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Homogeneously Alloyed CdSe 1-x Sx Quantum Dots (0 ≤ x ≤ 1): an Efficient Synthesis for Full Optical Tunability
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Over the last 20 years, semiconductor quantum dots (QDs) have attracted wide interest as versatile luminescent materials, finding numerous applications in fields ranging from photonics to biotechnology. [1][2][3][4] Tuning the emission color of QDs is usually done by varying their size. However, to meet the constantly increasing demands of their applications, a decoupling of QD size and emission color is needed. This is for example the case for LEDs that benefit from close packed QD layers, or for multicolor bioimaging. 2,5 To provide same-size-different-color QDs, syntheses of alloyed QDs (allQDs) have been recently developed. 6 Alloying provides an additional degree of freedom as it allows for a fine tuning of the emission wavelength by varying the QD composition rather than the size. In particular, II-VI alloys such as Cd(Se,Te), Cd(Se,S), Cd(Te,S) or (Zn,Cd)Se have been investigated, [6][7][8][9][10] while (Zn,Cd)(Se,S) proved to offer emission wavelength tunability from 440 to 650 nm. 11 Next to wavelength tunability, allQDs were also reported to have high photoluminescence quantum yield (PLQY), 12 and low blinking rates. 13,14 A major challenge in the synthesis of colloidal allQDs is to obtain a random distribution of the elements over the nanocrystal. Indeed, having true solid solution QDs constitutes a prerequisite to investigate the unique optical properties of these novel nanomaterials. According to the literature, this requires a balancing of the reactivity of the different precursors. 15 To demonstrate homogeneous alloying, electron-microscopy techniques are often combined with elemental analyses. 11,16 However, these methods are only reliable for larger QDs and can only address a small number of nanocrystals. Alternative, ensemble level methods that apply to small QDs as well are therefore still needed. In the case of II-VI allQDs, most reported syntheses make use of tri-octylphosphine (TOP) based chalcogen precursors, which are oxidation sensitive and toxic. An alternative approach is based on precursors with a low reactivity, resulting in a low yield reaction where the size of the QDs can only be controlled by the reaction time. 11 Here, we report on a new, fast and phosphine-free synthesis of homogeneously CdSe1-xSx allQDs (0 ≤ x ≤ 1) and we introduce Raman spectroscopy as a tool to analyze homogeneous alloying in colloidal QDs. The synthesis makes use of the hot injection of a heterogeneous dispersion of Se in ODE, which we recently reported and patented for making several kinds of metal selenide QDs. [17][18][19] We find that the reactivity of this heterogeneous ODE-Se toward the Cd precursor matches that of S homogeneously dissolved in ODE. Tracking the frequency and the width of the longitudinal optical phonon resonance as a function of composition using Raman spectroscopy, we show that combining both precursors yields homogeneously CdSe1-xSx allQDs. Importantly, the synthesis reaches close to full yield in no more than 5 minutes, even at high solid loading, and the size of the QDs at the end of the reaction can be reproducibly controlled by using carboxylic acids of different length. Growth of a CdS shell around CdSe1-xSx allQDs can raise the PLQY to 40% or more, yet the higher the sulfur content, the lower the PLQY increase, an effect we attribute to an enhanced hole delocalization.

In a typical synthesis, CdSe1-xSx allQDs are synthesized by injecting a mixture of heterogeneous ODE-Se and homogeneous ODE-S solutions under ambient conditions in a reaction mixture made by dissolving CdO 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 (see Supporting Information (SI), paragraph 1.1). Figure 1a shows the (normalized) yield development -as obtained by UV-Vis analysis of weighted aliquots -for syntheses where only ODE-Se or ODE-S are used as precursors, yielding pure CdSe and pure CdS, respectively. It follows that even if the ODE-Se precursor has a higher initial rate, both reactions have an overall comparable development, reaching more than 92% of the respective final amount of moles after 5 minutes. One can thus expect that simply mixing the Se and S precursor in the reaction may lead to a homogeneous alloying of these two elements. Thus, CdSe1-xSx QDs were synthesized over the entire composition range (0 ≤ x ≤ 1) and systematically analyzed by X-ray fluorescence (XRF) and energy dispersive X-ray spectroscopy (EDX) to determine the actual S/Se ratio of the samples. We find that the obtained S/Se ratio was always equivalent to the S/Se ratio of the solution injected in the reaction (see SI, Figure S1).XRF was also used to determine the amount of unreacted precursors, from which we obtain reaction yields higher than 90%. As shown in Figure 1b for the case of CdSe0.5S0.5 QDs, the synthesis results in quasi spherical and monodisperse QDs. Although it appears that the size of the QDs slightly decreases when increasing the sulfur content (see SI, Figure S2), all the sizes were centered around 3 nm with a size dispersion always below 10%. X-ray diffraction (XRD) analyses showed that the synthesized CdSe1-xSx QDs have a zinc blende structure as previously reported for CdSe QDs synthesized with the same procedure (see SI, Figure S3). 17 In addition, the lattice parameter of these QDs decreases linearly with the amount of sulfur according to Vegard's law, 20 a first indication of homogeneous alloying.

