (112) lattice plane of chalcopyrite CuAlSe2, consistent with the observed XRD result. Further, QDs were digested and then analyzed by ICP-MS to quantify the elemental contents. As shown in Table 1, the actual Cu/Al ratio in the synthesized QDs with a Cu/Al ratio of 0.2 is nearly two times higher than the precursor solution value, which is associated with the difference in the chemical reaction activity among Cu+, Al3+, and Se2− ions [27]. An enhancement of the actual Cu/Al ratio from 0.41 to 1.16 occurs as the nominal Cu/Al ratio increases from 0.2 to 0.6, accompanied by an increase in the actual Al/(Cu+Al) ratio. This indicates that more Cu+ ions are replaced by Al3+ ions and the content of Al3+ ions enhanced from the QD nuclei to the QD surface.




3.2. Energy Level and Photoluminescence Analysis


The band gaps of CuAlSe2 QDs with varied Cu/Al ratios were estimated by UV–Vis absorption spectra and CV measurement. As depicted in Figure 3a, a red shift in the absorption onset is observed with an increasing Cu/Al ratio, illustrating that the optical band gap is narrowed from 2.81 to 2.76 eV (Figure 3b) calculated using Tauc’s relation [28]. The ionization potential (Ip) and electron affinity (Ea) of QDs with different Cu/Al ratios were calculated using the empirical formula [29]:


     I P  = − e (  E  1 / 2 ( o x )   −  E  1 / 2 ( F c )   ) + 4.8 )   e V      E a  = − e (  E  1 / 2 ( r e d )   −  E  1 / 2 ( F c )   ) + 4.8 )   e V      E g  =  I p  −  E a     



(1)




according to the oxidation onset potential (E1/2(ox)) and the reduction onset potential (E1/2(red)) (Figure 3c), the edges of the conduction band and valance band were determined and shown in Figure 3d. This result is similar to the research of Lian et al. [30], which illustrated that the obtained CuInSe2/ZnS QDs exhibited tunable band gaps by altering the Cu/In ratio. An enhancement of Cu+ ions content makes the main contribution for the narrowed band gap and the conduction band slightly downshift of QDs [31,32].



The PL spectra of CuIn1-xAlxSe2 (0 ≤ x ≤ 1) are presented in Figure 4a. It can be seen that CuIn1-xAlxSe2 (x = 0) QDs exhibit broad-spectrum emission with a PL peak at 645 nm having an FWHM of 107 nm. By introducing some Al3+ ions into CuInSe2 QD lattice, the PL spectrum of CuIn1-xAlxSe2 (x = 0.7) QDs consists of two emission peaks, one at 458 nm and the other at 762 nm, with a weakened emission intensity compared to CuIn1-xAlxSe2 (x = 0) QDs. From the XRD results in Figure 1, the crystal phase of CuIn1-xAlxSe2 (x = 0.7) QDs contains both chalcopyrite CuAlSe2 and cubic Cu2Se structures. It can be concluded that the effect of the exciton transition from cubic Cu2Se phase (Eg = 2.23 eV) [33] on the total emission in the PL spectrum of CuIn1-xAlxSe2 (x = 0) QDs could be excluded. In considering the band gap of bulk CuAlSe2 (Eg = 2.7 eV) [34], the narrow spectral emission at 458 nm is related to the band-edge transitions of CuAlSe2 QDs [35]. According to the results reported by Xue et al. [36], aluminum–indium antisite (AlIn) defects are easily formed by inserting Al3+ ions into the CuInSe2 lattice. It is reasonable to state that the emission at 762 nm is considered to be a composite luminescence of aluminum-related defects (e.g., AlIn) and the Cu vacancy (VCu). After CuIn1-xAlxSe2 QDs completely transformed into CuAlSe2 QDs, the PL emission peak exhibits a blue-shift from 458 to 450 nm, with an FWHM of 53 nm. Morever, an enhancement in the emission intensity of CuAlSe2 QDs in comparison with CuIn0.3Al0.7Se2 QDs could be attributed to the increased probability of band-edge transitions.




3.3. Quantum Yield and Emission Properties


The PL spectra of CuAlSe2 QDs under an excitation wavelength of 370 nm are shown in Figure 4b. With the Cu/Al ratio raised from 0.2 to 1, the maximum PL emission peak is red-shifted from 450 to 460 nm, while the PL QY first increases and then decreases (Figure 4c). At a Cu/Al ratio of 0.6, a maximum PL QY of 56% is achieved. The reproducibilities of PL QY and PL peak wavelength were characterized by the statistics of eight QDs for each batch (Figure 4c,d). The QDs with a Cu/Al ratio of 0.6 exhibit a higher PL QY with the narrow PL peak wavelength distribution than the other two QDs, indicating that the QDs with a Cu/Al ratio of 0.6 possess an improved reproducibility of PL properties. This result is comparable to the previous research that the PL QY of blue-emitting I-III-VI QDs with emission peaks located at 460 to 470 nm is generally less than 50% by using the same reference test [16,23].



