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Abstract

:

Over recent years, quantum dots (QDs) based on ternary metal dichalcogenides have attracted a lot of attention due to their unique properties and a range of potential applications. Here, we review the latest studies on the optical properties of AgInS2/ZnS QDs with emphasis on their theoretical modeling, and present our investigations of electronic transitions invisible in unstructured absorption spectra of AgInS2/ZnS QDs. The analysis of the absorption, photoluminescence excitation (PLE), and magnetic circular dichroism (MCD) spectra of hydrophobic and hydrophilic AgInS2/ZnS QDs of different sizes enables us to determine positions of electron transitions in these QDs. We demonstrate that the use of the second derivative of PLE spectra provides more unequivocal data on the position of the energy transitions compared with the second derivative of absorption spectra. Analysis of the MCD spectra reveals that the magnetic field induces energy level mixing in AgInS2/ZnS QDs in contrast to the traditional Cd-based QDs, where MCD is associated only with removing degeneracy of the excited energy level.
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1. Introduction


Quantum dots (QDs) of ternary metal dichalcogenides (CuInS2 and AgInS2) are considered promising alternatives to binary cadmium and lead-containing chalcogenide QDs. Due to the low toxicity of ternary QDs, they are considered appropriate materials for the development of eco-friendly and bio-compatible devices [1,2,3,4,5,6,7]. The main feature of ternary QDs is their high tolerance to defect states, which leads to the formation of broadband absorption and emission. Other characteristic features of ternary QDs are giant Stokes shifts and long photoluminescence (PL) lifetimes of hundreds of nanoseconds (ns) [8,9]. It is known that CuInS2 and AgInS2 QDs possess similar properties. However, the Ag 4d10 orbital is lower in energy than the Cu 3d10 orbital and, as a result, AgI atoms can have both 6- and 4-coordination, while CuI atoms energetically favour 4-fold coordination [10]. This makes the structure of AgInS2 QDs more tolerant to the formation of defect states and provides additional opportunities for the tuning of their optical properties [11].



In this work, we concentrate on the investigation of an electronic structure of AgInS2 (AIS) QDs. We briefly summarize the current state of the art in the investigation of optical properties of AIS QDs and explain the basics of magnetic circular dichroism (MCD) as a tool for the investigation of electronic transitions in QDs. Then, in the research section, we present room temperature MCD spectra of AIS/ZnS QDs and analyse these data together with the second derivatives of absorption and photoluminescence excitation (PLE) spectra to provide more unequivocal information on the position of the energy transitions in AIS/ZnS QDs.



1.1. Optical Properties of AgInS2 Quantum Dots


There are several techniques used for the colloidal synthesis of AIS QDs, such as hot injection, chemical vapor deposition, thermal decomposition, etc. [12,13,14]. During colloidal synthesis, the size and optical properties of nanoparticles are adjusted by selecting the temperature and time of the reaction. A comprehensive review on the fabrication of AIS QDs has been previously published [15,16]. One of the challenges in ternary nanoparticle synthesis is the control of defect types and defect concentration. Even within a one-pot synthesized batch, individual QDs can have different defect distributions, leading to variation of QD optical properties, even in an ensemble with narrow size distribution [17].



AIS QDs’ optical properties depend on QD size due to the quantum confinement effect [18,19]. However, the main tool for AIS QDs’ optical properties tuning is their composition change. For example, decreasing Ag/In ratio results in an increase in bandgap of the material and shifts absorption and PL bands to higher energies [1,20,21,22]. Another way to change the spectral properties of AIS QDs is by growing a semiconductor shell (ZnS usually [23]) or introducing Zn or Cu atoms to the QD core during the synthesis [24,25]. During the shell growth, core/shell materials are alloyed on the border and Zn atoms penetrate the QD cores. Since ZnS has a wider bandgap than AIS, alloying leads to increasing of the bandgap in QDs, and blue-shift of absorbance and PL spectra is observed. Also, the shell eliminates surface defects and as a result PL quantum yield increases [26]. In addition, the Ag/In ratio affects the PL quantum yield of QDs. The maximum value of PL quantum yield is achieved when Ag/In ratio is about ¼ [27,28]. This phenomenon was explained by the self-ordering of In sub-lattice in In-rich QDs [29]. In other words, the increase of PL quantum yield can be attributed to ordering of the structure of ternary QDs and reduction of intrinsic defects. This assumption correlates with other reports which state that the increasing In content also decreases QD PL lifetimes. It was observed that prolonged lifetimes in AIS QDs are associated with defects and defect elimination should decrease PL lifetime [1,27,28,29,30]. Figure 1 summarizes the options of optical properties tuning for AIS QDs: the influence of size and composition on QD size, PL colour, and PL quantum yield. The formation of broad PL spectra due to the presence of interband defect states is depicted in the middle of Figure 1. More details on manipulation by optical properties of AIS QDs can be found in the recent review [31].




