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Random-Alloying Induced Signatures in the Absorption Spectra of Colloidal Quantum Dots

The optical spectra of homogeneously alloyed colloidal CdSe x S 1-x quantum dots (QDs) for sulfur-rich compositions show additional transitions between the first and second absorption features of pure CdSe and CdS. Using tight-binding calculations for a large (N = 50) number of stochastic realizations for each composition of the alloyed QDs, we trace back this effect to transitions from deeper valence-band states to the lowest conduction-band level. These transitions are energetically degenerate with the main absorption lines in the pure systems, but are shifted in-between the lowest two main transitions in alloyed QDs. Moreover, the configurational disorder upon alloying distorts the symmetry properties of electron and hole wave functions,

which results in a broad band of allowed transitions from these deeper valence-band states to the lowest conduction-band level. In agreement with experimental findings, the corresponding absorption feature shows a blueshift relative to the first exciton transition with decreasing sulfur to selenium ratio. Many-body calculations using the configuration interaction scheme reproduce the effect and additionally yield a bowing parameter of the optical gap in very good agreement with experimental findings from UV-Vis spectra.

Tuning materials properties to suit application needs has always been a general aim of materials science. In the case of bulk semiconductors for example, alloying, i. e., the formation of solid solutions of two or more compounds, has been widely used to adjust the band gap and concomitantly tune the color emitted by semiconductor LEDs and lasers. Opposed to this, quantum confinement makes electronic energy levels of semiconductor nanocrystals size and shape dependent. As compared to bulk semiconductors, the quasi-continuous energy bands reduce to a set of discrete, atomic-like energy levels with an energy gap between the highest occupied and the lowest unoccupied state that increases when reducing the nanocrystal dimensions. 1 As a result, opto-electronic properties can be tuned by the dimensions of the crystallite and quantum wells, rods and dots -where size-quantization is active in one, two or three dimensions, respectively -are nowadays widely studied for, e.g., lighting and display applications, lasing, photodetection and solar energy conversion. 2 Both for self-assembled and colloidal quantum dots (QDs) made using molecular beam epitaxy, metal-organic vapor phase epitaxy or wet chemical techniques, respectively, alloying has been used as an additional parameter along with size to tune opto-electronic properties.

In the case of colloidal QDs, this involves ternary and quaternary solid solutions of, e. g. , zinc and cadmium chalcogenides, 3,4 lead chalcogenides, [5][6][7] lead and tin chalcogenides 8 or indium pnictides. 9 In particular, (Cd,Zn)(Se,S) alloyed quantum dots have shown a wide tunability range of their emission over the entire visible spectrum. 10 An important asset of alloyed QDs is that their properties are not simply the arithmetic mean of the pure compounds. Band gaps show bowing as a function of composition, 4,7,11,12 even showing minimum or maximum values, and immiscible bulk compounds may show solid solution nanocrystals such as (Pb,Sn)S. 8 In addition, the random positioning of two types of atoms on the crystal lattice positions breaks the nanocrystal symmetry. Theoretical studies predict that this randomness should lead to a relaxation of the selection rules of interband electronic transitions and to a strong heterogeneity in the fine structure splitting. 13 Although this could provide additional ways to tune the opto-electronic properties of colloidal QDs by alloying, next to the continuous tuning of the band-gap transition, experimental results corroborating these theoretical predictions are still missing.

In the present work, we study the influence of compositional disorder on the interband transitions in homogeneously alloyed CdSe x S 1-x QDs. We demonstrate that addition of selenium to CdS QDs leads to an additional feature in the absorbance spectrum, that shifts to higher energy relative to the fundamental band-gap transition with increasing selenium content. To interpret this feature, we make use of tight-binding (TB) calculations, where for each composition the energy level spectrum and the oscillator strength of interband transitions is determined for a large (N = 50) number of stochastic realizations of the alloyed QDs. We first demonstrate that these calculations yield energy level spectra for CdSe and CdS in line with existing literature and that they reproduce the experimentally observed bowing of the CdSe x S 1-x optical gap (which is an excited-state property) when a many-body approach is used. Next, we show that the additional absorption feature is due to an increased oscillator strength for a band of transitions that brings electrons from deeper valence-band states to the first conduction-band level. In line with the experimental findings, this band shifts deeper in the valence band with increasing selenium content. This result shows that the computational approach used here to analyze randomly alloyed colloidal QDs yields results in line with experimental findings. Hence, its predictions could be used to investigate more deeply the influence of random alloying on the opto-electronic properties of quantum dots and to obtain easily verifiable fingerprints of random alloying -which is often an experimental challenge -in the QD absorption spectrum.

