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Abstract. Colloidal semiconductor nanocrystals (NCs) have attracted a great deal of attention in recent decades. The quantum 

efficiency of many optoelectronic processes in these nanomaterials, however, declines with increasing optical or electrical 

excitation intensity. This issue is caused by Auger recombination of multiple excitons, which converts the NC energy into excess 

heat, whereby reducing the efficiency and lifespan of NC-based devices, including lasers, photodetectors, X-ray scintillators, and 

high-brightness LEDs. Recently, semiconductor quantum shells (QSs) have emerged as a viable nanoscale architecture for the 

suppression of Auger decay. The spherical-shell geometry of these nanostructures leads to a significant reduction of Auger decay 

rates, while exhibiting a near unity photoluminescence quantum yield. Here, we compare the optoelectronic properties of 

quantum shells against other low-dimensional semiconductors and discuss their emerging opportunities in solid-state lighting 

and energy-harvesting applications.

INTRODUCTION 

Colloidal semiconductor nanocrystals (NCs) have gained 

significant attention due to their excellent emission 

characteristics and tunable band gap, which makes them a 

suitable candidate for a wide range of applications.1-7 Despite a 

substantial progress in this field, colloidal NCs still face 

challenges resulting from non-radiative decay due to surface and 

Auger recombination processes. Surface recombination arises 

from the interaction of electron-hole pairs (excitons) with 

surface charges and, therefore, is potentially manageable 

through an appropriate treatment of nanoparticle surfaces. 

Auger recombination, on the other hand, occurs because of the 

small volume of nanocrystals, which forces multiple excitons to 

interact non-radiatively. It is a common issue in applications 

involving intense optical or electrical excitation or high-energy 

photon detection.8-10 For instance, Auger recombination is 
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identified as the key cause of an efficiency roll-off in high-

brightness quantum dot (QD)-LEDs,11 performance reduction in 

perovskite solar cells,12 optical gain decay in NC-based light 

amplification media,13,14 ionization of charged excitons in QD 

solar concentrators,15 emission quenching in X-ray 

scintillators,16,17 and brightness reduction in single-dot 

molecular tracking and imaging applications.18  

In comparison to zero-dimensional (0D) quantum dots, 

semiconductor NCs with one-dimensional (1D) or two-

dimensional (2D) geometry display a reduced rate of Auger 

recombination. 19-23 This phenomenon results from a decrease in 

Auger rates with a growing exciton volume,24,25 as was 

demonstrated by improved multi-exciton characteristics of 1D 

nanorods,19  2D nanoplatelets,20-23 and nanostructures with one 

of the carriers distributed into the bulk (such as giant CdSe/CdS 

core-shell QDs).26-28 A particularly noteworthy example in this 

regard is a 2D nanoplatelet geometry, such as CdS/CdSe/CdS 

core-shell or core-crown NPLs,29 where the QY of biexciton 

emission can reach unity. Such outstanding performance can be 

attributed to reduced exciton-exciton Coulomb interactions and 

a relatively fast rate of radiative recombination that outpaces an 

already slow Auger process. Nonetheless, the attractive 

interaction between multiple excitons, which is prevalent in 2D 

nanoplatelets, hampers their ability to utilize the entire volume 

of the structure. As a result, the rate of both radiative and non-

radiative (Auger) interactions of multiple excitons is increased, 

leading to short multi-exciton lifetimes, typically in sub 

nanosecond range. This can have a negative effect on optical 

devices, causing a short-lived optical gain and high thresholds in 

lasers and electroluminescent devices, as these features benefit 

from longer multi-exciton lifetimes.30  

     We should also note that in addition to NC volume increase, 

other innovative strategies have been proposed for Auger 

suppression. For instance, in core-shell semiconductor NCs,27,28 

alloying interfaces can decrease the rate of Auger 

recombination.31 In cesium lead halide perovskite QDs, efficient 

extraction of excitons to a chromophore32 or surface 

modification to decrease the binding energy of excitons33 can 

alleviate fast Auger recombination. In case of 2D transition metal 

dichalcogenides, such as WS2 and MoS2, the decay of multi-

exciton Auger can be inhibited by increasing the number of 

monolayers.34   

 

       Recently, a near-complete suppression of Auger decay was 

achieved in semiconductor quantum shells (QSs).35-41 Similar to 

nanoplatelets, QSs offer a relaxed carrier confinement in two 

spatial dimensions but with repulsive rather than attractive 

interactions between multiple excitons. The repulsion of 

excitons leads to a smaller carrier overlap and, therefore, 

reduced rate of Auger recombination. This was recently 

demonstrated for CdS-CdSe-CdS core-shell-shell QSs, where the 

biexciton-to-exciton QY ratio, QYXX /QYX, lied in the 0.60 – 0.80 

range, even approaching unity for large core QSs.41 The 

corresponding Auger lifetime for large-core QSs exceeded 100 

ns, surpassing that of other NC geometries by an order of 

magnitude. 