1.2. Theoretical Models


Since the early days of research in this field, the donor-acceptor pair mechanism has been employed to explain the radiative recombination in both AgInS2 and CuInS2 nanocrystals [32,33,34]. The main idea of this mechanism is the radiative recombination of electrons and holes trapped by defect sites. Sulfur vacancies and interstitial silver atoms catch electrons and work as donors (D). Silver vacancies and interstitial sulfur atoms trap holes and operate as acceptors (A) [20,35]. This model was applied by Hamanaka et al. [34] to interpret the PL spectra of AIS QDs. For all defect-based models of PL, the Stokes shift depends on binding energies, which are related to donor and/or acceptor trapping.



Other theoretical models explain the optical properties of ternary QDs without evoking defect states. The mechanism of exciton self-trapping was proposed for AIS QDs [9,17,36]. Supposed electron-phonon interactions lead to a broadband emission, even in the case of a single nanocrystal. In this model, the magnitude of Stokes shift increases due to a large number of emitted phonons.



Shabaev et al. [37] developed a theoretical description for the structure of band-edge levels in spherical chalcopyrite CuInS2 nanocrystals and explain the Stokes shift up to 300 meV. In this approach, the emission is generated by the formally forbidden transition and has a long photoluminescence lifetime.



Recent theoretical models bring together several different mechanisms that previously have only been considered separately. The theoretical consideration of AIS QDs PL broadening presented in Ref [38] combines the features of several models:




	
The possibility of the presence of both D and A sites in AIS QD [34]



	
The strong electron–phonon interaction [36]



	
The non-localized character of the electrons in the conduction band [17]








The theoretical model proposed in Ref. [38] is supported by spectroscopic studies. The authors demonstrate that PL broadening in AIS QD is associated with radiative transitions from energy states caused by defects localized at different positions within the QD volume.



Therefore, three reasons for inhomogeneous broadening of AIS QD spectra could be named:




	
Size polydispersity



	
Dot-to-dot differences in chemical composition



	
Different defect distribution within QDs








Another combined theoretical model explains the giant Stokes shift in AIS QDs [8]. The authors take into account electron-electron and electron-phonon interactions and use the density functional theory and method of invariants. The presence of at least one point defect responsible for hole trapping and formation of the localized polaron state was also considered. Numerical simulations show that the recombination of a non-trapped electron and a trapped hole gives a PL with the giant Stokes shift (~1 eV for AIS QDs with sizes of 1–2 nm); this is in good agreement with available experimental data [8,9,18,37].




1.3. Determination of the Bandgap in Ternary Quantum Dots


Typically, the AIS QDs demonstrate unstructured (i.e. without distinguishable bands) absorption spectra with the absorbance growing with increasing photon energy. However, increase of the In/Ag ratio over 4 leads to the formation of exciton-like features in the absorption spectra [11,27]. Absorption spectra of ternary materials reveal a long exponential tailing absorption below the band gap energy (Eg), the so-called Urbach tail [39]. Urbach tail is almost a universal property of disordered solids, and is observed for alkali halides, II-IV compounds, III-V semiconductors, organics crystals, and amorphous systems. Urbach tail in ternary semiconductors is associated with structural defects [40].



