Brightly Luminescent CsPbBr3 Nanocrystals through Ultracentrifugation
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ABSTRACT: Using a combination of density-gradient and analytical ultracentrifugation, we study the photophysical profile of CsPbBr3 nanocrystal (NC) suspensions by separating them into size-resolved fractions. Ultracentrifugation drastically alters the ligand profile of the NCs, which necessitates post-processing to restore colloidal stability and enhance quantum yield (QY). Rejuvenated fractions show a 50 % increase in QY compared to no treatment and a 30 % increase with respect to the parent. Our results demonstrate how the NC environment can be manipulated to improve photophysical performance, even after there has been a measurable decline in the response. Size separation reveals blue-emitting fractions, a narrowing of photoluminescence spectra in comparison to the parent, and a crossover from single- to stretched-exponential relaxation dynamics with decreasing NC size. As a function of edge length, L, our results confirm that the photoluminescence peak energy scales a L-2, in agreement with the simplest picture of quantum confinement.

Lead-halide-perovskites (LHPs) represent a unique class of crystalline semiconducting material with the generic composition APbX3, where A is typically Cs, methylammonium (MA), or formadamidinium (FA) and the halide X is typically I, Br or Cl.1 Intense interest in these materials is being driven by a combination of remarkable photophysics, low cost, and ease of processing associated with a water-soluble semiconductor. In general, LHPs are relatively soft materials with a high degree of solubility in polar media, and they also have unstable binding interactions with typical binary passivation ligand schemes. As such, materials chemistry at the nanoscale has focused on interfacial processes, such as halide exchange,2,3  questions of stability arising from dynamic ligand binding4 and the acid-base equilibria5 of binary ligand passivation schemes, as well as improved surface passivation schemes,  such as the utilization of zwitterions,6 Lewis bases,7 pH independent alkylammonium ligands,8 and lecithin.9 The dynamic and somewhat unstable nature of the surface also facilitates ligand exchange10-11 as well as photo-catalytic12 and ion-exchange effects.13 Additionally, there is a narrow equilibrium between the bright phase (CsPbX3) and a dark phase Cs4PbX6, where excess ligand can cause a conversion from bright to dark.14 
Despite these rather complex surface chemistries and the associated challenges related to colloidal and material stability, the photophysics and photochemistry of LHP nanocrystals (NCs) are quite promising, with bright photoluminescence (PL), fast PL lifetimes, and narrow PL linewidths combined with broad color tunability through precise control of the chemical composition.1 They exhibit numerous interesting photo-physical effects that are distinct from analogous semiconductor NC systems, including a defect tolerant electronic structure15-16 in part due to large spin-orbit coupling,17-18 bright triplet excitons,19 deliquescent salt treatment as a way to achieve near-unity PL quantum yield (QY),20 ‘super-fluorescence’ from ordered colloidal crystallites at cryogenic temperatures,21 and coherent single-photon emission.22 It has been readily observed that the charge-carriers can be manipulated in LHP nanomaterials through carrier multiplication,23-24 phonon-bottlenecks during hot carrier relaxation,25-27 size-dependent Stokes shifts,28,29 and down conversion using transition metal30 and lanthanide31 dopants. As such, there is considerable current interest in using LHP nanomaterials in photonic devices, including solar cells,32 light-emitting diodes (LEDs),33 and lasers.34 Such applications rely on NC solids, which can be processed through centrifugation,35 for example. 