 

       This feature article aims to highlight many promising 

properties of colloidal QSs and discuss emerging opportunities 

for developing relevant applications in solid-state lighting and 

energy harvesting. Auger recombination is an obstacle to most 

applications of low-dimensional semiconductors and the ability 

to address this issue will likely yield advances across different 

disciplines. Here, we perform a comparative analysis between 

QSs and other nanoscale geometries with a particular emphasis 

on Auger suppression, optical gain media, and thin film 

conductivity, highlighting the potential benefits QSs in related 

applications. We also discuss the prospect of developing QSs 

from non-toxic and abundant semiconductor systems to be 

deployed in “printable” nanostructured devices. 

 

The Geometry of Quantum Shells. 

The geometry of a CdSbulk-CdSe-CdS quantum shell is illustrated in 

Figure 1a. Similar to Quantum-Dot Quantum-Wells (QDQW),42-48 

the CdSe quantum-well layer in colloidal QSs is sandwiched 

between the two CdS “barrier” components, providing a potential 

energy minimum to photoinduced charges. The relative positions 

of conduction and valence energies at QS interfaces lead to a 

strong radial confinement of holes within the CdSe quantum well. 

Conversely, electrons are more delocalized in the radial direction, 

which necessitates the presence of a thick CdS barrier - often 

further protected by a ZnS shell - to avoid coupling with surface 

states (Figure 1a). 
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Figure 1. (a). The schematic geometry of a CdSbulk-CdSe-CdS QS. The graph shows theoretical radial probability distributions of electron and 

hole wave functions in each QS region. (b, c). Characteristic high angle annular dark field (HAADF)-STEM and TEM images of QSs, illustrating 

the location of the CdSe shell layer. (d,e). A comparison of the surface-to-volume ratios (d) and exciton volumes (e) corresponding to several 

NC geometries. In (e) - from left to right: 0D CdSe NCs (diameter = 4 nm), CdSe/CdS dot-in-a-rod NCs (dot diameter = 4 nm, rod length = 30 

nm), CdSe/CdS core/shell NCs (core radius = 2 nm, shell radius = 10 nm), CdSe/CdS nanosheets (20 nm × 20 nm × 2nm), and CdSbulk-CdSe-

CdS QSs (CdSe shell radius = 6 nm, shell thickness = 2 nm, total radius = 10 nm). Panel d,e reprinted from Ref.49 2020 with permission of 

AIP publishing.  

 

A distinguishing aspect of the quantum shell morphology is a 

relatively large diameter CdS core domain, which serves as a 

potential barrier to photoinduced charges. This feature enables 

the CdSe quantum shell to have one of largest exciton volumes 

among existing nanocrystal morphologies (Figure 1e). Increasing 

the volume occupied by multiple excitons diminishes their 

Coulomb interactions, which, in turn, reduces their Auger 

recombination rate. Furthermore, the presence of a large core 

domain in QSs also promotes an increase in the total volume of 

a nanoparticle. This results in the decreased surface-to-volume 

ratio of QSs (Figure 1d), which implies a relatively slow rate of 

carrier surface recombination. Consequently, the two unique 

features of the QS geometry, large exciton volume and low 

surface-to-volume ratio, contribute to the suppression of the 

two main non-radiative decay processes in NCs: Auger and 

surface recombination. 

Synthesis and Optical Properties of Quantum Shells.  

Recent progress in the synthesis of CdSe-based QSs has been 

driven by the need to enhance the PL QY as well as to reduce the 

emission linewidth. It was found that the best practice is to 

perform the growth of each layer of QSs in a separate reaction, 

where the reaction solvent can be optimized for a respective 

precursor combination. Generally, the first step of the procedure 

is the synthesis of large-size CdS core nanoparticles (5 – 12 nm in 

diameter) by means of an aggregative growth strategy.50  This 

approach is based on the coalescence of small-diameter NCs into 

larger colloids. The key advantage of this method lies in 

promoting a thermodynamic shape evolution, which naturally 

leads to particle size focusing with reaction time. In the case of 

larger nanocrystals, this strategy was more efficient both in 

terms of reaction speed and product uniformity than a 

traditional, precursor-based, kinetic growth. In the second step, 

CdSe layer is grown on the surface of CdS core NCs in a mixture 

of ODE and dioctylamine. Typically, secondary amines, such as 

dioctylamine, help reducing the occurrence of post-nucleation 

during the shell growth, suppressing the formation of isolated 

CdSe NCs. 51 In the final step, the surface capping layer is 

deposited over the CdSe shell. This can be achieved with either 

a thick shell of CdS or a combination of partly alloyed CdS and 

ZnS shells. Nanoparticles overcoated with a CdS/ZnS composite 

shell generally show a greater PL QY approaching 90%.52 

Meanwhile, QSs dressed with a CdS-only shell layer tend to 

exhibit a PL QY between 50 and 80% (see Table 1).  The 

deposition of all shell layers during synthesis is generally 
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performed using a slow injection of precursors using two 

separate syringe pumps.  