Background: Tight-Binding Modeling of Alloyed Quantum Dots

Due to the large number of different microstates, the exact simulation of substitutional disorder effects in the framework of a multiband TB model is numerically very expensive, especially when many-body effects come into play. But even on a single-particle level, the Hamiltonian matrix dimension scales directly with the number of employed bands n, resulting in a memory requirement of the order n 2 and a computation time scaling of the order n 3 (see, e.g., Reference 14). Therefore, we employ a TB parametrization that allows couplings up to second nearest neighbor unit cells in real space and hence a reliable reproduction of the dispersion throughout the whole Brillouin zone (BZ) (due to higher non-vanishing Fourier coefficients in k-space) within a small basis set of effective Wannier orbitals. 15 In the case of zincblende semiconductors, such as the alloyed CdSe x S 1-x QDs studied here, the optical properties are dominated by contributions from an s like conduction band (CB) edge and three p like valence bands (VBs) per spin direction, namely the heavy hole (HH), light hole (LH) and split-off (SO) band. Consequently, we use eight Wannier orbitals |Rα as localized TB basis states, where α ∈ {s, p x , p y , p z } × {↑, ↓} and R ranges over the unit cells of the underlying fcc lattice (see Figure 1a). [START_REF]This approach is commonly called effective bond-orbital model (EBOM) in the literature and sometimes notationally differentiated from ETBMs that resolve the atomic basis sites. As the alternative usage of atomic orbitals is only a means to an end, namely[END_REF] Further details on the band structure parametrization (see Figure 1b), including the material parameters, and the modeling procedure for the stochastical QD realizations (see Figure 1c) can be found in the Methods section.

To emulate the experimental results, the QD diameter has been set to d ≈ 5 a, where a is the conventional lattice constant. This corresponds to approximately 3 nm, with a slight dependence on composition due to Vegard's law. Diagonalization of the TB Hamiltonian then yields the energies and expansion coefficients c i Rα of the eigenvectors, such that

|ψ i = Rα c i Rα |Rα .
To cover the relevant energy/wavelength range between the two main Figure 1: Calculation scheme for stochastic exact-disorder analysis.

absorption features of the experimentally recorded spectrum, we calculated the energies e i , h i and corresponding eigenstates |ψ i for 4 electron and 40 hole states per spin direction for each configuration and composition. 17

Finally, to simulate the excitonic spectrum and thus the optical properties of alloyed CdSe x S 1-x QDs, configuration interaction calculations can be used (see Figure 1d). Here, the eigenstates |Ψ of the interacting many-body system are expanded in a basis of Slater determinants constructed from the single-particle TB eigenstates of each individual realization of an alloyed QD. It should be noted that the meaning of "configuration interaction" varies between different communities and even authors. In our case, where very large systems are treated, we use an effectively screened Coulomb interaction as common in the solid state physics community (see Supporting Information and, e.g., References 18, 19) and expand the many-body wave function in a small basis set. This differs from the common quantum chemistry use of the term, where the bare Coulomb interaction is used alongside a much larger basis set of single-particle wave functions. From this expansion, the optical transition probability of the stochastic ensemble for converting a photon into an electron-hole pair is obtained from the initial (final) many-particle state of the n-th microstate |Ψ n i (|Ψ n f ) with energy E n i (E n f ) using Fermi's golden rule:

I(ω) = 2π 1 N N n=1 i,f | Ψ n f |H n D |Ψ n i | 2 δ(E n i -E n f -ω). (1) 
Here, is the reduced Planck constant, ω the absorption frequency and H D is the light-matter coupling Hamiltonian in the dipole approximation, of which the one-particle representation is constituted by the MEs of the dipole operator:

d eh ij = e 0 ψ e i |r|ψ h j . (2) 
In this expression, e 0 is the electron charge and r is the position operator. The right-hand side of Equation ( 1) is proportional to the experimentally accessible absorption spectrum. To make a proper comparison possible, a finite broadening which emulates the energy resolution of the UV-Vis spectra has additionally been incorporated (see Figure 1e).

Results

Experimental Absorption Spectra of CdSe x S 1-x Quantum Dots A set of CdSe x S 1-x QDs has been synthesized with an average diameter d of 3 nm and a composition ranging from x = 0 to x = 1. As illustrated by the transmission electron microscopy (TEM) image in Figure 2a, these QDs are quasi-spherical and monodisperse.

Moreover, the synthesis method we have used gives QDs that truly consist of solid solutions

as it has been previously demonstrated by Raman spectroscopy. 20 As exemplified by the set of absorption spectra of ≈ 3 nm CdSe x S 1-x QDs shown in Figure 2b, the homogeneous alloying of the anions in these nanocrystals enables their band gap to be tuned through the visible spectrum while keeping their size constant.

Interestingly, the absorption spectra of CdSe x S 1-x also contain an additional feature that is best visible for QDs with a high Se content (x = 0.1-0.5). Figure 2c represents the Holes entire set of absorption spectra of CdSe x S 1-x QDs as a 2D wavelength/composition color map. One sees that the addition of Se to CdS QDs appears to split the absorption peak related to the first exciton transition, a splitting that is more pronounced with increasing Se content until it tends to disappear at x ≈ 0.5. Importantly, as shown in the Supporting Information (Figure S1) this splitting persists when changing the QD diameter -although it becomes hard to discern for larger alloyed QDs -and a comparable effect has been reported by Swafford et al., 4 Ouyang et al. 21 and Zou et al. 22 Since all these authors use different syntheses to form CdSe x S 1-x QDs, our conjecture is that this additional feature is intrinsic to CdSe x S 1-x QDs, and not due to the unintended formation of, e.g., bimodal size distributions.

ψ h 1 ψ h 2 ψ h 3 ψ h 4 ψ h 1 ψ h 2 ψ h 3 ψ h 4 ψ h 1 ψ h 2 ψ h 3 ψ h 4 x = 0 x = 0.5 x = 1
To elucidate the origin of this additional transition and its link to the formation of random alloys, we therefore compared the experimental results with theoretical calculations within the previously described framework of an ETBM combined with configuration interaction.