In general, the rates and efficiencies of excited-state processes, such as the radiative lifetime and multiple exciton generation, depend on the degree of quantum confinement. Previous studies suggest that quantum confinement in LHP NCs can span three different regimes: weak, intermediate, and strong confinement with decreasing NC size, respectively.19 However, because the LHP NC bandgap is typically tuned through chemical composition – as opposed to size – the familiar size-dependent effects associated with quantum confinement have understandably received limited attention, a fact likely augmented by the exemplary size-uniformity typically produced by the hot-injection synthesis scheme.1 Smaller blue emitting CsPbBr3 NCs with QYs approaching 70 % have been synthesized using a ‘one-pot’ reaction,36 but smaller targeted sizes more typically have poor PL QY. Another issue that complicates the size-dependent photo-physical characterization of these NC materials is ensemble effects. For example, some studies suggest that energy transfer between NCs can occur in colloidal solutions,37 which can mask the intrinsic photo-physical properties for particles of a given size, including PL emission energy38 or the external Stokes shift.39
Here, motivated by current interest in colloidal and photo-stability, as well as recent interest in size-dependent optical effects, we use a combination of density-gradient and analytical ultracentrifugation to evaluate the photophysical profile of typical CsPbBr3 NC suspensions by separating them into size-purified fractions. Because NC size fractionation through ultracentrifugation drastically alters the ligand profile of the parent suspensions and creates an unstable NC environment, we stabilize the purified colloids through a two-step treatment involving both the addition of new ligand and the introduction of low-solubility salt.20 In this manner, we demonstrate a 50 % increase in quantum yield (QY) with respect to untreated fractions, and a 30 % increase in QY with respect to the parent suspensions, while mapping out peak PL energy as a function of NC size at fixed chemical composition over a broad range of NC size (4 to 16 nm). Our approach reveals blue-emitting fractions, a solvent-history-dependent narrowing of the PL linewidth, and a crossover from single-exponential to stretched-exponential PL relaxation with decreasing NC size,36 which we interpret as the emergence of surface effects in smaller CsPbBr3 NCs. Size-resolved data collected from just a few different CsPbBr3 NC parent suspensions is found to be in remarkable agreement with the simple ‘particle-in-a-box’ picture of quantum confinement in semiconductor nanocrystals, which we attribute to the screening of electron-hole interactions through the high polarizability of CsPbBr3. Our results demonstrate that the nanocrystal environment can be altered to improve photophysical performance, even after there has been an apparent decline in PL QY.
Colloidal CsPbBr3 NC suspensions were synthesized using established methods, as detailed in the Supporting Information. All parent suspensions had a PL peak in the 507 to 520 nm range and QYs of 60 to 70 %. Details of size purification through density-gradient ultracentrifugation (DGU) are given in the Supporting Information. We first consider two parent CsPbBr3 NC solutions characterized through DGU: one processed in a density gradient composed of chloroform and m-xylene (parent full-width-at-half-maximum or FWHM = 31 nm) and another processed in a density gradient composed of toluene and hexane (parent FWHM = 19 nm), where FWHM denotes full-width-at-half-maximum. Two solvent pairs are considered in order to query the potential impact of halogenated solvents on the nanocrystal fractions. Fractions derived from a density gradient composed of chloroform and m-xylene were immediately swapped back into toluene to limit possible halide-exchange reactions between solvent and NCs. Fractions with a density gradient composed of toluene and hexane were kept in the mixed-solvent environment they were extracted in. The resultant spectral properties of the fractions are displayed in Figure 1a-d, with a PL peak spanning 460 nm to 512 nm. We note that asymmetric PL spectra have been documented previously for smaller CsPbBr3 NCs, where they have been attributed to bright tail states.36 For the first set of fractions depicted in Figure 1a-c (chloroform/m-xylene) the PL linewidths (FWHM) are significantly narrower than the polydisperse parent solution, as shown in Figure 1c. Generally, it has been observed that with increasing confinement, the homogenous PL linewidth becomes broader for CsPbX3 NCs40 and analogous chalcogenides.41 
                            [image: ]
Figure 1: Spectral characteristics of size-separated CsPbBr3 NCs using (a)-(c) a chloroform/m-xylene gradient and (d) a toluene/hexane gradient. (a) Spectral gamut of size-fractionated samples spanning a PL peak of 460 nm to 512 nm. The solid lines are normalized PL spectra of the fractions while the dashed curve is the PL spectrum of the polydisperse parent. (b) PL maximum as a function of fraction number with the inset showing a TEM image of a fraction (f12, 20 nm scale). (c) PL FWHM as a function of fraction number. For this combination of parent and gradient, the fractions show significantly reduced FWHM (25 nm FWHM parent). (d) Absorption (solid black) and PL (colored) spectra for representative fractions and the corresponding parent (top). 

