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ABSTRACT 

As attractive materials system for high-performance optoelectronics, colloidal nanoplatelets (NPLs) 

benefit from atomic-level precision in thickness, minimizing emission inhomogeneous broadening. Much 

progress has been made to enhance their photoluminescence quantum yield (PLQY) and photostability. 

However, layer-by-layer growth of shells at room temperature has to date resulted in defects that limit 

PLQY and thus curtail the performance of NPLs as an optical gain medium. Here we introduce a hot-

injection method growing giant alloyed shells using an approach that reduces core/shell lattice 

mismatch and suppresses Auger recombination. Near-unity PLQY is achieved with a narrow full-width-

at-half-maximum (20 nm), accompanied by emission tunability (from 610 to 650 nm). The biexciton 

lifetime exceeds one nanosecond, an order of magnitude longer than in conventional colloidal quantum 

dots (CQDs). Reduced Auger recombination enables record-low amplified spontaneous emission 

threshold of 2.4 µJ cm
-2 under one-photon pumping. This is lower, by a factor of 2.5× than the best 

previously reported value in nanocrystals (6 µJ cm
-2  for CdSe/CdS NPLs). Here we also report single-

mode lasing operation with 0.55 mJ cm
-2 threshold under two-photoexcitation, which is also the best 

among nanocrystals (compared to 0.76 mJ cm
-2 

from CdSe/CdS CQDs in Fabry-Pérot cavity). These 

findings indicate that hot-injection growth of thick alloyed shells makes ultra-high performance NPLs.   

KEYWORDS: colloidal quantum wells, nanoplatelets, hot-injection growth, optical gain, single-mode 

lasing, VCSEL  
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Semiconductor nanoplatelets (NPLs), also known as colloidal quantum wells, have attracted great 

research interest as they allow precise control over their physical thicknesses, which minimizes 

inhomogeneous broadening and thus enables ultra-narrow emission spectra.
1,2

 Their giant absorption 

cross-section and oscillator strength,
 3

 stemming from strong carrier confinement in one dimension, 

make them ideal for colloidal lasers,
1,4,5 electroluminescent devices,

6
 solar cells,

7
 and photodetectors.

8
 

Compared to the epitaxial growth of inorganic quantum wells, solution-processing of colloidal NPLs 

offers low-cost  manufacturability and integrability in optoelectronics.
9
  

To enable practical colloidal lasers, Auger recombination, which militates against population inversion, 

needs to be decreased.
10

 Symmetry breaking in two-dimensional NPLs leads to stricter conservation of 

momentum and mitigates the effect of the Auger process.
11 An additional reduction in Auger 

recombination rates has been shown when a shell is grown on core NPLs.
12,13

 The in-plane delocalization 

of charge carriers enables the coexistence of multiple excitons and reduces the probability of exciton-

exciton annihilation.
14

 A low optical gain threshold and continuous-wave lasing at room temperature 

have been reported in NPLs.
15,16 In that respect, shell deposition on NPLs provides a means to further 

engineer the materials’ optical properties. The compositional adjustment of the shell provides precise 

control over the effective bandgap of the resulting NPL heterostructure and thereby the emission peak 

wavelength. Tuning shell composition also reduces the lattice mismatch associated with the core/shell 

heterostructure. In addition, shell growth on CdSe core NPLs may improve chemical stability and delete 

certain trap states by passivating dangling bonds at the surface.  

Until now, atomically-precise shell formation has commonly been achieved at room temperature 

using colloidal atomic layer deposition method (c-ALD).
17

 The room temperature shelling process often 

results in low photoluminescence quantum yield (PLQY) and poor stability.
18–20

 Different 
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heterostructures have been realized, such as core/crown,
21-25

 core/shell,
26–29

 and core/crown/shell.
20,30

 

Although PLQY of the NPLs with core/crown structure increases up to 90% in CdSe/CdS,
20 and to 95% in 