Calculated Single-Particle States

As outlined in the background section, the spectrum of exciton states of QDs is obtained by calculating first the single-particle states with an ETBM appropriate for modeling alloyed QDs, followed by determining the many-particle exciton states by configuration interaction using Slater determinants of the single particle states as a basis. Although the experimental data should be best compared with the spectrum of exciton states obtained after configuration interaction is taken into account, we will first describe the single particle states obtained by diagonalization of the TB Hamiltonian. This approach anticipates the result that the energetically lowest exciton states can be approximately assigned to transitions between two single-particle levels, shifted by the respective electron-hole Coulomb interaction, when the broadening of Equation 1 is reduced. 23 The composition-resolved single-particle spectra e i (x), h j (x) including their stochastically determined relative frequency can be found in the Supporting Information. Figure 3 represents an example of the corresponding probability densities of the first four electron and hole states for pure CdS (x = 0), pure CdSe (x = 1) and a CdSe 0.5 S 0.5 alloy (x = 0.5). One sees that in the case of CdS and CdSe, the electron states can be readily classified as s and p x , p y and p z like and s, s, p x,y,z and p ± = (1/ √ 2)(p x ± ip y ) like, respectively. In the case of the hole states on the other hand, a strict classification by their nodal structure is not possible even for the pure QDs. Hole band mixing effects render them slightly anisotropic, making them show traits of both s and p like behaviour. If we nevertheless roughly classify them by the number of nodes of the envelopes of the wave function/probability density, we can identify groups of two s like and two p ± like hole states in the pure QDs. Note that without the Coulomb interaction, the hole level ordering as depicted in Figure 3 is not identical for pure CdSe and CdS QDs, as the energetically highest holes have p character for x = 1 but s character for x = 0. Due to the small hole level spacing however, the single-particle level order is often sensitive to the input parameter set. 24 Moreover, when the Coulomb interaction is subsequently included, the lowest transition is in both cases bright and involves an s like electron and an s like hole. The larger wavefunction overlap renders the respective Coulomb attraction larger for s-s than for s-p combinations, a difference exceeding the corresponding hole level splitting. This emphasizes the general importance of the simulation of excited-state properties rather than staying in the singleparticle picture when discussing electronic optical properties of QDs.

The coarseness and faceting of the isosurfaces that is visible in the pure QDs has two origins. First, the non-sphericity of the potential landscape as induced by the QDs surface facets and the crystal lattice results in a real, physical effect on the wave functions that is reproduced by real-space lattice models. Second, the interpolation of the wave functions from the fcc lattice to a cartesian grid leads to a coarsening artefact due to the visualization procedure. For the alloyed QDs, strong disorder-induced distortions of the isosurfaces can be identified and the symmetry character of the wave functions is visibly affected.

When we count the twofold Kramers degeneracy for each single-particle level in by introduction of an additional index {+, -}, the electron ground state ψ e 1+ , ψ e 1-is twofold degenerate, while the hole ground state levels ψ h 1+ , ψ h 1-, ψ h 2+ , ψ h 2-as well as the first excited hole states ψ h 3+ , ψ h 3-, ψ h 4+ , ψ h 4-show a fourfold degeneracy in both the CdSe and the CdS QDs. This agrees with results from other theoretical approaches for pure zincblende CdSe QDs, 25,26 while similar QDs with a wurtzite structure will have a slightly different level structure due to the lower symmetry of the system. 18,27 In total, the lowest excitonic state in the pure unalloyed QDs thus shows an eightfold degeneracy, which will subsequently be lifted on a finer energy scale by electron-hole exchange effects and distortions from a quasi-spherical shape. 25 Due to the configurational disorder in the alloyed QDs, however, all point group symmetries of the potential landscape are lost and the only remaining symmetry is the timereversal invariance, which leads to the essential Kramers doublets of the single-particle levels also for the alloyed QDs. As the symmetry character of the wave functions can in principle be deduced from symmetries of the corresponding Hamiltonian by group theoretical considerations, the wave functions lose their spatial symmetry properties in the disordered QDs Information of Reference 28. Some disparities to the experimental results can be spotted on the low energy/large wavelength side of the Se-rich part of the spectrum, where the splitting between the first two main absorption bands is slightly too large in theory. Also, an additional small peak just below 500 nm develops when Coulomb effects are switched on, which is not identifiable in the UV-Vis data. However, a more sophisticated treatment of the temperature dependence, the work function of the QDs (which is in reality finite and should in principle be concentration dependent as well) and the inclusion of size dispersion effects will affect the calculated optical spectra. This may further improve the quantitative agreement between calculated and experimental spectra, especially for small QDs with large confinement energies as used here.

Calculated Optical Spectra

Bowing of the Optical Gap

The energetically lowest bright transition is an excited-state property that defines the optical gap E opt g (x). The bowing coefficient b of an A x B 1-x alloy is obtained by fitting the composition dependent gap E g (x) to

E g (x) = x E A g + (1 -x) E B g -x(1 -x) b, (3) 
where E A g and E B g are the energy gaps of the pure A and B constituents, respectively.