Multi-peaks Gaussian fitting makes connections between parameters in the original measurement, and error distribution is utilized to find the emission ratio. Herein, further analysis by Gaussian fitting was performed to investigate the origin of the blue emission. Considering the absorption spectra with a long tail characteristic (Figure 3a) and the PL emission with an FWHM of 53 nm, the PL spectra of CuAlSe2 QDs with different Cu/Al ratios can be easily resolved into three subspectra, which enable the decomposition of the emission with high accuracy, as presented in Figure 5a–c. For CuAlSe2 QDs with a Cu/Al ratio of 0.2, the three fitted emission peaks are located at 443, 460, and 502 nm, respectively. In reference to the findings by Duclaux and co-workers and Baum et al. [37,38], the intrinsic defects in CuAlSe2 QDs include aluminum–copper antisite (AlCu) donor defects and VCu acceptor defects. The peak position at 443 nm can be attributed to the transition of electrons from the conduction band to the valence band (CB-VB). The peak centered at 460 nm is associated with the radiative recombination of electrons in the AlCu defect level with holes trapped in the valence band (AlCu-VB). The asymmetric broad peak at 502 nm is ascribed to the radiative recombination of electrons in the conduction band to the holes residing in the Cu-related defect band (e.g., VCu) (CB-VCu). On the basis of the above multi-peak fitting analysis, the integrated spectral contributions of each emission component are obtained (Figure 5d). As the Cu/Al ratio increases, the contribution of the radiative transition from AlCu-VB to the PL spectrum tends to flatten. The CB-VB emissive components for CuAlSe2 QDs with a Cu/Al ratio of 0.6 present a decreasing spectral contribution from 21% to 14%, while AlCu-VB emission increases from 22% to 30%, indicating a competitive gain between the two radiative transition processes. This result confirms that an enhancement of the Cu/Al ratio induces an increase in the density of VCu defect states in CuAlSe2 QDs, which supports the variation of PL QY (Figure 4c).



The representative PL spectra monitored at different excitation wavelengths are to determine the effect of the Cu/Al ratio on the defect levels of CuAlSe2 QDs, as depicted in Figure 6. The PL spectral peak-shape and FWHM of the QDs with the Cu/Al ratio increasing from 0.2 to 0.6 are independent of the excitation wavelength, indicating that the PL emission of CuAlSe2 QDs originates from the identical upper level. For the same sample, the emission peak is red-shifted from 448 to 458 nm as the excitation wavelength increases from 330 to 390 nm, which is caused by the transition of electrons from the shallow donor level to the deep level, and the turning point of the emission peak shift is considered the AlCu donor level.



The time-solved PL decay spectra were acquired by monitoring different emission wavelengths to analyze the photophysical process of CuAlSe2 QDs with Cu/Al ratios of 0.2 and 0.6. As presented in Figure 7, the PL decay curves exhibit characteristics that depend on the monitored emission wavelength and the Cu/Al ratio. The curves are well fitted by the following triexponential function [39]:


I(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2) + A3 exp(−t/τ3)



(2)




where τ1, τ2, and τ3 are the decay time constants of PL emission components, and A1, A2, and A3 are the coefficients of decay components of the triple exponential fitting at t = 0. The average lifetimes (τav) were determined according to τav = ∑Aiτi2/∑Aiτi. It can be seen from the fitting results (Table 2) that with the Cu/Al ratio increased from 0.2 to 0.6, the average lifetime of CuAlSe2 QDs is extended from 235 to 263 ns under 450 nm emission wavelength monitoring, which is consistent with the enhanced PL QY result of QDs. Through fitting calculations, the PL lifetime includes a short lifetime component of τ1 (1.7 to 3.5 ns), an intermediate lifetime component of τ2 (32 to 88 ns), and a long lifetime component of τ3 (205 to 324 ns), which are assigned to the electron transition of CB-VB, AlCu-VB, and CB-VCu, respectively. Considering that each lifetime component can reflect the effect of the Cu/Al ratio on the luminescence performance of CuAlSe2 QDs, under same emission wavelength monitoring, the Cu/Al ratio increase is accompanied by the relative decrease in A1 and A2 amplitudes and the increase in A3 amplitudes, indicating that an enhancement of Cu+ ions content results in an increase in radiative recombination probability from the VCu defect levels.