CdSe/CdSeTe core/crown NPLs,
25

 their stability has remained low, curtailing their applications in 

optoelectronics. Regarding core/shell NPLs structures, there are few reports focusing on the enhanced 

photophysical properties based on the c-ALD approach.
14,31

 Ma et al. have reported a near-unity 

biexciton QY from NPLs with thin shells using single particle spectroscopy via an optimized c-ALD 

protocol.
14 

However, to accurately control the shelling process, the repetitive washing steps are 

inevitable between successive growths of alternating layers. Norris group have successfully 

implemented CdS hot-injection shell growth on CdSe NPLs at 300 oC, yet PLQY of the core/shell NPLs 

attained a maximum value of 60%.
27 

As has been presented in our previous study, the introduction of 

the hot injection shell for the synthesis of the NPLs has drastically enhanced by using ZnS HIS the PLQY 

and stability,
32

 however the issue with preserving the high PLQY still remains intact with the introduction 

of the additional shell layers due to lattice mismatch, a finding ascribed to defect formation.
20,30

 For a 

better lattice matched CdSe/CdS core shell NPLs, the control of Auger recombination rate has been 

attained by the control of the shell thickness.
33 

However, due to the small conduction band offset at the 

CdSe/CdS interface, the electron wavefunction delocalizes into the CdS shell, and this reduces the 

optical transition rates and makes emission sensitive to fluctuations in the surrounding dielectric.
34 

Therefore, there is a strong necessity for an alternative approach providing reduced defect sites and 

prolonged Auger lifetime in colloidal NPLs. 

In this study, we synthesize giant (ca. 4 nm thick) hot injection shelled (g-HIS) NPLs. Such single-step 

growth of alloyed shells at high temperature enables us to increase the shell thickness and provide 

strain relaxation. The growth method presented allows not only for the passivation of the surface 

defects but also the fine-tuning of carrier distribution by engineering the shell composition. As a result 



                 

5 

 

of the optimized confinement potential, the biexciton lifetime is prolonged to 1.26 ns, 2.5× of the best 

CdSe/CdS core/shell NPLs,
33

 an order of magnitude longer than conventional nanocrystals,
10 

and three 

times longer than those with pure ZnS shell, which indicates suppression of nonradiative Auger 

recombination in these CdSe/CdZnS core/alloyed g-HIS NPLs. Therefore, we observe a record-low optical 

gain threshold of 2.35 µJ cm
-2

, 2.5× lower than the previously reported best value of chalcogenide 

semiconductor nanocrystals (6 µJ cm
-2

).
35

 Recently, an amplified spontaneous emission (ASE) threshold 

of 1.2 µJ cm
-2  

has been reported for CsPbBr3 nanoparticles, however, their ASE intensity was found to 

decrease to 70% of its original level after 3.2×10
6
 laser pulses.

36 
Although the halide stoichiometry tunes 

the emission wavelength of these perovskite nanocrystals,
37

 they suffer from photoinduced phase 

segregation under photoexcitation.
38

 Hence, it is challenging to achieve stable laser action with the 

perovskite nanocrystals at tuned wavelengths. In our proposed alloyed g-HIS growth approach, changing 

the Cd-to-Zn ratio in the shell enables continuous tuning of the emission wavelength from 610 to 650 

nm. After six months of exposure to the ambient environment, these NPLs show excellent stability 

without appreciable aggregation and maintain at least 95% of their initial PLQY. Furthermore, we did not 

observe a noticeable decrease in ASE intensity after 2.4×10
7
 pump pulses. With such high stability, here 

a single-mode vertical-cavity surface-emitting laser (VCSEL) using these CdSe/CdZnS NPLs as gain 

medium is demonstrated to lase at a threshold of 0.55 mJ cm
-2

 under two-photon excitation. 

RESULTS AND DISCUSSIONS 

To improve optical performance and eliminate defects at the core/shell interfaces of NPLs, it is crucial 

to reduce the 12% lattice mismatch between CdSe and ZnS. In this work, we addressed this problem by 

introducing alloyed Cd1-xZnxS shells. The fraction of Zn, x, in the shell structure was decreased from 1 to 

0.5 by changing chemical precursor concentration. Figure 1a shows the tunability of photoluminescence 

(PL) and absorption by changing the shell composition. The PL peak position of CdSe/ZnS core/HIS NPLs 
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sample is centered at 612 nm with a spectral linewidth of 24 nm. The PL emission peaks redshifts with 

increasing Cd-amount in the shell from 612 to 650 nm, and the FWHM of the samples decreases from 24 

to 20 nm, as shown in Figure 1a. Uniform growth of the alloyed CdZnS g-HIS on four monolayer (ML) 