Overall, we observe a very good agreement between theory and experiment. When Equa- 

This presumed weak size-dependence is also in agreement with theoretical findings for (Cd,Zn)Se QDs, 24 but has to be separately analyzed for each size in each material system under consideration due to the compensatory effects of Coulomb interaction and quantum confinement on the optical bowing.

Finally, it should be noted that the here obtained excellent agreement between theoretical and experimental bowing supposedly slightly exceeds the predictive power of our TB calculations. First, the spatial resolution is inherently limited to the underlying crystal lattice. Second, several model assumptions (see Methods section for a detailed discussion) were made to incorporate the effect of substitutional disorder into the TB calculation scheme.

A closer look at Figure 5 reveals that the experimental and theoretical data points do in fact show some discrepancy. However, the influence of this dispersion on the bowing parameter is mostly compensated by the small deviation of the curve from a parabola and the slightly larger theoretical result for the x = 0 (pure CdS) end point of the curve. Although the numerical solution of the eigenvalue problem is essentially exact, the complexity of the underlying theory renders any attempt to evaluate error bars unreasonable. Nevertheless, we cautiously claim that the good agreement between theory and experiment a posteriori confirms the validity of our model assumptions. Figure 6: Ensemble-averaged transition probabilities as given by the modulus squared dipole matrix elements |d eh ij | 2 between the lowest electron state and the highest 40 hole states for each value of the Se fraction x. The energetically lowest main absorption feature can be attributed to hole levels h j<13 . In the alloyed cases 0 < x < 1 a broad band of non-vanishing transitions develops for deeper hole states, identifiable by the "ridge" spanning across the right half of the bar plot.

Understanding the Additional Transition in CdSe

x S 1-x Quantum

Dots

The results obtained from theory allow us to further analyze the origin of the additional absorption channel in a single-particle representation. Figure 6 shows the calculated ensembleaveraged transition probabilities as given by the modulus squared dipole MEs |d eh ij | 2 between the lowest electron state and the highest 40 hole states for each value of the Se fraction x (see Method section for further details on the calculation). The corresponding transitions cover the energy range between the first two main absorption features on the red (low energy) side of the spectrum. In the pure limits x = 0 and x = 1, those can be attributed to allowed transitions between levels e 1 -h j and e 2,3,4 -h j , where e 2 , e 3 , e 4 are quasi-degenerate. The light polarization has been arbitrarily chosen to the [100] direction in the disordered system under consideration. Please note again that the single-particle indices do not assign a strict 15 (for x = 0). Depicted are isosurfaces of 50% of the maximum value and |ψ(x, y, z = const.)| 2 for a (001) cut plane through the center of the QD, respectively. A replica of Figure 6 is included as a guide to the eye. energetic hierarchy, as the Coulomb interaction affects the levels in a different way, e.g., the x = 1 ground state transition is not dark in the interacting case, as already discussed above.

In contrast to previous work from the literature, which have exhaustively analyzed the nature of the lowest transitions for unalloyed II-VI QDs, 18,25,27,30 we focus here on the band of deeper valence band states, i. e. , the levels h j with j > 10. In pure CdS and CdSe (x = 0 and x = 1), most of the corresponding transitions from the electronic ground state are either dipole forbidden or show very low oscillator strengths, except for three transitions, at h 13-15 for x = 0 and at h 34 for x = 1. 31 These hole states show a relatively large probability density near the center of the QD, which leads to a considerable overlap with the electron ground state. For the sake of completeness, they are exemplarily depicted in Figure 7.

Although a classification of these highly excited states according to their nodal structure is ambiguous due to the band mixing effects, their non-vanishing overlap with the even-parity s-like electron ground state indicates an even-parity character at least for the envelope ξ h of these hole states, as the dipole MEs in envelope function approximation (EFA) are directly proportional to the overlap integral ξ e i |ξ h j . 32 It should be emphasized, however, that our analysis goes beyond the (multiband) EFA, as the here employed TB approach also probes the orbital character of the underlying effective Wannier orbitals, as the corresponding site amplitudes enter the dipole MEs (see Equation 5).

Opposite from the pure QDs, Figure 6 shows that all transitions acquire a non-zero oscillator strength in the case of alloyed CdSe x S 1-x QDs. As an example, Figure 8 shows the corresponding modulus squared electron (top row) and hole wave functions (bottom row)

for the electron ground state |ψ e 1 | 2 and the excited hole state |ψ h 8 | 2 for Se fractions x = 0 (pure CdS), x = 0.5 (arbitrary configuration) and x = 1 (pure CdSe). To interpret it again in the simple EFA picture, in the pure cases, the hole wave function envelope has uneven parity, resulting in a zero overlap with the even parity electron ground state and thus a vanishing oscillator strength for the corresponding electronic transition. For the disordered alloy however, both the electron and the hole state lose their well-defined symmetry, which leads to a non-zero overlap and a concomitant brightening of the electronic transition.

Energetically, the transitions which form the clearly identifiable non-vanishing block with concentrations 0 < x < 1 and hole levels h 1 to h 12 form the first main transition feature.