DGU on the second parent exploited a density gradient composed of toluene and hexane, and the resultant spectra of these fractions are displayed in Figure 1d as absorption spectra (black) overlaid with PL spectra (color) for both parent and daughter fractions. The parent solution shows broad absorption features while the fractions show more distinct absorption peaks and pronounced absorption onsets that shift with size, as anticipated for electronic confinement. The size-dependent Stokes shift obtained from such data (Supporting Figure S1) is in agreement with anticipated trends.28 In general, there are potential issues with DGU in halogenated solvents like chloroform, although such fractions were dried and resuspended in pure toluene immediately after size separation. Most notably, APbX3 perovskites are ionic materials that are susceptible to halide exchange with halogenated solvents, but APbX3 NCs can also have solubility or stability issues in such solvents due to differences in polarity between halogenated solvents and the passivating ligands, which is the motivation for also exploring toluene/hexane as a gradient mixture. The difference in PL linewidth observed using the two different gradient compositions was reproducible, suggesting that observed trends are inherent to the material (around 10 nm at a PL peak of 490 nm, Supporting Information Fig. S2a).
Post-Separation Rejuvenation. Perhaps the biggest challenge associated with ultracentrifugation relates to changes in the ligand environment of the NCs, which is drastically altered with respect to the parent suspension. This effect is rather intuitive: removing the reservoir of unbound ligand (oleylamine and oleic acid) will lead to lower ligand coverage and reduced colloidal and material stability. Figure 2 summarizes the photo-physical properties of fractionated NCs (processed in a toluene/hexane gradient), both with and without post-fractionation treatment specifically designed to account for such effects. Immediately after separation, untreated fractions show signs of aggregation and ripening. Figure 2a compares the PL peak for the samples immediately after the fractionation, which we refer to as ‘fresh’, and 14 days later. It is observed that some of the samples display a large redshift in PL peak and the emergence of bimodal PL spectra (inset, Figure 2a).
      
Figure 2: Impact of post processing on the photophysical properties of CsPbBr3 NCs fractionated in a toluene/hexane gradient. (a) PL peak vs. fraction number for NCs immediately after fractionation and aged 14 days. The inset shows the impact of aging on the PL lineshape of an untreated fraction. (b) Applying treatment 1 (addition of 10 moles/L of oleic acid and oleylamine) immediately after DGU for stabilization. (c) PL QY immediately after DGU, after treatment 1, and after treatment 2 (addition of 1 moles/L alkylammonium thiocyanate). The dotted line is the parent PL QY (72 %). (d) PL peak after treatment 1 and after treatment 2. (e) QY of the fully treated suspensions versus PL peak.  (f) Schematic of the impact of the two post-processing treatments.

The lack of colloidal stability in the resultant fractions is presumed to reflect the dynamic nature of ligand binding at the surface of the LHP NCs.4 During DGU, the NCs are introduced into a new solvent environment that lacks a reservoir of unbound ligand in solution, which is critical to maintaining the relatively stable equilibrium of the parent suspensions. The NCs also sediment much faster than any unbound ligand due to a large difference in size and density, and we hypothesize that the combined effect of this is to reduce NC ligand coverage in the fractions with respect to the parent. To correct for this change, we add 10 μL of a 0.16 M oleic acid and oleylamine mixture in hexane (10% oleic acid and 90% oleylamine by volume) to the resultant ‘fresh’ LHP fractions (Treatment 1), which restores colloidal stability. Figure 2b compares the peak PL emission of fractions measured immediately after Treatment 1 (fresh) and after 28 days. The large redshifts are no longer apparent and the PL lineshapes are stable with time. The impact of Treatment 1 on the PL FWHM is summarized in the Supporting Information (Fig. S2b) and details related to Treatment 1 can be found in the Supporting Information.