CdSe cores decreased inhomogeneous emission broadening – a finding we attribute to reduced 

core/shell exciton-phonon coupling.
39

 We imaged the materials using high-resolution transmission 

electron microscopy (HRTEM) (Figure S1) and observed uniform coating with shells. The evident 

redshifted emission in core/shell NPLs is attributed to electron delocalization into the shell and 

significantly reduced dielectric confinement.
30  

High-resolution transmission electron microscopy (HR-TEM) and high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) images of the samples with different shell 

compositions are presented in Figure 1b and Figure S2. The shape of the core/alloyed shell NPLs 

changed from an irregular form to almost a square when we increased Cd in the shell (Figure 1b). PLQYs 

of the samples are shown in Figure 1c. The best experimental conditions were identified by screening 

the synthesis parameters such as the concentration of the precursor, ligand, and temperature. For 

instance, when the injection temperature of the S-precursor was changed from 170 to 190°C, the 

emission peak wavelength increased from 647 to 664 nm, the FWHM changed from 20 to 25 nm, and 

PLQY of the sample decreased from 98% to 50%, respectively (Figure S3). The absolute PLQY of 

CdSe/Cd0.25Zn0.75S core/alloyed g-HIS NPLs is near unity (with an average value 95.8%) at an excitation 

wavelength of 400 nm (see Table S1 for the data), measured using a calibrated integrating sphere 

(developed by de Mello et al.) with a precision of ±5%.
40

 Optical properties of ten notionally identical 

CdSe/Cd0.25Zn0.75S core/alloyed g-HIS NPLs syntheses (Table S1) show reproducibility of the synthesis via 

the g-HIS growth method. The thickness of the CdSe/Cd0.25Zn0.75S core/alloyed g-HIS NPL was measured 

4.7 ± 0.4 nm as obtained from TEM images (Figure S4). 
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The c-ALD method was previously reported to produce low PLQY and stability when thick shells 3-4 

nm are grown: recently, for example, Kelestemur et al.
20

 reported that when the NPL thickness is 

increased from 1 to 3 MLs, PLQYs of the CdSe/CdS core/shell and CdSe/CdS@CdS core/crown@shell 

NPLs reduced from 20% to 8% and 36% to 18%, respectively. Similarly, Delikanli et al. have reported that 

PLQY of the 4 ML CdSe/4 ML CdS core/shell NPLs decreased from 15% to 10% after an additional 2 or 4 

ML shell growth.
30

 The decreased PLQY is ascribed to the formation of defect sites at the interface of the 

NPLs when using the c-ALD shell growth method. While these core/shell NPLs with both thin and thick c-

ALD shells exhibit low PLQY, core/shell NPLs with thick shells synthesized via g-HIS methods achieve 

near-unity PLQY. 

We observed etching in the 4 ML CdSe core NPLs when these were exposed to high temperatures 

during the shell growth (HRTEM images of the CdSe/CdZnS core/alloyed g-HIS NPLs, Figure S5). We 

distinguish the shell and core of the NPLs from their crystal structural difference. The initial increase in 

Cd fraction to 0.25 leads to square shapes, while further increasing Cd yields lateral extensions of the 

NPLs, as shown in Figure S6. Figures S7 and S8 present additional STEM and energy dispersive X-ray 

(EDX) characterizations of the samples. 

As shown in Figure 1d, the X-ray diffraction (XRD) patterns of the CdSe/Cd1-xZnxS core/shell NPLs are 

characteristic of zinc-blende (ZB) (111), (220) and (311) planes. Their broad peaks are accounted for by 

the nanoscale size of the platelets. XRD patterns shifted to the lower two-theta side when we increased 

Cd concentration in the shell: from 44.9
o 

to 44.1
o
 for the (220) plane and 53.1

o
 to 52.2

 o
 for the (311) 

plane, as shown in Figure 1d. These XRD data confirms the alloyed shell structure of the core/shell 

nanoplatelets, moving the peak position towards CdS as the Zn concentration is reduced in the shell 

structure. 
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X-ray photoelectron spectroscopy (XPS) (Figure 1e and Figure S9) reveals the known binding overlap 

of S-2p and Se-3p. We fit the elemental percentage of the core/shell NPLs based on the area under the 

curves for Cd-3d, Se-3d, Zn-2p, and S-2p (from the areas under S-2p1/2 and S-2p3/2). We then estimated 

the atomic ratio of Zn to Cd in the core/HIS NPLs based on XPS measurements and EDX analysis. As x 

value has been varied from 1.00 to 0.50 in CdSe/Cd1-xZnxS core/shell NPL structure, the Zn to Cd ratio 

decreased from 2.66 to 0.50 and from 2.67 to 0.42 based on XPS and EDX analysis, respectively (Table 