Figure 2. (a-c). Transmission electron microscopy (TEM) images of QSs: (a) – 4.5-nm-core CdSbulk-CdSe-CdS QSs, (b) – 7.2-nm-core CdSbulk-

CdSe-CdS-ZnS QSs, and (c) – 9.0-nm-core CdSbulk-CdSe-CdS-ZnS QSs. (d-e). Absorption and emission spectra of QSs: (d) – 4.5-nm-core 

CdSbulk-CdSe-CdS QSs, (e) – 7.2-nm-core CdSbulk-CdSe-CdS-ZnS QSs, and (f) – 8.7-nm-core CdSbulk-CdSe-CdS-ZnS QSs. Panels a, d adapted 

with permission from Ref. 38 Copyright 2022 American Chemical Society, Panels c, e, f adapted from Ref. 52. 

Figure 2 compares the emission spectra of three quantum shell 

types: 4.5-nm-core CdSbulk-CdSe-CdS QSs, 7.2-nm-core CdSbulk-

CdSe-CdS-ZnS QSs, and 9.0-nm-core CdSbulk-CdSe-CdS-ZnS QSs.  

The corresponding TEM images are shown in Figures 2a, 2b, and 

2c, respectfully. Both 4.5-nm-core and 7.2-nm-core QSs 

exhibited a narrow emission linewidth of 68-70 meV with a 

corresponding photoluminescence (PL) quantum yield (QY) of 

51% and 78%, respectively. The 8.7-nm-core sample has a 

broader PL spectrum (linewidth of 107 meV) and a PL QY of 90%. 

Generally, it was challenging to achieve a combination of a high 

PL QY and a narrow PL linewidth, since the former feature 

requires interfacial alloying that naturally widens the emission 

peak. 

Auger rates and biexciton lifetimes in quantum shells.  

From the theoretical standpoint, Auger lifetimes in 

semiconductor nanocrystals, τAuger, are expected to grow 

superlinearly with the nanoparticle volume.Error! Bookmark not 
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defined.53,54 In the case of QSs exhibiting a comparatively large 

exciton volume, this can lead to very long τAuger. In order to 

explore this hypothesis, we have measured Auger decay times in 

QSs as a function of the CdSe shell diameter. For these 

measurements, we followed a standard practice of determining 

biexciton radiative and non-radiative (Auger) lifetimes from the 

quantum yield of biexciton emission (QYXX): 
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where kr is the radiative recombination rate of single excitons, β 

represents a factor by which biexciton radiative rate is increased 

compared to that of single excitons,  and kAuger is the Auger 

recombination rate of biexcitons. 

The values of QYXX were determined using fluorescence 

correlation spectroscopy.55 To this end, a Hanbury-Brown-Twiss 

setup, comprising a confocal microscope and a pulsed excitation 

source, was used to observe antibunching behavior from 

diffusing nanoparticles in solution. The second-order cross-

correlation function, g(2)(τ), resulting from these measurements 

has allowed determining the biexciton to exciton QY ratio:

XXXXX QYQYg = . Figure 3a shows the correlation peaks 

for two types of QSs with corresponding values of gxx ranging 

from 0.6 to 0.8 (as shown in Table 1). The observed increase in 

the value of QYXX/QYX with the size of the QS core was attributed 

to the suppression of Auger decay in larger-core QSs. Notably, 

the biexction QY of zero-dimensional CdSe/CdS core/shell QDs is 

usually lower, with QYXX/QYX ranging between 10-40%.55-58  

 

Figure 3. (a). Lagtime dependence of the cross-correlation function, g(2), showing the ratio of biexciton-to-exciton QY (BX/X QY) for 4.5-nm 

core (orange curve) and 6.0-nm core (blue curve) CdSbulk-CdSe-CdS QSs. (b). PL intensity decay of 8.7-nm-core CdSbulk-CdSe-CdS-ZnS QSs 

resulting from two excitation regimes: low-power, <Neh> = 0.24 (red circles) and high-power, <Neh> = 3.9 (blue circles). The blue curve 

represents a fit using a parametric model curve. The best fit is obtained using f = 2.7, which deviates from the statistical scaling of multi-

exciton rates (f = 3.0, green curve). (c). The dependence of biexciton Auger lifetimes, τAuger, on particle volume for different types of colloidal 

nanocrystals. Panel a adapted with permission from Ref. 38 Copyright 2022 American Chemical Society, panel b adapted with permission 

from Ref. 52. Panel c adapted with permission from Ref. 2. Copyright 2022

The biexciton and Auger lifetimes of QSs can be directly 

calculated from Eqs. 1 and 2 by using experimental values of gxx 

and assuming statistical scaling of radiative rates with the 

number of electron-hole pairs, m (where β = 4), The results of 

these calculations are summarized in Table 1 and indicate that 

the Auger decay in QSs is in fact slow. The corresponding 

biexciton Auger lifetimes range from 12 to a 110 ns. Notably, 

these values are at least one order of magnitude greater than 

those previously reported for CdSe/CdS core-shell QDs, 

CdS/CdSe/CdS NPLs, or inorganic halide perovskite QDs.2  
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Table 1. The comparison of multi-exciton characteristics between several morphologies of colloidal quantum shells.  

 

QS Morphology Core Size 

(nm) 

QYx gxx taux(ns) β tauXX (ns) tauAuger(ns) Ref. 