Beyond improved colloidal stability, the photo-physical properties of the fractions are also enhanced. Figure 2c compares the PL QY of the fractions before and after treatment. The QY increases for all samples, with the larger NCs having a QY comparable to the 72 % QY of the parent solution. To further improve fraction QY, we use a modified version of post-synthetic treatment with a thiocyanate salt.20 Inorganic thiocyanate salts have low solubility in organic solvents, such as hexane and toluene. To increase the availability of thiocyanate to colloidal NCs, we dissolved potassium thiocyanate (KSCN) in oleic acid and oleylamine to produce an alkylammonium thiocyanate salt, RNH3 SCN, and add this to the fractions (Treatment 2). After Treatment 2, the resultant fractions from Treatment 1 show an additional increase in QY, with values exceeding 90 %. The fractions also displayed a 2 to 4 nm blue-shift in PL peak, as shown in Figure 2d, consistent with previous reports for ensemble parent solutions of CsPbBr3 NCs.20 Figure 2e shows the final QY of the fractions as a function of peak PL wavelength and PL peak energy (inset) and the collective impact of the two treatments is summarized in Figure 2f, where details related to Treatment 2 can be found in the Supporting Information.
PL Lineshape and Solvent History. Comparing the FWHM of NCs fractionated in a toluene/hexane gradient to those fractionated in chloroform/m-xylene, it is apparent that exposure to chloroform – although limited in duration – dramatically impacts the PL linewidth. This difference can be seen by comparing Fig. 1c with Fig. 2e and is reproducible (Supporting Figure S2a). One possible explanation is halide exchange between CsPbBr3 NCs and chloroform resulting in a mixed-halide composition CsPbBr3-xClx. CsPbCl3 NCs intrinsically have narrower FWHM than CsPbBr3, which would be reflected in a mixture of the two. However, previous halide exchange experiments also led to a blueshift in the PL peak, which is not observed for the NCs processed in chloroform/m-xylene density gradients. Typically, halide exchange focuses on the alloying to full-exchange regime.2,42 Because of the slow kinetics of this process for chloroform and CsPbBr3 NCs,13 it is plausible that the incorporated Cl only resides in the doping regime.  Additionally, the narrowed line shape persists after solvent exchange from chloroform to toluene, and we attribute this effect to solvent size and polarity.
Analytical Ultracentrifugation. As relatively soft materials, LHP NCs can exhibit size coarsening or ripening in dried ensembles, which can complicate NC sizing with TEM. For an additional in situ measure of NC size, we thus employ analytical ultracentrifugation (AUC), which has emerged as useful tool for characterizing NCs.43-46 Most recently, the method has been applied to silicon nanocrystals.47 Details related to AUC can be found in the Supporting Information. AUC measures radial changes in the optical absorption of a uniform NC suspension in response to a centrifugal force, where the quantity of interest is the sedimentation coefficient (s), defined as the ratio of sedimentation velocity to applied acceleration (a timescale measured in Svedbergs, where 1 S = 10-13 s). Data for a typical parent NC suspension are provided in the Supporting Information (Fig. S3). Fits to the Lamm equation (solid curves, Fig. S3) give the distribution of sedimentation coefficients, c(s), where , V = VC + VL is the total volume of NC and ligand, , and where the subscripts C, L, and S denote “core”, “ligand” and “solvent”, respectively.43-46 The parameter f = 1.39 is obtained from the sedimentation fit, η is solvent viscosity, and  is hydrodynamic radius.

Figure 3: Photoluminescence and AUC characterization of treated CsPbBr3 fractions. (a) Size-separation in an ultracentrifuge tube viewed under UV light showing the transition from blue to green PL. The top of the fluid corresponds to the dashed curve. (b) Normalized PL spectra of a parent (black dotted) and representative fractions (colored). (c) QY of size-separated NCs after both treatments. The solid area under the curve represents the ‘mass’ of each fraction based on the absorption measured in an integrating sphere. The colored circles correspond to samples analyzed using AUC in (d)-(e). (d) Distribution of sedimentation coefficients and (e) hydrodynamic radius of the four fractions characterized using AUC [color-coded to the location of the fractions in (c)].