S2). The atomic percentage of the elements in the structure for all samples is given in Figure S10. As the 

composition changed from x=1.00 to 0.50 in the CdSe/Cd1-xZnxS core/shell NPLs, a gradual change in the 

structure of the shell from ZnS to CdZnS was verified with the XPS elemental analysis (Figure S10).  

Previous studies that relied on room temperature shell growth
4,20

 led to reduced optical gain 

thresholds in such shelled NPLs. We evaluated the optical gain performance of g-HIS NPLs under one- 

(1PA, λex=400 nm) and two-photon (2PA, λex=800 nm) absorption excitation conditions with a pulse 

duration of 150 fs and a repetition rate of 1 kHz. Spin-deposited films on fused silica were excited using 

a stripe-shaped beam formed using a cylindrical lens. Waveguide-coupled emission was collected from 

the edge of the substrate using a fiber-coupled spectrometer. In Figures 2a and 2b, ASE spectra of NPLs 

with different shell compositions are shown under 1PA and 2PA excitation. As shown in Figures 2c and 

2d, the ASE peak wavelength can be tailored from 630 to 670 nm by tuning the shell composition of 

these NPLs.  

ASE measurements show that x=0.75 NPLs have an averaged threshold of 5.3 µJ cm
-2

 (minimum of 

2.35 µJ cm
-2

) for 1PA, and 0.87 mJ cm
-2

 (minimum of 0.52 mJ cm
-2

) for 2PA photoexcitation, as seen in 

Figures 2c and 2d. To the best of our knowledge, this is the lowest reported 1PA ASE threshold value 

among all chalcogenide semiconductor nanocrystal systems.
4,11,20,41

 The ASE measurement was also 

carried out under optical pumping by a nanosecond laser (Figure S11). The increased energy offset 
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barrier between core and shell limits the extension of electron and hole wavefunctions into the shell, 

and this decreases the impact of the surface traps and increases the overlap of electron and hole wave 

functions.
42,43

 We show pump-fluence-dependent ASE for the x=0.75 in Figures 2e and 2f for 1PA and 

2PA, respectively. All the curves show redshifted ASE with respect to the PL peaks due to multiexciton 

interaction in type-I nanocrystals.
44

 The insets display the evolution of the integrated emission intensity 

as a function of the pump fluence: a clear threshold is seen to separate the super-linear ASE regime 

from the linear spontaneous emission regime. Gain stability was measured for different shell 

compositions (Figure S12): at 2ⅹ threshold, the x=0.75 NPLs exhibited no decrease in ASE intensity over 

the course of 6 hours’ optical pumping in air ambient (~2.4×10
7 

pulses). Moreover, as has been shown in 

our previous study, the samples prepared by HIS technique possess up to five folds better thermal 

stability than the ones prepared with c-ALD technique.
32

 

To investigate the low stimulated emission threshold of the CdSe/Cd1-xZnxS core/alloyed g-HIS NPLs, 

we carried out transient absorption (TA) studies on various classes of these NPLs. The NPLs were 

dissolved in toluene and loaded in 1 mm optical path cuvettes. Figure 3 shows the decay of the 

photobleaching (PB) band, which corresponds to the heavy-hole and lowest conduction band electron 

transition, following the excitation pulse of 250 fs at 400 nm. The average number of electron-hole pairs 

was determined by analyzing the bleach amplitude following the completion of multiexciton Auger 

recombination, typical in hundreds of picoseconds, 45
 at which point only the single excitons remain 

(Figure S13). Figure 3 shows the dynamics of the bleaching band, and the decay traces are normalized 

such that their long-timescale (~7 ns) tails are made to overlap. The average number of excitons per 

particle <N> follows a Poisson distribution, and when <N> equals 0.11 (Figure 3c), the probability of 

single exciton formation in an NPL is 20 times of that of multiexcitons, while biexcitonic processes are 

dominant when <N> is 0.53. Using the method reported by Klimov et al.
10

 (see Figure S14), the Auger 
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lifetime was determined for samples with different mixtures of Zn and Cd in the shell. As shown in Table 

1, CdSe/Cd1-xZnxS NPLs with alloyed shells have a longer biexciton lifetime than CdSe/ZnS NPLs, and their 

Auger lifetime is maximized when x=0.75. Interestingly, the x=0.75 NPLs also have the highest PL 

quantum yield. 