CdS/CdSe/CdS 4.5 0.6 0.62 39 3.3 5.3 10.6 38 

CdS/CdSe/CdS 6 0.45 0.81 43 3.3 7.1 16 38 

CdS/CdSe/CdS 8.2 0.55 0.88 118 3.3 22.6 61.9 41 

CdS/CdSe/CdS/ZnS 7.2 0.8 0.57 84 3.3 13.12 27.09 52 

CdS/CdSe/CdS/ZnS 8.7 0.9 0.79 131 3.3 28.35 110.22 52 

To obtain a more accurate estimate of biexciton Auger lifetimes 

in QSs, we adopted a strategy that employs β as a fitting 

parameter.52 This approach invokes the power dependence of 

the ensemble PL with the average number of excitation photons 

per particle, <Neh>. Generally, <Neh> is calculated as  f×σ where f 

represents the pump fluence and σ is the QS absorption cross-

section. For a given value of <Neh>, the probability of a quantum 

shall absorbing m photons, f(m), is estimated using the Poisson 

distribution: !)( meNmf mm

eh

−= . Assuming that 

Auger recombination of an m-exciton state results in a state with 

(m-1) excitons, the time dependence of an m-exciton population 

in a QS, P(m, t), can be determined by solving coupled rate 

equations: 

 ),(),1(
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where, km = km,r + km,nr, is the total decay rate of an m-exciton 

state. This model does not take into account charged exciton 

species (e.g. trions) since their emission is strongly suppressed, 

as can be inferred from blinking-free trajectories of ZnS-coated 

QSs (see Figure 4a). 

In the case of symmetric multiexcitons, 59 decay rates scale 

statistically with the total number of individual transitions, i.e.  

 

km,r = m2kr,2/4,  km,nr = m2(m-1) knr,2/4 (3) 

However, for spatially asymmetric multi-excitons built from both 

1S and 1P states or multiple exciton configurations of large-size 

nanostructures, the m-scaling is expected to deviate from 

statistical due to a weaker coupling between electron and hole 

states with different symmetries.59 To account for this 

difference, we have developed52 a universal approach to scaling 

of multi-exciton radiative and non-radiative decay rates using a 

variable power parameter f = 2-3, a follows: 

 

km,r = mf-1kr,1                       (4) 
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The case of f = 3 represents statistical scaling, expected of small-

size QDs, and f = 2 mimics the multi-exciton behavior of bulk 

semiconductors, where Auger recombination rates are 

significantly lower. The value of f can be obtained by fitting the 

PL intensity decay. Once the average number of excitons per 

particle <Neh> is determined, f can then be treated as a single 

fitting parameter. 

Figure 3b illustrates the photoluminescence intensity decay for 

8.7-nm-core QSs under two different excitation conditions: low-

power (<Neh> = 0.24) and high-power (<Neh> = 3.9). By fitting a 

single-parameter model to the experimental PL decay, which is 

represented by the blue curve in Figure 3b, we find that the best-

fit value is f = 2.7. For comparison, we also include the PL decay  

curve based on statistical scaling of multi-exciton rates (f = 3). By 

analyzing the experimental data in Figure 3b, we conclude that 

multi-exciton interactions in QSs deviate from statistical scaling, 

indicating that the underlying interactions are generally weaker 

compared to strongly-confined nanocrystal geometries. This 

deviation may be attributed to a combination of larger QS 

volume and repulsive interaction between excitons within the 

QSs. In fact, we propose that in QSs with larger sizes, the carrier 

density resulting from absorption of multiple photons is 
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relatively low, which leads to a decrease in Auger decay rates. 

This unique character of multi-exciton interactions in large-

volume QSs has significant implications for the advancement of 

optoelectronic materials. 

 

Assuming a scaling factor of f = 2.7 for multi-exciton rates in QSs, 

the corresponding biexciton Auger lifetimes are: τ2,Auger = 27.4 ns 

for the 7.2-nm-core and τ2,Auger = 110.2 ns for 8.7-nm-core QSs 

(Table 1). Figure 3c compares biexciton Auger lifetimes among 

various types of 0D-2D colloidal semiconductors. This 

comparison indicates that QSs have notably longer Auger 

lifetimes, which is attributed to their positive binding energy and 

a large exciton volume.  

The extended Auger lifetimes in QSs present significant 

advantages for prospective applications. First, they facilitate an 

efficient energy transfer from the biexciton to the exciton state, 

which is critical for the development of high-brightness LEDs, 

ionizing radiation scintillators, and other devices operating in a 

multi-exciton regime. Second, longer multi-exciton Auger 

lifetimes can help minimize heat generation in nanocrystals, 

thereby enhancing the durability of optoelectronic devices when 

subjected to electrical or optical excitation. 