Band gap energy of ternary QDs can be roughly estimated as the minima of a second derivative of the absorption spectra [41]. Otherwise    E g    can be estimated by replotting the spectra in Tauc coordinates for direct transitions ((αhν)2 vs hν, where α is the absorption coefficient constant and hν is the photon energy) and deducing the intercept of the spectra linear part with the abscissa [9,18,20,35]. However, since the typical absorption spectra of ternary QDs are very smooth, it is difficult to determine the band gap with the required accuracy based only on the analysis of the absorption spectra. Several technics for the determination of band gap energy in ternary QDs have recently been proposed, including methods based on the analysis of the PL spectra of QDs [42]. Band gap energy of AIS QDs was estimated from the PL spectral position and FWHM of PL band dependence on excitation energy [38]. At the same time, methods for the experimental determination of higher energy transitions in AIS QDs have not been reported. Attempts of investigation of high energy electron transition in AIS and AIS/ZnS QDs have been reported [43]. Researchers used the first derivative of absorption spectra for this purpose and compared their results with the modeled absorption of bulk AIS. However, the poor resolution of bands in absorbance spectra made this technique quite unreliable.



One of the ways to overcome poor resolutions of absorbance spectra is to use PLE spectra instead. PLE spectra allow to reduce inhomogeneous broadening due to the registration of a signal from a fraction of QDs with a small size variation. As a result, bands in PLE spectra are narrower and more distinguishable, when compared with the absorption spectra.



Recent studies underline the potential of circular dichroism (CD) [44,45] and magnetic circular dichroism (MCD) [46,47] spectroscopy for the investigation of an electronic energy structure of nananoparticles. MCD is a more universal technique, since it is applicable for nonchiral objects in contrast to CD. Basics of the MCD technique are discussed in detail below:




1.4. Magnetic Circular Dichroism Spectroscopy


MCD is the differential absorption of left and right circularly polarized light (lcp and rcp), measured in a sample placed in a magnetic field oriented parallel to the direction of the light propagation. MCD spectra contain information on the degeneracy and symmetry of the electronic levels, and paramagnetic properties of the studied systems [48,49].



The bands in MCD spectra appear due to several reasons: (i) Zeeman splitting of degenerate excited states (so called A-term); (ii) magnetic ﬁeld induced mixing of the zero-ﬁeld states (B-term); (iii) distribution of Boltzmann population across a degenerate ground state (C-term). The scheme of MCD band formation is shown in Figure 2.



A-term has a highly distinctive first derivative band shape due to the energy shift between absorption bands of l cp and rcp light. In the case of A-term without admixture of other transitions, the zero-field transition position could be determined very precisely as an abscissa crossing point of MCD spectra or its second derivative. In samples without three-fold or higher rotation axis, the orbital degenerate states are absent and there is no Zeeman eﬀect (and A-terms) and therefore B-terms dominate the MCD spectrum. B-terms are also present in the spectra of high symmetry complexes, but tend to be signiﬁcantly less intense than the A and C terms. C term exhibits strong 1/kT temperature dependence and is usually associated with the presence of an open shell transition metal. When the splitting of the states is relatively small in the spectral bandwidths of the lcp and rcp light-specific absorption bands, the B and C terms have a Gaussian shape. A and B terms are normally investigated at ambient temperatures under moderate magnetic fields around 1-2 T, while superconducting magnets with ﬁeld strengths of 5–7 T and helium temperatures are often used to study terms.



MCD spectra for CdSe QDs were investigated for the first time in 1998 [50]. Recently MCD spectroscopy was successfully applied to study energy transitions in 2D CdSe nanoplatelets [46].



The MCD spectra of ternary QDs were reported only for CuIn-S2 QDs [51]. The MCD spectra were recorded for a temperature range of 3 to 50 K and magnetic field of 6 T. The MCD spectra of CuInS2 QDs represent a continuum of transitions with intensity growing at high energies. The only distinct feature was the temperature-dependent band (could be attributed to C-term). Authors associated this behavior with the presence of paramagnetic moments in nanocrystals that are coupled via sp−d exchange to the conduction and valence bands of the host CuInS2 lattice.



In this paper, we report, for the first time, the room temperature MCD spectra of AIS/ZnS QDs.