The confinement potential of the core/shell nanocrystals has previously been engineered to suppress 

the Auger process.
46–48 Minimizing the high-frequency components of the Fourier expansion of the 

ground state wavefunction has been seen to reduce the Auger rate.
46

 This suggests that an optimal 

shape of confinement potential may exist, one that minimizes the Auger process; however, this has not 

previously been systematically searched for using alloyed gradient composition in shells.  

We find a nonmonotonic dependence of biexcitonic Auger lifetime on the alloyed shell composition, 

and when x=0.75, the Auger process is mostly mitigated by an order of magnitude compared to the 

sample with abrupt confinement. Similar nonmonotonic behavior of the Auger process lifetime was 

shown via adjusting the shell thickness.
33 

The concurrent achievement of the highest PLQY and longest 

biexciton lifetime also indicates that the trap states at the core/shell interface are best passivated when 

x=0.75 because the traps not only reduce the PLQY but also induce Auger processes.
49

 

We pursued lasing by forming a VCSEL (Figure 4c) sandwiching NPLs between two distributed Bragg 

reflectors (DBRs). Each DBR consists of eleven periods of alternating SiOx and SiNx layers. The DBRs 

exhibit reflectance of 96% at 660 nm, and over 94% from 611 to 672 nm. Reflection and transmission 

spectra of our DBRs are presented in Figure 4a. A wedged cavity, made by placing a 40 μm thick tape at 

one side, allows us to find the optimum where the Fabry-Pérot cavity resonance overlaps the gain 

profile of the NPLs. In light of the strong absorption (44%) of the SiNx at wavelength 400 nm, 

considerable excitation power is lost as heat. We, therefore, pursued 2PA photoexcitation, leveraging 

96% transmittance at 800 nm.  
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The optical gain from the x=0.75 NPLs resides within the stopband of the DBRs, and the lasing 

spectrum obtained at elevated pump fluence manifests equally-spaced modes (Figure 4b), which is 

consistent with the resonant condition of the Fabry-Pérot cavity. Using a circular lens, we collected the 

VCSEL output and observed a laser spot at a distance of 60 cm. The pump fluence dependent device 

output in Figure 4d shows S-like behavior with a lasing threshold and saturation. The inset shows the 

single-mode lasing of our VCSEL output with a 0.61 nm FWHM. The evolution of the single-mode lasing 

spectrum as a function of the pump fluence is shown in Figure S15. 

CONCLUSIONS 

In conclusion, via the virtue of the CdSe/CdZnS core/alloyed giant shell architecture, the HIS growth 

provides a convenient approach to achieve near-unity quantum yield, narrow linewidth, and high 

stability. By tuning the ratio between Zn and Cd, the shell composition is carefully adjusted to achieve an 

optimal confinement potential profile that allows a biexciton to achieve Auger lifetime longer than 1ns. 

As a result of the high PLQY and the well-suppressed Auger process, these CdSe/CdZnS core/alloyed g-

HIS NPLs exhibit a stable and record-low threshold optical gain (2.35 µJ cm
-2

 and 0.83 mJ cm
-2

 under one 

and two-photon pumping, respectively) among the chalcogenide semiconductor nanocrystals. Using this 

kind of NPLs as the gain medium, efficient single-mode VCSEL is demonstrated with a threshold of 0.55 

mJ cm
-2

 under 2PA optical pumping. These findings reveal the exceptional optical gain performance of 

CdSe/CdZnS core/alloyed g-HIS NPLs, which makes them attractive candidates for continuous-wave 

colloidal lasers and even possibly electrically-driven ones. 

METHODS 

Preparation of Cd-myristate and synthesis of the 4ML CdSe core NPL:  Detailed precursor preparation 

and 4ML CdSe NPLs synthesis are given in Supporting Information.   