 

Figure 4. Characteristic PL intensity trajectories of single QSs: (a) - 8.7-nm-core CdSbulk-CdSe-CdS_ZnS QS, (b) - 8.2-nm-core CdSbulk-CdSe-

CdS QS, and (c) - 4.5-nm-core CdSbulk-CdSe-CdS QS. (d). An example of a g2(τ) function for 8.2-nm-core CdSbulk-CdSe-CdS QSs, showing BX 

QY of 97%. (e). Statistics of g2(τ) values for three types of CdSbulk-CdSe-CdS QSs. (f,g). (HAADF)-STEM images of 8.2-nm-core CdSbulk-CdSe-

CdS QSs. Panels (a-c) are adapted with permission from Ref. 52 Copyright 2022 American Chemical Society. Panels (d,e) are adapted with 

permission from Ref. 41 Copyright 2022 American Chemical Society.  

The suppression of Auger recombination in QSs was also evident 

through profound changes in the PL blinking traces of single 

particles (Figures 4a-4c).52 Instead of the usual “on/off” 

behavior, one could discern distinct intensity levels 

corresponding to exciton and trion populations.60 The 4.5-nm-

core QSs displayed at least three discrete emission levels, which 

were identified as neutral exciton (X0), negatively charged (X-) 

trion, and positively charged (X+) trion, as shown in Figure 4c. The 

corresponding PL lifetimes for these populations were 

determined to be τX = 45 ns, τX- = 17 ns, and τX+ = 11 ns, in 

agreement with ensemble-averaged measurements. In samples 

with an 8.2-nm core and a CdS-only surface layer, the frequency 

of "grey" trion states was reduced (Figure 4b). Finally, in the 8.7-

nm-core sample with a composite CdS-ZnS surface layer, no 

apparent blinking was observed (Figure 4a). This was attributed 

to the suppressed surface carrier recombination in ZnS-capped 

QSs.  

 

We have also used single-particle measurements for assessing 

the biexciton quantum yield, gxx, of CdSbulk-CdSe-CdS QSs with 

varying core sizes. The gxx was measured using the second-order 

correlation function, g(2)(t), which confirmed that QS with larger 

core sizes have relatively higher QYXX/QYX values. On average, 

the QYXX/QYX was found to be 88% on average, with the third 

quartile exceeding 90%. Notably, some individual QS exhibited 

QYXX/QYX values close to 100%, albeit within the measurement 

error. The distribution plot presented in Figure 4e further reveals 

that the QYXX/QYX values are positively correlated with the core 
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size of QSs, determined from (HAADF)-STEM images (Figures 4f, 

4g). 

Optical Gain and Lasing Media from Quantum Shells: Benefits 

of Exciton-Exciton Repulsion. 

The suppression of Auger recombination in QSs holds the 

potential for efficient light amplification in lasing media through 

the biexciton-gain regime, which requires two excitons per 

particle. Moreover, QSs have been demonstrated to support a 

single-exciton optical gain mode, which renders Auger processes 

inactive.Error! Bookmark not defined. This intriguing phenomenon is 

attributed to the splitting of X and XX energy levels, which is 

caused by the photoinduced electric field of a spatially-

separated electron-hole pair of the first exciton. Until now, the 

phenomenon of exciton-biexciton energy splitting was observed 

exclusively in type II heterostructured NCs, where electron-hole 

overlap is relatively small. However, QSs exhibit such X-XX 

splitting with a type I combination of semiconductors.61 

Additionally, the energy associated with X-XX splitting in QSs, ΔXX 

≈ 57 - 63 meV, is notably large.  

 

Figure 5. (a) The development of optical gain is demonstrated in the non-linear optical absorption spectra of 4.5-nm-core CdSbulk-CdSe-CdS 

QSs. Positive values on the left scale indicate absorption, while negative values indicate gain. The black solid line represents a linear 

absorption spectrum. (b). A contour plot illustrates the lifetime/bandwidth of optical gain in 4.5-nm-core QSs. Positive gain is achieved 

when the value of α + αΔ is greater than zero. The pump fluence for this case is 36 μJ/cm2. (c). A diagram depicts the impact of repulsion 

between excitons (X-X) on the absorbing transition energy for the second incoming photon, allowing for single-exciton optical gain in QSs. 

(d). <N>-dependent TA dynamics illustrating a long-lived optical gain. (e). Emission spectra observed from thin films of 7.2-nm-core QSs for 

different pump fluences. The narrow ASE peak at ~ 650 nm corresponds to biexciton optical gain, while the onset of a lower-energy feature 

at around 670 nm, matching the spectral position of the photoluminescence peak, is attributed to a single-exciton gain mechanism. (f). 

Evolution of the PL intensity for 7.2-nm-core QSs at the spectral position of the biexciton ASE with increasing pump fluence. The 

corresponding ASE threshold is determined to be 5.3 μJ/cm2. The insert demonstrates the onset of biexciton ASE on the high-energy side 

of the PL peak. Adapted with permission from Ref. 38. Copyright 2022 American Chemical Society. Panels e,f  are adapted with permission 

from Ref. 52. Copyright 2022 American Chemical Society.

In order to analyze the spectral and temporal characteristics of 

the optical gain in QSs, we conducted femtosecond transient 

absorption (TA) measurements on dilute nanoparticle solutions. 