4. Conclusions


In this work, blue emission CuAlSe2 QDs were obtained by regulating the Cu/Al ratio. The PL spectra exhibited a red-shift from 450 to 460 nm as the Cu/Al ratio increased from 0.2 to 1, with a maximum PL QY of 56%. The PL spectra were deconvoluted by Gaussian fittings into three emission peaks, while tunable PL emissions were attributed to the competitive radiative transition process from AlCu and VCu levels. The PL spectra recorded at various excitation wavelengths presented identical peak-shape and FWHM of QDs, indicating that the blue emission was assigned to the same upper level. Deeper research is needed to optimize the nanostructure of blue-emitting I-III-VI QDs and regulate their energy level for achieving high-efficient QLEDs. This work will provide a new approach toward the development of eco-friendly blue-emitting QD materials and advance the progress in optoelectronic applications, such as new-type QLEDs and solar cells.
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Figure 1. XRD patterns of CuInSe2, CuIn0.3Al0.7Se2, and CuAlSe2 QDs. 
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Figure 2. (a) HRTEM images; (b) the corresponding particle size distribution of representative CuAlSe2 QDs. 
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Figure 3. (a) UV–Vis absorption spectra of CuAlSe2 QDs with different Cu/Al ratios; (b) the corresponding (Ahν)2 (where A represents absorbance) dependence on photon energy (hν); (c) the corresponding CV traces; (d) the corresponding energy levels. 
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Figure 4. (a) PL spectra of CuIn1-xAlxSe2 (0 ≤ x ≤ 1) QDs monitored at an excitation wavelength of 370 nm; (b) PL spectra of CuAlSe2 QDs with different Cu/Al ratios; (c) PL quantum yield (PL QY); and (d) PL peak wavelength distribution of CuAlSe2 QDs with varied Cu/Al ratios. 
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Figure 5. PL spectra resolved into three subspectra: (a) Cu/Al ratio: 0.2; (b) Cu/Al ratio: 0.6; (c) Cu/Al ratio: 1; (d) integrated spectral contribution of each emission component. 






Figure 5. PL spectra resolved into three subspectra: (a) Cu/Al ratio: 0.2; (b) Cu/Al ratio: 0.6; (c) Cu/Al ratio: 1; (d) integrated spectral contribution of each emission component.



[image: Coatings 14 01291 g005]







[image: Coatings 14 01291 g006] 





Figure 6. PL spectra monitored at various excitation wavelengths of CuAlSe2 QDs: (a) Cu/Al ratio: 0.2; (b) Cu/Al ratio: 0.6. 






Figure 6. PL spectra monitored at various excitation wavelengths of CuAlSe2 QDs: (a) Cu/Al ratio: 0.2; (b) Cu/Al ratio: 0.6.



[image: Coatings 14 01291 g006]







[image: Coatings 14 01291 g007] 





Figure 7. Time-resolved PL decay curves at various emission wavelengths of CuAlSe2 QDs: (a) Cu/Al ratio: 0.2; (b) Cu/Al ratio: 0.6. 
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Table 1. Nominal Cu/Al ratio and Al/(Cu+Al) ratio in the precursor solution and their actual ratios in synthesized CuAlSe2 QDs determined by ICP-MS.
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	Precursor Solution

Cu/Al Ratio
	Precursor Solution Al/(Cu+Al) Ratio
	ICP Results of

Cu/Al Ratio
	ICP Results of

Al/(Cu+Al) Ratio





	0.2
	0.11
	0.41
	0.20



	0.6
	0.37
	1.16
	0.50










 





Table 2. Fitting results of PL lifetime decays of CuAlSe2 QDs with Cu/Al ratios of 0.2 and 0.6.
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Sample

	
λem * (nm)

	
τ1 (ns)

	
A1 (%)

	
τ2 (ns)

	
A2 (%)

	
τ3 (ns)

	
A3 (%)

	
τav (ns)






	
Cu/Al = 0.2

	
380

	
1.82

	
5.97

	
38.91

	
19.03

	
300.29

	
75.00

	
192




	
420

	
1.87

	
5.83

	
54.82

	
14.83

	
218.13

	
79.34

	
210




	
450

	
2.26

	
5.11

	
65.03

	
12.25

	
242.56

	
82.64

	
235




	
500

	
2.95

	
4.21

	
64.41

	
11.92

	
274.57

	
83.87

	
267




	
540

	
3.47

	
3.68

	
72.29

	
8.94

	
314.51

	
87.38

	
301




	
Cu/Al = 0.6

	
380

	
1.74

	
10.16

	
32.90

	
14.65

	
205.86

	
75.19

	
199




	
420

	
2.26

	
5.11

	
65.03

	
12.25

	
242.56

	
82.64

	
235




	
450

	
3.01

	
4.93

	
76.81

	
11.09

	
271.27

	
83.98

	
263




	
500

	
3.33

	
4.43

	
84.04

	
10.23

	
294.51

	
85.34

	
286




	
540

	
3.53

	
3.35

	
88.07

	
8.16

	
324.84

	
88.49

	
320








* A monitoring emission wavelength.
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