CdSe/Cd0.25Zn0.75S core/ alloyed g-HIS NPLs synthesis: 11.53 mg Cd-acetate, 27.52 mg Zn-acetate, 0.5 

mL of oleic acid, 1 mL 4ML CdSe core NPL in hexane, and 5 mL of 1-octadecene (ODE) were mixed in a 50 
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mL of three-neck quartz flask together with a magnetic stirrer. To remove oxygen, moisture, and 

hexane, the flask was kept under vacuum at room temperature for 75 min. Then, the temperature of the 

mixture was increased to 80 °C under vacuum, and at 80°C, the mixture was degassed for 45 min to form 

Cd-oleate and Zn-oleate and also to remove the hexane completely. Then, argon flow was started 

through the Schlenk line, and the solution was heated up to 300 °C.  0.5 mL of degassed oleylamine was 

injected at 90 °C. 70 µL of 1-octanethiol in 4 mL ODE was used as the S-source, and the injection was 

started at 165 °C at the rate of 10 mL per hour using a syringe pump. The injection rate was decreased to 

4 mL per hour when the temperature of the solution reached 240 °C, and then kept at this rate until the 

precursor was fully injected. When the temperature reached 300 °C, the solution was kept at this 

temperature for 50 min. Then, the reaction was quenched by a water bath, and 5 mL hexane was added 

at 60°C. The as-synthesized core/alloyed g-HIS NPLs were precipitated by adding 5 mL ethanol, and the 

precipitated NPLs were redispersed in hexane or toluene.   
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Figure 1. (a) Steady-state PL and absorption spectra of CdSe/Cd1-xZnxS core/alloyed-HIS NPLs. (b) HRTEM 

images of the samples with different shell compositions. (c) PLQY and PL peak position as a function of 

the shell composition from 1.00 to 0.50. (d) XRD spectra of the samples. XRD patterns of the zinc-blend 

(ZB) bulk materials of CdSe (black line), CdS (red line) and ZnS (blue dashed-line) were vertically shifted 

in the graph. (e) XPS spectra of the CdSe/Cd1-xZnxS (x:0.75) core/alloyed g-HIS shell NPLs.  
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Figure 2. ASE spectra of CdSe/Cd1-xZnxS core/alloyed g-HIS NPLs under one-photon (a) and two-photon 

(b) excitation. ASE peak wavelength and pump fluence threshold values of NPLs with different shell 

compositions under one-photon (c) and two-photon (d) excitation. Black squares are averaged 

thresholds of different measurements with standard deviations, and red circles are the best values for 

each composition. Pump fluence dependent ASE spectra of CdSe/Cd0.25Zn0.75S core/alloyed g-HIS NPLs 

under one-photon (e) and two-photon (f) excitations. The insets present the evolution of the integrated 

emission intensity as a function of the pump fluence, showing super-linear behavior over the threshold. 
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Figure 3. Magnitude of the first bleaching band of (a) x=0.50, (b) x=0.75, (c) x=0.90, and (d) x=1.00 

CdSe/Cd1-xZnxS core/alloyed g-HIS NPLs as a function of the pump fluence (averaged electron-hole pair 

created in each NPL). The data trace is normalized to match their long-term decay values. 

 

 

Figure 4. (a) Spectral transmittance (dashed line) and reflectance (solid line) of the distributed Bragg 

reflectors that were used in our laser cavity. The lasing modes of NPLs having x=0.75 shell composition 

under 2PA excitation reside within the stop band of the DBR mirrors. (b) The positions and FWHMs (with 

error bars) of the lasing modes of the spectrum given in (a). (c) Photograph of the colloidal lasing set up 

and laser beam spot observed at a distance of 60 cm from the laser cavity (Bilkent University logo used 
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with permission). The inset shows the lasing peak spectrum with a 0.61 nm FWHM (d) Pump fluence 

dependent emission intensity of single-mode NPL lasing shows S-curve characteristics. FWHM of the 

emission narrowed down to 0.61 nm after the laser action took place.  

 

Table 1. Single excitonic lifetime fits and Auger lifetimes for the decay of photobleaching band in Figure 

5. 

x Lifetime (TA) (ns) Biexcitonic Auger (ps) 

0.5 20.01 ± 1.19 1155 ± 87 

0.75 13.52 ± 0.49 1264 ± 48 

0.9 11.84 ± 0.19 903 ± 54 

1 2.79 ± 0.15 426 ± 22 

 

 

 Table of Contents (TOC) 

 

  

 

 



                 

27 

 

 