Looking at Figure 6, one notices that an additional broad band of non-vanishing transitions develops for h j with j > 12 that form a clearly identifiable ridge that moves from the h 13-15

region for x = 0 (CdS) to h 34 for x = 1 (CdSe). Figure 4 shows that only the part 0.5 ≥ x > 0 of this ridge is truly visible in the optical spectra as the additional transition that appears upon addition of Se to CdS QDs. At the Se-rich side, the energy at which the transition occurs merges with the continuous second absorption band that contains transitions into the excited electronic states ψ e 2 , ψ e 3 , ψ e 4 . Interestingly, this ridge already appears between the two partially allowed deep-hole transitions of pure CdS and CdSe when only single stochastic realizations of the alloyed QDs are studied for each composition and a quasi-Gaussian shape including the spectral broadening quickly develops for low realization numbers N (see Supporting Information).

We already showed that the additional feature visibly develops from transitions from hole states that are initially also allowed in the pure CdS and CdSe material, but energetically merge with the first (for x = 0) and second (for x = 1) main transitions. Therefore, it seems natural to interpret the additional line as a transition from deep valence band states into the lowest electron state that is initially hidden in the main absorption bands due to the high degeneracy of the unperturbed hole levels. When alloying is introduced, all degeneracies besides the time-reversal Kramers symmetry are lifted and the feature is energetically shifted in-between the two lowest main absorption lines. Also, it is subsequently spectrally broadened due to the inherent disorder, which distorts the wave functions and thus relaxes corresponding selection rules. No virtual-crystal like mean-field calculation can reproduce this effect, as it does not only lack broadening effects, but also cannot reproduce the nonlin-ear nature of alloying-induced energy shifts without additional free parameters. 24 Dynamical mean-field approaches like the coherent potential approximation (CPA) can reproduce nonlinear shifts and broadening effects, but cannot simulate the lifting of level degeneracies.

Furthermore, the CPA is exact in the limit of infinite coordination numbers, making it in reverse not suitable for the application to nanosystems with only few lattice sites. It should also be kept in mind that the high geometrical frustration of the underlying fcc crystal lattice will in general always connect alloying and disorder effects, as corresponding binary superstructures are non-trivial. 33 

Discussion

The absorption spectrum provides a quick and convenient way of analyzing the properties of a dispersion of colloidal QDs. In particular the position and the width of the first exciton peak can be directly translated into an estimate of the mean diameter and the size dispersion of the QDs. The finding that in the case of CdSe x S 1-x alloyed QDs, the absorption spectrum contains additional features related to homogeneous alloying further strengthens the position of absorption spectroscopy as the first method of choice to analyze sample quality. Since this additional feature is closely linked to the breaking of selection rules of electronic transitions induced by random alloying, we expect that other alloyed quantum dots may show a similar fingerprint of random alloying in their absorption spectrum.

Next to the band gap tuning resulting from homogeneous alloying, the formation of core/shell QDs with graded, alloyed interfaces has proven a crucial step towards non-blinking QDs. In these systems, the strong reduction of Auger recombination rates of trion or multiexciton states is linked to the smoothening of the confinement potential due to a gradual change in composition between core and shell. 34 The close correspondence found here between the experimental and simulated absorption spectra of CdSe x S 1-x alloyed QDs indicates that the ETBM used here yields an accurate description of the opto-electronic properties of QDs with compositional disorder. This indicates that also the electronic states of graded core/shell QDs can be determined and Auger rates be calculated within the framework of an atomistic disorder model, in an effort to go beyond the continuum-model based calculations in Reference 34. Recently, changes in the surface composition and termination 35 were also found as a means to tune the luminescence behavior of colloidal QDs. However, the optical properties of surface-composition tuned QDs can most likely not reliably be treated within our calculation scheme, as the ETBM is not the method of choice for the predictive simulation of surface and interface effects on the nanometer scale.

The markedly distorted probability distributions found for randomly alloyed QDs as compared to the single compounds indicates that also more detailed opto-electronic properties, such as biexciton addition energies, the electron-phonon coupling strength or the fine structure splitting (FSS) of the lowest exciton transition, may be significantly affected by random alloying. Regarding future tasks, not only the simulation of surface effects, but also the analysis of excited-state properties on a much smaller energy scale than in the present work (e.g., the composition dependence of the FSS) 36 might show the limitations of the underlying ETBM approach for very small QD systems. Consequently, we have recently begun to complement our calculation scheme using conceptually more sophisticated, but computationally far more expensive, methods like DFT-LDA for structural/vibrational properties 37,38 and pseudopotential calculations for electronic properties. 39,40 As part of ongoing research, these calculations will supplement the TB results not only for CdSe x S 1-x but also for further QD material systems. Due to the high computational effort, however, their combination with the stochastic framework as presented in this paper will likely be limited to smaller basis sets for the CI expansion, pre-selected compositions and smaller ensemble sizes than in the ETBM at least in the near future.

Conclusions

In summary, we have shown that an additional transition appears in absorption spectra of alloyed CdSe x S 1-x QDs. In order to investigate this effect, we carried out theoretical calculations with an empirical tight-binding model, augmented by the configuration interaction scheme for the many-body properties. Together with a stochastic approach used to describe the distribution of elements in the crystal lattice, this model has proven itself very efficient to reproduce experimental data, such as the occurrence of additional features in the absorption spectra and the bowing of the optical gap.