These experiments involve monitoring the absorption change 

(Δ=−) induced by a femtosecond pump pulse using a 

white-light continuum probe. Optical gain is realized when -

   where  is a linear absorption.   
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Figure 5a shows the non-linear absorption spectra for 4.5-nm-

core QSs, expressed in terms of number of electron-hole pairs, 

<Neh>=  where f is the excitation fluence and  = 2.3×10-13 

cm2 is single quantum shell’s absorption cross-section.62 It is 

evident that at lowest excitation powers, the gain region (<0) 

appears at the single exciton (X) transition, matching the spectral 

position of the PL peak. As the excitation fluence increases, the 

gain region expands to encompass biexciton transitions at 620 

nm (2.02 eV). Such  a single-exciton gain mode allowed achieving 

one of the longest reported optical gain lifetimes among 

colloidal nanocrystals, τgain > 6 ns. 

Figure 5b displays the bandwidth/lifetime contour plot of the 

excited state absorption, Δ+, at excitation fluence of 36 

μJ/cm2. The optical gain region, Δ+  reveals the gain 

bandwidth of ~ 300 meV, which is one of the broadest known for 

colloidal QDs. The realization of a wide amplification range in 

QSs is attributed to the presence of long-lived high-energy 

excitons, which are rarely observed in conventional core-shell 

QDs due to relatively short multiexciton lifetimes. 

In order to further investigate the optical gain properties, we 

have measured the amplified spontaneous emission (ASE) from 

a spin-coated film of 7.2-nm-core CdSbulk-CdSe-CdS-ZnS QSs 

(shown in Figure 5e).52 To this end, ultrafast pulses were focused 

onto a film through a cylindrical lens, resulting in the observation 

of ASE perpendicular to the excitation direction. The onset of 

ASE was observed as a spectrally-narrow peak on the higher-

energy side of the broader PL band, which exhibited a 

superlinear dependence on the excitation fluence. The energy 

difference between the steady-state PL and ASE features 

suggested a biexciton origin of the optical gain with the 

corresponding X-X binding energy of 63 meV (exciton-exciton 

repulsion). Notably, the onset of biexciton ASE in QSs appeared 

at a relatively low pump fluence of 5.3 μJ/cm2 (Figure 5f).  

Comparing the exciton-exciton interaction between QSs and 2D 

nanoplatelets reveals some interesting insights. Both geometries 

possess large exciton volumes (as shown in Figure 1e), resulting 

in Auger suppression. However, in 2D NPLs, excitons exhibit an 

attractive interaction (ΔXX  = - 30-45 meV),63 whereas the QS 

geometry leads to X-X repulsion (ΔXX ≈ + 60 meV). This difference 

in exciton-exciton interactions between the two morphologies 

can be attributed to differences in their respective CdSe 

quantum well depths. In QSs, the spherical geometry causes 

electrons to delocalize beyond the quantum well layer, resulting 

in a positive direct Coulomb coupling (X-X repulsion)Error! Bookmark 

not defined.. Conversely, in NPLs, a stronger lateral confinement 

compels multiple excitons to form bound "exciton" molecules, 

leading to a mixture of thermally equilibrated excitons and 

biexcitons. Both species can contribute to light amplification. It 

is worth noting that despite such a difference in the character of 

exciton-exciton interactions, both NPLs and QSs exhibit large 

enough X-X binding energies to enable optical gain through the 

Auger-invariant, single-exciton regime.  

 

Photoconductivity and charge transport in quantum shell 

solids.  

The advancement of thin-film QD technologies, including solar 

cells, photodetectors, and field-effect transistors, relies heavily 

on achieving efficient electrical conductivity in nanoparticle 

solids. Consequently, extensive research has been conducted to 

understand charge transport in nanocrystal assemblies.64-66 It 

has been established that nanoparticle grain boundaries play a 

significant role in impeding charge transfer processes by 

introducing localized electronic states within the solid.67 This is 

because surface states that exist within the band gap of 

nanocrystals (such as those observed in Cd chalcogenides) can 

cause charge trapping and electron-hole recombination.  

Therefore, assemblies of larger nanocrystals with a lower 

surface-to-volume ratio generally exhibit improved charge 

carrier mobility.68  The prospect of improving charge transport in 

thin films by reducing the total surface area of nanoparticles has 

been frequently explored through the utilization of one- and 

two-dimensional nanocrystal architectures (e.g. nanotubes,69 

nanoplatelets,70-72 nanorods,73-75 and atomically coherent 
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superlatices76). However, assembling such low-symmetry 

colloids into close-packed NC films can be challenging and often 

requires non-trivial processing steps. 77 

 

 

Figure 6. (a). Photocurrent measurements in similarly processed solids of 10.5-nm-core CdS-CdSe QSs (red) and spherical CdSe NCs (blue). 