2. Materials and Methods


2.1. Chemicals


Indium(III) chloride (InCl3, 99.9%), indium (III) acetate (In(OAc)3, 99.99%), silver nitrate (AgNO3, 99%), zinc(II) acetate dihydrate (Zn(OAc)2*2H2O, 99%), zinc stearate (technical grade), sodium sulfide (Na2S × 9H2O, 98%), NH4OH (aqueous 5.0 M solution), thioglycolic acid (TGA), 1-dodecanethiol (DDT, 98%), 1-octadecene (ODE, 90%), oleic acid (OA, 99%), acetone (>99%), and methanol (99.93%) were purchased from Sigma Aldrich and used without purification. All the aqueous solutions were prepared using Milli-Q water (Millipore) as a solvent.




2.2. Synthesis of Hydrophilic AgInS2/ZnS QDs


For a typical synthetic reaction, 1 mL of 0.1 M aqueous AgNO3 solution, 2 mL of 1.0 M aqueous TGA, and 0.2 mL of 5.0 M aqueous NH4OH solution were added to 92 mL of water under magnetic stirring and atmospheric pressure. The resulting turbid yellowish suspension changed after adding 0.45 mL of 5.0 M NH4OH solution and discolored after adding 0.9 ml of aqueous 1.0 M InCl3 solution containing 0.2 M HNO3. Then 1 mL of aqueous 1.0 M Na2S solution was added, and the solution was heated on a water bath at 90–95 °C for 30 min. Afterwards, 1 mL of 1.0 M aqueous TGA solution and 1 mL of aqueous 1.0 M Zn(OAc)2 solution containing 0.01 M HNO3 were added to the colloidal QD core solution to produce a ZnS shell.



After the synthesis, the solution was cooled down to room temperature and concentrated using a rotary evaporation. For size-selection, 0.5 mL of isopropyl alcohol was added to initiate aggregation of the QDs with subsequent centrifugation at 10,000 rpm for 5 min. The precipitate was separated and designated further as fraction #1. This procedure was repeated until the solution was completely discolored. At each separation step, only the heaviest QD (with the biggest size) precipitate provided samples with the same composition, but different size. For our research, we have chosen the 6th and 8th fractions of QDs. For simplicity, we will refer to both samples as fraction 1 and 2.




2.3. Synthesis of Hydrophobic AgInS2/ZnS QDs


For a typical synthetic reaction, 0.018 g of AgNO3, 0.06 g of In(OAc)3, 8 mL 1-dodecantiol, and 210 µL were added in a three-necked round bottom flask equipped with a magnetic stirring bar and heated under vacuum at 135 °C for 30 min. Then, mixture was heated up to 185 °C in argon atmosphere, and the mixture was kept at this temperature for 15 min until a bright red solution was formed.



The core AgInS2 QDs were covered with a ZnS shell. To achieve this, the mixture of 0.02 g of zinc stearate and of 4 mL of octadecene was degassed under vacuum for 30 min at 120 °C under magnetic stirring. The solution was then heated to 160 °C in an argon atmosphere until complete zinc stearate dissolution. For shell growth, 2.5 mL of Zn solution was injected into the core, and then 0.5 mL of zinc precursor was injected every 15 minutes. The solution was heated to 210 °C by magnetic stirring for 45 min.



After the synthesis, the solution was cooled down to room temperature and 3 mL of acetone was added to initiate aggregation of the QDs with subsequent centrifugation at 10,000 rpm for 5 min. The precipitate was separated and designated further as fraction #1. This procedure was repeated 4 times until the solution was completely discolored. We used the 2nd and 4th fractions for our research. For simplicity, we will refer to both samples as fraction 1 and 2.




2.4. Methods


Absorption spectra were measured with a Shimadzu UV-3600 spectrophotometer. Photoluminescence spectra were registered using Cary Eclipse (Agilent) fluorescence spectrofluorimeter and photoluminescence excitation spectra were recorded at the maxima of PL bands with spectrofluorimeter Fluorat-02-Panorama. Jasco J-1500 CD spectrophotometer and electromagnet MCD-581 with field of up to 1.5 Tesla were used for MCD spectra measurements.




2.5. Data Treatment


To reduce machine artifacts in MCD spectra that originated from baseline imperfections, we treated MCD spectra as follows: (i) calculated a correction spectrum as a half of the sum of MCD spectra recorded under magnetic field of an opposite sign and (ii) subtracted the obtained correction spectrum from the original MCD spectra. This procedure is relevant, since non-chiral samples demonstrate a mirror image MCD spectra in the opposite magnetic field.