The AUC results are summarized in Fig. 3, where the set of fractions span blue to green emission (Fig. 3a), with spectra and PL QY shown in Fig. 3b and Fig. 3c, respectively. The mass distribution across the fractions is narrow (shaded profile, Fig. 3c) as expected for the hot-injection method, but the large and small-NC tails offer an extended range of sizes that we can exploit for photophysical characterization. AUC measurements were performed in decane on the color-coded fractions indicated in Fig. 3c. The corresponding distribution of sedimentation coefficients, c(s), is plotted in Fig. 3d, and the distribution is plotted again in terms of hydrodynamic radius in Fig. 3e. Decane was added to the initial mixed-solvent environment of the fractions (toluene/hexane for this sample) and the two volatile solvents were then removed under vacuum to achieve a uniform solvent of decane (without drying the fractions and exposing them to ambient), which facilitates an easier interpretation of AUC results. We use 0.923 mPas for the viscosity of decane (), 5.3 g/cm3 for the density of CsPbBr3 (), 0.86 g/cm3 for the shell density (), and 0.73 g/cm3 for the density of decane (. The viscosity and density of decane were measured independently, as detailed in the Supporting Information. Variation of the density estimates for the NC and ligand very weakly affect the distribution of sedimentation coefficient from the AUC data, with primary impact being to the analyzed size that those values reflect. Assuming a core/ligand volume fraction of 30/70, this gives  = 1.462 g/cm3. To extract NC edge length, we compute the volume of a sphere of reduced radius , where  = 2 nm models the length of both ligands (oleylamine and oleic acid), and we take the cube root of this volume to get a measure of NC edge, L. 
Quantum Confinement and Photoluminescence. As noted previously, there are relatively few studies that have focused on the details of size-dependent quantum confinement in colloidal LHP NCs, mainly because chemical composition is the primary handle for tuning bandgap. Dong et al.48 proposed a modified synthetic approach to achieve highly size-uniform LHP nanocrystal suspensions, but the method was not utilized for a detailed size-dependent study of ensemble PL emission characteristics. At the single particle level, Lin et al. used electron energy loss spectroscopy (EELS) in conjunction with dark-field transmission electron microscopy (TEM) to investigate the size dependence of the bandgap of CsPbBr3 nanocrystals,38 where the authors reported excellent agreement with the simple particle-in-a-box model of quantum confinement. In terms of the optical characterization NC ensembles, Butkus et al.49 recently used ultrafast transient absorption spectroscopy to study the size-dependent photophysics of CsPbBr3 NCs, finding that only the smallest NCs in their study ( 4 nm edge length) exhibited significant quantum confinement effects, while the more widely used NCs with edge lengths of 7 nm or larger could be characterized as resembling the bulk material. Here, our treated NC fractions represent an ideal platform for a PL-based study of quantum confinement.
Our results in this context are presented in Fig. 4. Representative TEM images of some of the NC fractions are shown in Fig. 4a-d. Typical size (edge length L) distributions based on such images are shown in the Supporting Information (Fig. S4), with polydispersity indices of around 1.01, implying a standard deviation of 8.5 % around the mean L. Figure 4 shows a plot of PL peak energy as a function of edge length, which we use here as a representation of the size-dependent bandgap. Red markers represent TEM measurements while blue markers are based on AUC. The curve is the anticipated expression  with E0 = 2.36 eV, A = 6.82, and a = 2.05, where the value of E0 is quite close to the PL peak measured for microcrystalline CsPbBr3.50 The value of the exponent is very close to 2, which is the value predicted by simple models of quantum confinement that ignore electron-hole Coulomb interactions (particle-in-a-box),51 and which is similar to the EELS-based single particle measurements of Lin et al.38 Here, these results are enabled by the ensemble size resolution made possible by DGU.52,53 We note that a similar L-2 scaling was recently reported by Zhao et al. for CsPbI3 NCs size-purified through selective precipitation.54 As soft ionic solids, LHPs have high polarizability and a large dielectric constant, which we suggest explains why the electron-hole interaction term (which scales as 1/L instead of 1/L2, where  is dielectric constant) is absent. This is in contrast to recent measurements on nanocrystalline silicon, for example, which suggest L-1.5 behavior.47 Physically, electron-hole interactions are screened by the ionic nature of the material.