Based on averaging of 12 electrode pixels. Adapted with permission from Ref.38 Copyright 2017 American Chemical Society. (b). The flux-

corrected photocurrent of close-packed CdSe nanocrystal solids versus the particle size. The insert image shows the substrate used for 

photoconductivity measurements (10 μm gap, 1mm length, 90 pairs). Adapted with permission from Ref.40 Copyright 2022 American 

Chemical Society 

QSs exhibit one of the lowest surface-to-volume ratios among 

quantum-confined semiconductors (as shown in Figure 1e) and, 

consequently, have a smaller fraction of surface atoms. This 

unique geometry offers potential benefits for charge transport 

applications, as demonstrated by two recent experiments.35  In 

one study, spincoated films of 19.6 ± 1.0 nm CdSbulk-CdSe QSs 

were compared to similarly processed assemblies of 3.9-nm, 0D 

CdSe NCs. As shown in Figure 6a, the average photocurrent of 

quantum shell solids was found to be seven times higher than 

that of CdSe NC films, which was attributed to the reduced 

interfacial area. Another study40 reported the effect of particle 

size on film photoconductivity. Photocurrent measurements 

were conducted across nanoparticle solids on substrates with 

interconnected electrode sets (as shown in Figure 6b, insert), 

allowing for sampling across different parts of the spin-coated 

film. Figure 6b demonstrates that increasing the size of CdSe 

nanoparticles in the solid resulted in a proportional increase in 

photoconductivity. For instance, assemblies of 17-nm bulk-sized 

CdSe nanoparticles exhibited over 100-fold higher conductivity 

compared to those of 4.5-nm CdSe NCs. 

 

Summary and Outlook 

A combination of a large biexciton QY and long biexciton 

lifetimes in QSs make these nanomaterials an excellent 

candidate for applications, where Auger recombination is 

significant. Typically, this refers to materials and devices with 

more than two charge carriers injected per nanoparticle under 

optical or electrical excitation, <N>exciton > 1. In the following 

section, we illustrate several scenarios, where the ability of the 

quantum shell geometry to suppress Auger decay can enhance 

the overall quantum efficiency of a process. 
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 Figure 7. Examples of energy conversion processes, which quantum efficiency is limited by the Auger decay, and can be improved through 

the use of QSs. 

 

According to Figure 7, there are several processes in 

nanocrystals, where the Auger recombination is likely to limit the 

overall quantum efficiency. These include (a) - conversion of 

high-energy photons into electrical current, (b) – down-

conversion of high-energy photons into visible light, (c) -  

conversion of multiple photons into charge carriers and/or 

excitons, and (d) - conversion of multiple injected carriers into 

radiation. 

 

For instance, high-energy photons or concentrated radiation can 

trigger multiple exciton generation (MEG) in photodetectors and 

solar cells. 78,79  However, the conversion of this excitation energy 

in QD-based photovoltaic devices occurs relatively slow through 

photoinduced charge separation, which typically takes hundreds 

of picoseconds. 80 As a result, QD materials with short multi-

exciton Auger lifetimes of less than 100 ps may experience 

significant efficiency losses in MEG-based applications, such as 

concentrator photovoltaics.81-83,84  Additionally, fast multi-

exciton decay is a significant challenge to achieving greater-than-

unity external quantum efficiency (EQE) for detecting UV 

photons,85,86  which currently has a peak EQE record of 160% 

(based on PbTe QDs).87 Given their long Auger lifetimes, it is 

reasonable to expect that QSs could reduce MEG losses in 

photovoltaic devices and potentially enhance the EQE for UV 

photon conversion. 

 

The presence of long-lived multi-exciton populations in QSs is 

also favorable for the development of X-ray scintillators, 

especially given the growing demand for flexible-substrate, 

large-area radiation detection.88,89 These materials convert high-

energy ionizing radiation into visible-range light through a 

cascade effect (i.e., deexcitation of high-energy charge carriers 

leading to the formation of band-edge excitons). The resulting 

radioluminescence (RL) is a crucial characteristic of a scintillator, 

as it affects both the detection efficiency and the detection 

resolution. Despite many advantages of nanoparticle-based 

scintillators (e.g., ease of processing, high PL QY), 90 their RL 

intensity is limited by fast Auger decay,16  as a single X-ray photon 

can generate tens of excitons, leading to their Auger quenching. 

For example, recent analysis of CdSe/CdS NPL-based scintillators 

showed that RL lifetime resulting from 511-keV gamma radiation 

is comparable to the Auger constant in these materials 

(approximately 0.5 ns).91 Given that the Auger lifetime of QSs is 

one to two orders of magnitude greater than that of other 

nanocrystal geometries, the QS morphology may result in 

improved sensitivity and response timing in scintillators. 

 

Suppressing Auger decay can also have a positive impact on high-

brightness LEDs with an output of more than 5,000 cd m–2.30 

Typically, an LED efficiency declines as the current density 

increases. This process, known as efficiency droop, has been 

attributed to the Auger decay of charged excitons, or trions. Not 

only it constrains the achievable brightness levels in daylight 

display technologies but also causes heat generation, shortening 

the device lifespan. Recently, it was shown that the suppression 

of Auger decay in colloidal QDs can extend the trion lifetime to 

4-6 ns, leading to virtually droop-free performance with 

brightness levels of up to 3×105 cd m−2.11 Considering that the 

trion lifetime of QSs is longer (10-30 ns),41 these nanomaterials 

can become a feasible option for a high-brightness LED 

technology. The first demonstration of QS LEDs has been 

recently reported by Malko et al., 41 who has shown that adding 

a single monolayer of CdSbulk-CdSe-CdS QSs into a CsPbBr3 

perovskite-based LEDs results in a 2.3-fold enhancement of the 

device EQE. Furthermore, the device incorporating a monolayer 

of QSs were also shown to triple their brightness to 213 W/m2 as 

compared to perovskite only LEDs.  
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The demonstrated long-lived optical gain (X0 mode) and broad 