Before the calculation of the second derivative, PLE, absorbance and MCD spectra were smoothed with the Savitsky-Golay method with points of window parameter between 25 to 55 for different spectra. After the calculation, the second derivatives were smoothed with points of window parameter between 50 to 125. The numbers of points of window were chosen manually for each spectrum to ensure better noise reduction, together with preservation of spectral details.





3. Results and Discussion


We synthesized AIS/ZnS QDs by two different approaches in organic solvents [13] and in an aqueous solution [18] to ensure the universality of our results. The selected synthesis methods allowed the producing of QD ensembles with broad size distribution. The selective size separation of QD ensembles produced a number of QD fractions with slightly different mean sizes. For the present investigation, we chose two fractions with the most distinguishable bands in MCD spectra for each hydrophobic and hydrophilic QD. Such an approach, instead of varying QDs size by temperature change, enabled to ensure the identity of the Ag/In ratio within each batch and guarantee that all spectral changes are associated only with differences in size, not composition. Figure 3 shows photoluminescence (PL), absorption, and PL excitation (PLE) spectra of the studied samples. Both hydrophilic and hydrophobic QDs have broad PL bands with full width at half maximum (FWHM) of about 420–430 meV. The distance between PL band maxima of the investigated fractions of hydrophilic and hydrophobic QDs are 140 meV and 65 meV, respectively. Despite the small shift between PL bands of hydrophobic QDs, the difference in PL colour of these two fractions is clearly visible to the naked eye (the photo of the samples under UV lamp is presented in an insert in Figure 3). According to the literature, AgInS2/ZnS QDs with such composition and spectral properties have sizes between 3 nm and 4 nm [13,18]. Absorption spectra of hydrophilic QDs are featureless, while hydrophobic QDs possess a pronounced band similar to the fundamental excitonic transition in CdSe QDs. According to the literature, a noticeable excitonic band appears in AIS QDs when In/Ag ratio is over ~4 [11,27]. The ratio of In/Ag precursors was 2.8 and 3.7 for hydrophobic and hydrophilic QDs, respectively; therefore, the change in absorbance spectra could be associated with the difference in indium content.



PLE spectra registered at the maximum of PL bands reveal some additional transitions unresolved in the absorption spectra.



To obtain additional information on electronic transitions in QDs, we applied MCD spectroscopy. MCD spectra were recorded under a magnetic field of +1.5 and −1.5 Tesla aligned with the direction of light propagation. MCD spectra recorded under opposite magnetic field represent a mirror image of each other and are very similar to MCD spectra reported for CIS QDs [51]. MCD spectra present the rising (or decreasing, depends on field sign) continuum of transitions with a number of broad bands invisible in the absorption spectra (Figure 4).



To determine the position of the electronic transition in QD spectra, we analyzed the second derivatives of the absorption and PLE spectra (Figure 5). In the absorption and PLE spectra, all bands could be approximated by Gaussians with maxima at transition positions. Therefore, the local minima of the second derivatives of absorption and PLE spectra reveal the position of transitions.



Analysis of spectra began in the bandgap area. According to the literature [43,44], the position of the fundamental excitonic transition corresponds to the first minimum of the 2nd derivative of absorbance spectra. Comparison of the 2nd derivatives of absorbance and PLE spectra reveals that a broad minimum in absorbance corresponds to two minima in PLE (at 456–461 nm and at 412–416 nm, respectively). The positions of both transitions are size-dependent: both are blue-shifted for the smaller fraction of QDs, which allows to attribute both transition to excitonic energy levels.



Interestingly, according to PLE spectra, there is another size-dependent transition below the bandgap. Such transition was also observed in CuInS2 QDs [41]. Existence of this transition was explained by inversion of the 1S and 1P hole levels at the top of the valence band [37]. However, theoretical calculations made for AIS QDs do not demonstrate this inversion and postulate that 1S(h)–1S(e) is an optical active excitonic transition with the lowest energy [8]. The Stock shift between the first observed transition and maximum of PL band is only 0.2–0.3 eV, which is much smaller than the typical Stock shifts reported for AIS/ZnS QDs of 0.4–0.8 eV [18,43,44,52]. Therefore, the observed transition might be attributed to absorption of defect states within the bandgap.