Figure 4: (a)-(d) TEM images of fractionated CsPbBr3 NCs (PL peak near 485 nm, 495 nm, 508 nm, and 512 nm, top to bottom, 20 nm scale bar) where the inset to (d) is an individual NC (2 nm scale bar). (e) PL peak versus edge length determined from both TEM (red) and AUC (blue). Data includes both parents and fractions. The dashed curve models quantum confinement and the inset shows PL QY versus NC size. (f) PL decay of KSCN treated LHP NCs with PL maximums ranging from 477 nm to 505 nm at 300 K. PL lifetimes where determined from fitting the PL decays to stretched exponentials (dark curves) with PL lifetime  (circles) and the stretching parameter  (triangles) shown in the inset.

Using this power-law expression to interpolate edge length from PL peak, the inset to Fig. 4e shows QY versus L, which drops off quite rapidly for smaller NCs. Such behavior is typical of core/ligand NCs and reflects the emergence of non-radiative surface effects with decreasing NC size.47 Because we anticipate that Treatment 1 & 2 effectively passivate the mixed ionic NC surface, we suggest that here such effects are primarily related to fluctuations (phonons/polarons) near the NC surface, keeping in mind that these could become somewhat extended in these relatively soft materials. For evidence of this, we turn to spectrally resolved time dependent PL measurements (with the time projection taken at the PL peak) over a 0.1 ns to 10 ns window, with a set of size-dependent relaxation curves plotted in Fig. 4f. Measurement details can be found in the Supporting Information. The curves in Fig. 4f are fits to a stretched exponential relaxation, , with the corresponding lifetime, , and stretching exponent, , indicated in the inset. Lifetime shows the same trend with increasing size as QY, while  starts at around 1 for the largest NCs and decreases with decreasing size. This is in contrast to recent ensemble measurements showing that treated NCs show a strictly single exponential decay.17 Although CsPbBr3 is a direct-bandgap material, we note that similar stretched-exponential dynamics are observed in size-purified silicon nanocrystals, where they are attributed to electron-phonon coupling.47 The physical picture we suggest here is that surface vibrations in smaller NCs lead to a broad range of radiative relaxation rates, as well as the emergence of significant new non-radiative channels and an associated drop in QY. Recent work on size-purified CsPbI3 NCs suggests that there is significant surface strain in smaller NCs.54
In conclusion, using a combination of density-gradient and analytical ultracentrifugation, we have characterized the photophysical profile of as-synthesized CsPbBr3 NC suspensions by separating them into homogeneous size-resolved fractions. Size purification necessitates post-processing through the addition of ligand and insoluble salt to realize bright stable colloidal NC suspensions. This two-step treatment rejuvenates the NC fractions into bright stable suspensions, with a 50 % increase in QY with respect to untreated fractions and a 30 % increase with respect to the parent, demonstrating that the nanocrystal environment can be altered to improve photophysical performance after there has been an apparent decline in PL QY. In addition to high PL quantum yield, size purification reveals blue-emitting fractions and a narrowing of PL linewidths, as well as a crossover from pure-exponential to stretched-exponential PL relaxation dynamics with decreasing NC size. As a function of edge length, L, the energy of peak emission is found to scale a L-2, in agreement with the simple particle-in-a-box picture of quantum confinement, which we attribute to the screening of electron-hole interactions in LHP materials. Surface effects related to thermal fluctuations are suggested as the origin of both multi-exponential PL dynamics and low QY with decreasing NC size. Our results suggest that the weak confinement regime is more amenable to light emitting applications, since this is the size regime characterized by high PL QY.
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