To further confirm the homogeneity of the CdSe1-xSx alloying, we used Raman spectroscopy since the dependence of the phonon frequencies on the reduced atomic mass of the atoms in the unit cell allows extracting the average lattice configuration. We fitted the fundamental Raman bands with Lorentzian functions to account for the longitudinal optical phonon (LO) and surface optical phonon, while using a second order polynomial to fit the background. 21 Figure 1c represents a set of background-corrected spectra, normalized to the intensity of the LO related band (see SI, Figure S4 for larger figure, and Figure S5 for the fits to the LO-related band). Clearly, changing the S/Se ratio shifts the Raman bands, where incorporating the lighter S leads to an approximately linear shift of the LO frequency to higher energy (Figure 1d). Since the formation of minority domains would result in independent peaks at the CdSe or CdS frequency, this strongly supports a homogeneous distribution of Se and S atoms over the QD. Additionally, new bands appear in the Raman spectra at frequencies between the CdSe and CdS LO frequencies. This reflects the breaking of the translational invariance of the lattice in a random alloy, which lifts the q=0 Raman selection rule and thereby making previously forbidden vibrations afar from the LO phonon frequency Raman active. [22][23][24] Additionally, non-longitudinal alloy vibrations incorporating both anions could be Raman active and result in additional peaks, as observed for CdSe0.5S0.5 alloys and confirmed by DFT calculations. 21 These effects agree with published studies on alloyed semiconductors and isotope mixtures. Raman measurements of the zone-center optical mode in silicon with various isotopic compositions shows a linear frequency-mass dependence, whereas disorder-induced features appear. 25 The same is valid for alloyed semiconductors, such as Ga1-xAlxAs/GaAs, 22 ZnxCd1-xSe 23 and InAlGaN. 14 Homogeneous alloying is further confirmed by the overall increase of the peak full width at half maximum (FWHM) with respect to the pure compounds, except for the CdSe0.5S0.5 LO peak. This indicates a very homogenous distribution of S and Se for this composition, whereas other S/Se ratios result in an increased asymmetry and a subsequent increase of the FWHM, in agreement with the expectations for homogeneous alloys. 24,26 Size variations generally also result in a broadened Raman peak due to a varying phonon confinement. We expect the contribute of this to be small for our samples due to weak confinement and rather narrow distributions. For the lowest S content (x=0.2), we find a LO frequency close to that of CdSe QDs. Here, a partial segregation of Se and S cannot be fully excluded, which could actually be due to the initially higher reactivity of the Se precursor as seen in Figure 1a.

In terms of optical properties, all the CdSe1-xSx QDs showed well defined and narrow absorption and emission peaks (Figures 2a and2b). Both show a non-linear blueshift with increasing sulfur content, reflecting the concomitant change of the band gap. The non-linear dependence of the band gap on composition is well-known for alloyed materials, with a quadratic relation reported for bulk CdSe1-xSx. 27 After synthesis, the CdSe1-xSx QDs typically showed a PLQY below 10%. Apart from the band gap shift, increasing the sulfur content also raises the trap emission at longer wavelength, which is commonly found for CdS QDs 28 Similar to pure CdSe QDs synthesized with the same protocol, 17 we found that the size of CdSe1-xSx QDs with given composition decreases when increasing the chain length of the carboxylic acid (see SI, Figure S7). As this results in a blueshift of the absorption and emission features (see SI, Figure S8), the synthesis method introduced here makes size and composition two independent variables to tune the optical properties of the allQDs synthesized, while keeping a high reaction yield.

To further improve the PLQY of these QDs, up to 7 layers of CdS were grown on CdSe1-xSx QDs through a successive ion layer adsorption reaction procedure (SILAR, see SI, paragraph 1.2). 29 All the synthesized core-shell CdSe1-xSx/CdS QDs were quasi-spherical and monodisperse, with average sizes in agreement with the theoretical number of CdS layers grown and showing well defined and narrow absorption and emission spectra (see SI, Figures S9 andS10). Both the absorption and emission peaks shift to the red with the growth of the CdS shell, reflecting a decrease in the confinement energy. As expected, the PLQY of the CdSe1-xSx/CdS QDs increases with the growth of the first 3 CdS layers (Figure 3a) and then decreases with further growth of thicker CdS shells, probably reflecting the introduction of strain and defects in the heterostructures. 21 However, the initial increase of the PLQY is less pronounced with S-rich alloyed cores. Since it concurs with an enhanced reduction of the confinement energy (Figure 3b), we attribute this to an enhanced delocalization of the hole that results from a reduced valence band offset between core and shell with increasing S content of the core (see SI).

In conclusion, we report on a new, fast and phosphinefree method for the synthesis of CdSe1-xSx allQDs with 0≤x≤1. The approach makes use of a heterogeneous ODE-Se precursor which shows similar reactivity towards the Cd precursor as a homogeneous ODE-S precursor. As confirmed by Raman spectroscopy, the synthesized CdSe1-xSx QDs consist of random solid solutions, whose optical properties are composition-dependent. In addition, the emission wavelength can also be adjusted by changing the size of the QDs, which is readily achieved using carboxylic acids with a different chain length in the synthesis. In this way, the synthesis proposed here offers two independent parameters -size and composition -to tune the optical properties of QDs synthesized at close to full yield. We also showed that for CdSe1-xSx/CdS core-shell QDs, the effi-ciency of the shell in confining the exciton in the core decreases when increasing the sulfur content, most likely due to a smaller interfacial valence band offset.
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 1 Figure 1. (a) Normalized amount of CdSe and CdS in moles as a function of the reaction time. (b) TEM micrograph of CdSe0.5S0.5 QDs. (c) Raman spectra and (d) LO frequency and FWHM of CdSe1-xSx QDs depending on the sulfur content.
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 2 Figure 2. Normalized (a) absorption and (b) emission spectra of CdSe1-xSx QDs with different sulfur content (see SI, Figure S6 for additional spectra).
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 3 Figure 3. (a) PLQY and (b) confinement energy of CdSe1-xSx/CdS QDs depending on the number of CdS layers (see SI, paragraph 3.2 for determination of the confinement energy).
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