In addition, we found that the additional feature present in the S-rich absorption spectrum is unambiguously found in homogeneously alloyed CdSe x S 1-x QDs in experiment as well as in theory. It could therefore be used as a signature confirming that a given synthesis method gives homogeneous CdSe x S 1-x alloyed QDs and not QDs with a gradient composition. In that view, our theoretical calculation method can also be implemented for other alloyed QD systems. For example, in the case of (Cd,Zn)Se QDs, 11,24 the difference of reactivity between Cd and Zn precursors makes it difficult to create homogeneous alloys.

A comparison between theoretical and experimental absorption spectra may therefore give useful indications on the degree of homogeneity and disorder in their structure. However, such an analysis will require a thoroughly performed simulation and, if possible, measurement of the effect of different composition profiles on the optical properties for each material system, which is beyond the scope of the present study. As indicated in the present paper, it might in many cases also be sufficient to perform calculations on the single-particle level in order to qualitatively identify corresponding features, which does significantly limit the computational and conceptional effort.

This work also gives evidence that the selection rules of the optical transitions are relaxed because of the local substitutional disorder that is introduced in the structure of alloyed QDs.

As a result, by comparison to pure QDs, the symmetry character of the charge carriers' wave functions is affected in alloyed QDs and, in the case of originally forbidden transitions, the overlap of the electrons and holes states can become non-negligible. Together with the obligatory lifting of symmetry-related level degeneracies, alloying thus gives large tunability of the electronic and optical properties, but also affects those characteristics in a qualitative way.

Methods

Synthesis of Alloyed CdSe x S 1-x QDs. Zincblende CdSe x S 1-x alloyed QDs were synthesized according to a previously reported procedure. 20 This method makes use of a heterogeneous dispersion of black Se powder in 1-octadecene (Se-ODE), and a homogenous S-ODE solution, where the S is dissolved in the ODE by heating. For the synthesis of the Cd(Se,S) alloyed QDs, a mixture of these two precursors was injected under air in a reaction mixture made of CdO dissolved in ODE using myristic acid and kept at 270 °C. After 5 minutes of reaction at 260 °C, the reaction was quenched, the QDs were purified by precipitation and centrifugation, and the ligands were exchanged for oleic acid. ∆ so , the conventional lattice constant a, and additionally to the X-point energies of the conduction band X 1c , the HH and LH bands X 5v (degenerate at X), and the SO band X 3v (see Figure 1b). The input material parameters for zincblende CdSe and CdS including their sources are explicitly given in Table 1. The temperature dependence has been incorporated merely by the use of room temperature band gaps in the calculations, as the corresponding input data for the other parameters like band curvatures or BZ edge energies is only sparsely available for the material system under consideration.

Characterization of Alloyed

Tight-binding simulation of random alloys. The TBME for the pure constituents can be used for the calculation of disordered CdSe x S 1-x QDs in a stochastic approach. We simulate the alloying as a random process, i.e., neither are clustering effects included, nor do we distinguish whether some realizations would in theory be energetically more favorable than others. Assuming uncorrelated substitutional disorder, each unit cell of the QD then contains the corresponding CdSe or CdS matrix elements (ME), with probabilities x or 1 -x, and intersite (hopping) ME between CdSe and CdS unit cells are approximated by the arithmetic average. The resolution on the scale of unit cells allows for an unambiguous assignment of the site-diagonal TBME to the CdSe or CdS input band structure, whereas atomic TB parameters would need an averaging procedure, 46 as they depend on the binary host material. 47 To validate this approach and the input parameters first, TB calculations on finite supercells with periodic boundary conditions have been performed to emulate a bulk alloy. 48 Here, supercells with 4000 unit cells and 30 different configurations per composition were sufficient to obtain convergence (see Supporting Information for a convergence test).

When Equation (3) is applied, this yields a bulk bowing parameter of b ≈ (0.46 ± 0.03) eV. This value corresponds to the d → ∞ bulk limit of the QD and is in agreement with the findings of Swafford et al. in Reference 4 considering their experimental accuracy.

To use this empirical tight-binding method (ETBM) for simulating the properties of an ensemble of alloyed QDs, where each single QD shows a different microscopic distribution of Se and S atoms, N = 50 randomized configurations are generated for various compositions in steps of ∆x = 0.1 (see Figure 1c). With this number of configurations, all energies, e. g., the spectral positions of the bright transitions, converged on the energy scale relevant for the discussion in this paper (accuracy around 10 meV) regardless of the composition. In order to concentrate on the effect of alloying and configurational disorder on the electronic and optical properties of the QDs, the following model assumptions were made:

1. Similar to References 26,49-51, the hopping probability at the surface is set to zero and the surrounding medium is shifted far above the electron energies calculated here, which corresponds to a perfect surface passivation. The influence of the height of the potential barrier, dangling bonds and surface relaxations have extensively been discussed in the literature on different levels of sophistication, [52][53][54] while the simulation of the influence of ligand-related states goes beyond the scope of the present model.

2. Due to the usage of fcc-centered Wannier orbitals, all effects on a smaller length scale like local bond length modifications due to lattice distortions are absorbed into the hopping ME between unit cells of different binary materials. As we found the results in the case of CdSe and CdS were not sensitive to the exact treatment of such hoppings, bond length changes and angle distortions are neglected. TB approaches for QDs with slightly larger lattice mismatch obtained good results without explicitly taking angular distortions into account. 55 Pure core QDs show practically no strain. 56 In core/shell structures, however, strain and relaxation effects and resulting internal fields will likely have a larger impact on the electronic properties and should be incorporated on an appropriate level. [57][58][59] 3. The energetic offset between CdSe and CdS is incorporated via the bulk interface valence band offset ∆E vb . 