amplification bandwidth (multi-exciton mode) puts QSs on a 

short list of colloidal semiconductors for optical-gain media 

applications. One particularly interesting direction, in this 

regard, is the realization of an electrically-pumped, continuous-

wave laser (laser diode), which is the key component of many 

photonic circuits. Over several decades, the development of 

laser diodes has predominantly relied on epitaxial quantum wells 

and epitaxial QDs, which require complex vacuum deposition 

techniques (e.g., molecular beam epitaxy, chemical vapor 

deposition).92 Because of the limited robustness of the epitaxial 

deposition, the development of laser diodes has been lagging 

behind93 the expansion of other on-chip components, including 

detectors, waveguides, and modulators.94 As a result, quantum 

shell-based lasers compatible with photonic circuit’s applications 

could be of potential interest. To expand the spectral range of 

laser diodes, a Cd-based (CdS-CdSe-CdS) QS “model system” can 

be replaced with a different combination of semiconductors (see 

Figure 8).  

An area of research in the QS field that has received less 

attention is their potential for charge-transport applications. QSs 

have a low surface-to-volume ratio, and thus, a relatively small 

number of surface atoms, which are often linked to electrical 

defects. As a result, films of QSs could exhibit improved charge-

transport capabilities compared to other nanostructured 

semiconductors. Although a couple of initial studies have 

supported this idea,35,40 there have been no reports of practical 

applications using QS devices. However, with recent advances in 

the synthesis of high-quality QSs, this niche can now be explored.  

 

Figure 8. Spectral range of various quantum shell morphologies. The vertical axis represents an average lattice strain of multiple interfaces 

in the structure. The horizontal axis illustrates an approximate spectral range of emission.  

To expand the spectral range of colloidal QSs, CdSe quantum-

well layer can be replaced with either blue-emitting ZnSe or IR-

emitting HgS. Below, we review several promising QS 

semiconductor combinations:  

ZnS/ZnSe/ZnS. This Cd-free quantum shell morphology can span 

the blue spectral range of emission (Figure 8). Zn-containing 

colloidal semiconductors are generally difficult to grow due to Zn 

oxidation and poor stability of ensuing colloids. However, with 

recent advances in the chemical treatment of ZnS surfaces, 

ZnS/ZnSe/ZnS QSs could ultimately be developed as a promising 

blue-range emitter. 

ZnS/ZnSe/CdS/ZnCdS. This quantum shell geometry is designed 

to provide a spatial separation between electrons and holes 

across the ZnSe/CdS interface (type II heterostructure), 

producing a strong exciton-exciton repulsion effect. This 

arrangement generates a significant repulsive force between 

excitons, leading to a pronounced energy difference between X 

and XX transitions, which is the key to optical gain and single 
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quantum emitter applications. Notably, due to their type II band 

alignment, ZnSe/CdS-derived QSs will feature a broadly tunable 

PL spectral range.95 

ZnS/CuZnSnS4/ZnS. This is a non-toxic QS morphology, which is 

a promising absorber material for PV applications. Because of 

their small exciton Bohr radius, spherical CuZnSnS4 nanoparticles 

usually do not exhibit quantum confinement characteristics. This 

could change if CuZnSnS4 is used in a ZnS/CuZnSnS4 quantum 

shell geometry since even large-size structures could have some 

degree of CuZnSnS4 band gap tuning (via the shell thickness).  

CdS/HgS/CdS. This is a promising QS morphology for infrared-

range applications. HgS offers a better lattice match to CdS 

barriers (lattice strain < 1%) than CdSe (> 4%) and provides a 

stronger confinement to both charge types. A combination of 

CdSe and HgS layers96 can also be used for gradual tuning of the 

spectral response in the visible-IR range. Meanwhile, the 

presence of heavy elements, such as Hg, would be beneficial for 

the potential deployment of QSs in X-ray scintillators. 

 

In general, 2D QSs have the potential to serve as an alternative 

to existing non-spherical 2D colloids, such as nanosheets and 

nanoplatelets. QSs offer several advantages, including extended 

multi-exciton lifetimes, high biexciton quantum yield, single-

exciton optical gain that is unaffected by Auger processes, and 

improved electrical conductivity in solid films. These 

characteristics play a crucial role in preventing efficiency decline 

in high-brightness LEDs, photodetectors, and solar cells. 

Additionally, the unique properties of multi-excitons in QSs hold 

promise for the development of QD laser diodes, which are 

essential components of photonic circuits. Meanwhile, the high 

extinction coefficient of QSs presents new possibilities in the 

fields of photocatalysis and photochemistry. Ultimately, the 

architecture of QSs can be expanded to include non-toxic and 

abundant materials, enabling their utilization in "printable" 

optoelectronic materials for energy-related applications. 
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