Forward transition at the 369 nm (3.36 eV) is positioned independent of the QD size and Ag/In ratio. This makes its origin questionable for now.



Another size-independent transition is observed in hydrophobic QDs at 309 nm (4.01 eV). This could be related to ZnS shell [43]. The absence of this peak for hydrophilic QDs could be associated with different shell thickness.



All transition positions are given in Table 1.



Analysis of MCD spectra is complicated since A- and B- terms are strongly overlapped. According to [37], the transitions in ternary QDs are degenerate, offering a distinctive A-term in MCD spectra. Furthermore, previous results [46,50] show that the two first transitions in CdSe QDs are associated with A-terms only. However, symmetry breaking in AIS QDs due to shape imperfections and the presence of defect sites could lead to the appearance of B-terms. In this situation, B-terms associated with the mix of energy levels under a magnetic field should dominate. Another reason for B-term appearance could be the high density of nondegenerate energy states from defect sites.




4. Conclusions


Energy transitions in AIS/ZnS QDs have been investigated using new approaches. We demonstrated that by using PLE spectra, we can gain more detailed information on electronic transitions in AIS QDs, when compared with using absorbance spectra only. The results are in good agreement with the theoretical prediction of the excitonic fine structure developed for Cu-In-S2 QDs.



The analysis of MCD spectra revealed that a magnetic field induces in AIS QDs energy level mixing (B-term) in contrast to CdSe QDs, where the MCD of low energy levels is associated only with removing degeneracy of the excited energy level (A-term).



We believe that this research will be useful for further understanding of the electronic structure and properties of quantum nanostructures, which are based on ternary metal dichalcogenides.
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Figure 1. Representation of the tuning AIS QDs bandgap and PL quantum yield. Increasing of QD size and Ag/In content decrease bandgap energy (Eg) and induce red shift in QD color. ZnS shell (as well as Zn-doping) works in the opposite way. The formation of broad PL spectra due to the presence of interband defect states is depicted in the middle of the sketch. Increasing In/Ag content, as well as ZnS shell growth, increase PL quantum yield (QY). 
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Figure 2. Scheme of band formation in magnetic circular dichroism spectra. 
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Figure 3. Photoluminescence and photoluminescence excitation spectra for two fractions of hydrophilic (A) and hydrophobic (B) AIS/ZnS QDs. PL excitation was done at 405 nm. PLE was registered at the maximum of PL (562 nm and 532 nm for Fraction 1 and Fraction 2 of hydrophilic QDs, respectively, and 560 and 550 nm for Fraction 1 and Fraction 2 of hydrophobic QDs, respectively). The images of hydrophobic QD solutions taken under a UV lamp are presented in the insert. 
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Figure 4. Magnetic circular dichroism (top) and corresponding absorption (bottom) spectra of two fractions of hydrophilic (A) and hydrophobic (B) AIS/ZnS QDs. 
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Figure 5. The second derivatives of PLE (top), magnetic circular dichroism (middle), and absorption (bottom) spectra for each fraction of hydrophilic (A) and hydrophobic (B) AgInS2/ZnS QDs. The position of electronic transitions is determined as positions of second derivatives minimums, marked by vertical lines with error within yellow bars. 
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Table 1. Transition positions in nm (eV), type of magnetic circular dichroism term.
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No.

	
Hydrophilic

	
Hydrophobic




	
Fraction 1

	
Fraction 2

	
MCD Term

	
Fraction 1

	
Fraction 2

	
MCD Term






	
1

	
499 (2.48)

	
496 (2.49)

	
A + B

	
495 (2.50)

	
489 (2.53)

	
A + B




	
2

	
461 (2.69)

	
459 (2.70)

	
A + B

	
458 (2.70)

	
456 (2.72)

	
B




	
3

	
417 (2.97)

	
415 (2.98)

	
A + B

	
418 (2.96)

	
412 (3.01)

	
B




	
4

	
369 (3.36)

	
370 (3.35)

	
unknown

	
369 (3.36)

	
369 (3.36)

	
unknown




	
5

	
-

	
-

	
-

	
309 (4.01)

	
309 (4.01)

	
A
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