Calculation of

d eh ij = e 0 RR αα c i,e Rα * c j,h R α e p • R δ RR δ αα . (5) 
Even in the non-alloyed CdSe and CdS QDs, the dipole selection rules cannot be obtained from total angular momentum selection rules, as valence band mixing effects will hinder a corresponding classification especially for the hole states. Furthermore, the small size of the QDs leads to significant deviations from a spherically symmetric potential due to surface faceting and the underlying crystal structure. Such effects can also be incorporated into multiband effective-mass/k • p models. 25 However, even an explicit numerical calculation of the dipole MEs then cannot simulate the influence of the alloying-induced disorder, as the envelope function approximation lacks a lattice-resolved discretization of the potential landscape and thus only allows the incorporation of alloy effects on a mean-field level. In contrast, our approach incorporates the influence of the visible wave function distortions on the selection rules. Nevertheless, it should be mentioned that d eh ij as calculated in Equation 5neglects the spatial dependence of the wave function inside the unit cells, the so-called "orbital part". If desired, it can be calculated using (orthogonalized) Slater orbitals. 55,62 This part is of course automatically included in more sophisticated, but computationally also much more costful pseudopotential treatments like Reference 40. As it is not necessary to explain the optical feature examined in the present paper and its relative contribution was found to be small for other QD systems, 55 the orbital part has been neglected.

Simulation of Coulomb Interaction and Screening. The interaction between the confined charge carriers is incorporated via the excitonic Coulomb interaction Hamiltonian

H Coul = - ijkl V eh ijkl a † i,e a † j,h a k,h a l,e . (6) 
Here, V eh ijkl are the Coulomb MEs and a † i,e (a † i,h )/a i,e (a i,h ) denote the creation/annihilation operators for electrons (holes) in the states |ψ e i (|ψ h i ). The calculation has been performed on the same level of approximation as in References 24,63, leading to (29) The error range here only takes the deviation from a parabolic behavior into account.

Figure 2 :

 2 Figure 2: Experimental results for the 3 nm sized alloyed CdSe x S 1-x QDs. (a) TEM image for Se fraction CdSe 0.5 S 0.5 . (b) UV-Vis absorption spectra for several Se fractions. (c) Colormap representation of absorption spectra for the entire set of the CdSe x S 1-x QDs. Solid lines mark the first two main transitions. The additional, alloying-induced transition is marked with a dashed line.

Figure 3 :

 3 Figure 3: Modulus squared electron and hole envelope wave functions |ψ i | 2 = |c i Rα | 2 of the first four electron and hole states for Se fractions x = 0, x = 0.5 (one arbitrary configuration) and x = 1. Depicted are isosurfaces of 50% of the maximum value.

Figure 4 :

 4 Figure 4: Optical spectra as obtained from the stochastic ETBM. (a) Including Coulomb interaction. (b) Coulomb effects artificially switched off.

Figure 4

 4 Figure4represents the optical properties of CdSe x S 1-x QDs as a function of wavelength and composition as calculated with or without Coulomb interactions according to the procedure described in the background and the methods section. In order to facilitate the comparison between experiment and theory, a constant blueshift has been applied to the theoretical spectra, which matches the calculated wavelength of the first exciton transition for CdSe (x = 1) QDs to the experimental value. This shift absorbs influences from model assumptions (infinite work function) as well as input parameter ambiguities (e. g., size dispersion, temperature dependence of band curvature parameters). On the other hand, since we kept the shift energetically constant over the whole composition range, it does neither alter the nature of the transition channels nor the bowing discussed further below. Aside from this cosmetic correction, no free parameters are involved in the present calculation of optical properties, as all input parameters are directly connected to experimentally or theoretically accessible properties. The colormap in Figure4aincludes the Coulomb interaction between

  Figure 5 brings together the experimental and theoretical values for E opt g

Figure 5 :

 5 Figure 5: Experimental and theoretical results for the composition dependence of the optical gap E opt g (x) of d ≈ 3 nm CdSe x S 1-x QDs including least-squares parabolic fits with bowing parameter b.

  tion 3 is applied to E opt g (x), a least-squares fit yields a theoretical bowing parameter of b = (0.48 ± 0.04) eV, while the experimental data results in a value amounting to b = (0.47 ± 0.03) eV. 29 These values agree with the findings of Swafford et al. in Reference 4 within their range of accuracy. Interestingly, our TB calculations yield a d → ∞ bulk limit of b = (0.46 ± 0.03) eV (see Methods section). Together with the also size-independent results from Swafford et al., this suggests that the size dependence of the bowing for CdSe x S 1-xQDs might be negligible in practice. For effective mass or k • p approaches (also with diameters larger than 3 nm), we therefore recommend a constant room temperature bowing coefficient of b Cd(Se,S) ≈ 0.47 eV.

Figure 7 :

 7 Figure 7: Modulus squared electron (top row) and hole (bottom row) envelope wave functions |ψ i | 2 = |c iRα | 2 for the electron ground state ψ e 1 and the excited hole state ψ h 34 (for x = 1) and ψ h 15 (for x = 0). Depicted are isosurfaces of 50% of the maximum value and |ψ(x, y, z = const.)| 2 for a (001) cut plane through the center of the QD, respectively. A replica of Figure6is included as a guide to the eye.

Figure 8 :

 8 Figure 8: Modulus squared electron (top row) and hole wave functions (bottom row) for the electron ground state |ψ e 1 | 2 and the excited hole state |ψ h 8 | 2 for Se fractions x = 0 (pure CdS), x = 0.5 (arbitrary configuration) and x = 1 (pure CdSe). Depicted are isosurfaces of 50% of the maximum value and |ψ(x, y, z = const.)| 2 for a (001) cut plane through the center of the QD, respectively.

  CdSe x S 1-x QDs. The size and morphology of the QDs was determined by TEM using a Cs-corrected JEOL 2200 FS microscope. The zincblende crystal structure has been confirmed by X-Ray diffraction (XRD) analyses (see also FigureS3in the Supporting Information of Reference 20). The actual composition of the QDs was determined by X-ray fluorescence (XRF) analysis using a Rigaku NEX CG EDXRF spectrometer and/or by energy dispersive X-ray spectroscopy (EDX) jointly with the TEM analyses. Absorption spectra were taken using a Perking Elmer Lambda 950 spectrometer. Tight-binding parametrization scheme. Using the parametrization scheme from Reference 41, the resulting TB matrix elements (TBME) Rα| H |R α contain couplings up to second nearest neighbors and fit the band structure to the bulk band gap E g , the conduction band effective mass m e , the three Luttinger parameters γ 1 , γ 2 , γ 3 , the spin-orbit splitting

  Dipole Matrix Elements. Following References 51,60,61, the position operator in a TB model can be approximated by r ≈ Rα |Rα R Rα|. With the light polarization vector e p , the dipole MEs d eh ij = e p • d eh ij are then given as

2 0

 2 Rα ) * (c j,h R α ) * c k,h R α c l,e Rα e 4πε 0 ε r |R -R | ,(7)with ε 0 as the vacuum permettivity. The R = R contribution is treated semi-analytically following Reference 64. The calculation of the concentration-, size-and distance-dependentcharge screening ε r = ε QD ∞ (x, d, |R -R |) (ingeneralization of an approach first used by Franceschetti et al. for unalloyed QDs 18 ) is given in the Supporting Information. It should be noted that alternatives to this rather simple approach (which is based on the generalized Penn model 65 ) exist in the literature,

( 21 )

 21 Ouyang, J.; Vincent, M.; Kingston, D.; Descours, P.; Boivineau, T.; Zaman, M. B.; Wu, X.; Yu, K. J. Phys. Chem. C 2009, 113, 5193. (22) Zou, Y.; Li, D.; Yang, D. Nanoscale Res Lett 2010, 5, 966. (23) The finite broadening as used for Figure 4 will merge bright transitions to higher hole states into the visible peaks. (24) Mourad, D.; Czycholl, G. Eur. Phys. J. B 2010, 78, 497. (25) Efros, A. L.; Rosen, M.; Kuno, M.; Nirmal, M.; Norris, D. J.; Bawendi, M. Phys. Rev. B 1996, 54, 4843. (26) Schulz, S.; Czycholl, G. Phys. Rev. B 2005, 72, 165317. (27) Korkusinski, M.; Voznyy, O.; Hawrylak, P. Phys. Rev. B 2010, 82, 245304. (28) Jasieniak, J.; Califano, M.; Watkins, S. E. ACS Nano 2011, 5, 5888.

  

Table 1 :

 1 Material parameters including references.

			CdSe	Ref. CdS	Ref.
	E g	(eV)	1.68	42	2.46	42
	m c	(m 0 ) *	0.12	43	0.14	42
	γ 1		3.33	43	4.11	42
	γ 2		1.11	43	0.77	42
	γ 3		1.45	43	1.53	42
	∆ so	(eV)	0.41	43	0.078	42
	X c 1	(eV)	2.94	44	5.24	42
	X v 5	(eV)	-1.98	44 -1.9	42
	X v 3	(eV)	-4.28	44 -4.8	42
	∆E vb (eV)	0.4	45	0	45
	a	( Å)	6.078	43	5.825	42

* Free electron rest mass.

  66,67 if a more sophisticated treatment of screening effects is needed. Consistent with theoretical results for similar systems, 27 additional electron-hole exchange matrix elements were found to be considerably smaller and thus do not contribute on the energy scale discussed in the present paper.to build a proper Wannier basis by suitable linear combinations, we refrain from such a distinction. Modern ab initio band structure suites (VASP, Quantum ESPRESSO) also offer postprocessing interfaces for a direct calculation of Wannier states with the Wannier90 algorithm.68 (17) To prevent confusion, we do not count the obligatory Kramers degeneracy of each single-particle state in, if not explicitly mentioned otherwise. (18) Franceschetti, A.; Fu, H.; Wang, L. W.; Zunger, A. Phys. Rev. B 1999, 60, 1819.(19) Bester, G. J. Phys.: Condens. Matter 2009, 21, 023202. (20) Aubert, T.; Cirillo, M.; Flamee, S.; Van Deun, R.; Lange, H.; Thomsen, C.; Hens, Z.

Chem. Mater. 2013, 25, 2388.
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