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ABSTRACT. Magic-sized semiconductor nanocrystals (MSNCs) grow via discrete jumps between 

specific sizes. Despite their potential to offer atomically precise structures, their use has been 

limited by poor stability and trap-dominated photoluminescence. Recently, syntheses have been 

reported that produce CdSe MSNCs over a larger size series. We exploit such particles and 

demonstrate a method to grow shells on CdSe MSNC cores. Thin CdS shells lead to dramatic 

improvements in the emissive properties of the MSNCs, narrowing their fluorescence linewidths, 

enhancing photoluminescence quantum yields, and eliminating trap emission. While thicker CdS 

shells lead to decreased performance, CdxZn1-xS alloyed shells maintain efficient and narrow 

fluorescence lines. These alloyed core/shell crystallites also exhibit a tetrahedral shape, in 

agreement with a recent model for MSNC growth. Our results indicate that MSNCs can compete 

with other state-of-the-art semiconductor nanocrystals. Furthermore, these core/shell structures 

will allow further study of MSNCs and their potential for atomically precise growth. 
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Semiconductor nanocrystals (NCs) exhibit optical properties that depend on their size and 

shape.1 Consequently, NC researchers have strived to develop syntheses that produce 

monodisperse (i.e. identical) NCs.2 These efforts have yielded high-quality quasi-spherical 

nanocrystals known as quantum dots (QDs), as well as a variety of other shapes, such as quasi-one-

dimensional nanorods,3 quasi-two-dimensional nanoplatelets,4 and tetrapods.5 However, despite 

these advances, the synthesis of monodisperse NCs with perfect uniformity is (perhaps 

unsurprisingly) still not possible. Thus, samples always exhibit inhomogeneous optical properties. 

For example, even for the best samples, single-NC spectroscopy reveals variations in fluorescence 

spectra between crystallites.6 These differences are at least in part due to distributions in size and 

shape.7 

This leads to a fundamental question: how atomically precise can nanocrystals be?8,9 One 

potential route to truly monodisperse NCs (at least in principle) is through magic-sized clusters 

(MSCs).10–12 While conventional QDs grow by continual addition of atoms, leading to a quasi-

continuum of potential sizes, MSCs grow through discrete jumps such that only certain sizes are 

allowed.13 Previous studies have indicated that MSCs are tetrahedral in shape,14,15 and we have 

recently shown that this can explain their discrete sizes.16 MSCs grow layer by layer, and the 

addition of a full layer on any one of the four exposed facets of the tetrahedron can yield the next-

larger tetrahedron in a series. This process involves a kinetic barrier, as a partially completed layer 

costs energy due to its extra dangling bonds. Upon completion of the layer, these extra dangling 

bonds disappear, causing a sudden decrease in energy. Thus, “magic” sizes appear due to a series 

of complete tetrahedra that represent local energy minima with kinetic barriers in between. This 

rationalizes why only complete tetrahedra are experimentally observed. 

However, while the existence of MSCs has long been known,17,18 they have suffered from 

some disadvantages compared to other NCs, preventing their wider study and application. Notably, 
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the photoluminescence (PL) of MSCs has been dominated by a very broad emission feature with a 

large Stokes shift from the lowest-energy absorption peak.19 Because this feature is reminiscent of 

“deep trap” emission in QDs, it has been presumed to originate from surface traps.20 Thus, careful 

tailoring of the MSC surface could lead to improved optical properties.21 

Poor PL due to surface defects is not limited to MSCs, but is a common issue among 

semiconductor NCs.22,23 One strategy to eliminate trap states is to coat the particle with a shell.24 

The shell material serves to passivate dangling bonds of the optically active core and isolate it from 

the surrounding medium.25 The shell typically consists of a wide-band-gap semiconductor, which 

helps confine photogenerated charge carriers (electrons and holes) to the NC core. This approach 

has been applied to many NC shapes and structures, yielding particles with high photoluminescence 

quantum yields (PLQYs).26–29 In the case of CdSe NCs, common shells include other II-VI 

semiconductors with wider band gaps, such as CdS, ZnSe, ZnS, or their alloys.27,30–32 

Clearly, the same approach could potentially be used to improve the poor PL of MSCs. One 

issue is that MSCs have been limited to very small sizes, which are typically hard to isolate and 

study. Fortunately, discrete growth is now possible to larger sizes.11,14,16 In particular, our group 

has recently introduced a synthesis that can produce up to 11 discrete species of CdSe crystallites. 

As their sizes extend well beyond the traditional cluster regime, we refer to the entire series as 

magic-sized nanocrystals (MSNCs).16 The larger particles can be easily isolated, providing 

discretely growing CdSe NCs that are stable under ambient conditions for months.16 They present 

an opportunity to grow shells on magic-sized particles. 

Herein, we exploit this opportunity to synthesize core/shell CdSe MSNCs. We first isolate a 

specific MSNC to carefully control the size of our cores. We then deposit a shell to enhance the 

optical properties of these MSNCs. By growing thin layers of CdS on CdSe, we are able to 

eliminate the trap emission of the parent cores. This is accompanied by significant increases in the 
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PLQY and narrowing of the linewidth of the band-edge fluorescence. However, growth of thicker 

CdS shells leads to sharp drops in the PLQY of our MSNCs. We find that the addition of a zinc 

precursor to our shelling reactions allows CdSe/CdxZn1-xS MSNCs with thicker shells to be 

obtained. Furthermore, we show that the unique physical properties of MSNCs, as compared to 

conventional QDs, have a dramatic impact on the properties of the resulting core/shell NCs. The 

resulting bright, stable core/shell particles also enable study and application of MSNCs as an 

important nanomaterial class. 

We introduce our process with zincblende CdSe MSNCs that have their lowest-energy 

absorption feature at 494 nm (MSNC494, Figure 1a). Slight modifications were made to our 

previously reported synthesis to obtain these cores.16 (See sections S1 and S2 in the Supporting 

Information for detailed descriptions of our materials and synthetic methods.) In particular, 

MSNC494 was synthesized in hexadecane instead of 1-octadecene (ODE) to prevent the formation 

of poly(ODE),33 and additional washing steps were carried out. Our MSNC494 cores already exhibit 

relatively strong, band-edge fluorescence with a small Stokes shift, but trap emission is still visible 

(Figure 1b). The PLQY of these MSNC494 cores was measured up to 28%, however this number 

fell to 18% when only the band-edge fluorescence was considered. (See section S3 in the 

Supporting Information for optical-characterization methods.) 

We have previously observed that CdSe MSNCs can grow from one size to the next in the 

absence of Se precursors via a ripening process.16 Thus, to prevent core growth during shelling, 

which would potentially lead to a mixture of MSNC sizes, the shell should be added at a lower 

temperature than that used to obtain the core. We can also exploit the fact that progressively higher 

temperatures are required to grow a MSNC to the next-larger size. Thus, the enhanced thermal 

stability of our larger MSNCs allowed shelling reactions at relatively high temperatures, which is 

beneficial for obtaining good shells and high PLQYs.34 
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Specifically, we combined cadmium oleate and the MSNC494 cores in ODE and heated the 

mixture to 180 ºC. At this reduced temperature, formation of poly(ODE) is not expected.33 A sulfur 

source in ODE was then continuously added. At 180 ºC, the shelling reaction is sufficiently below 

the 240 ºC at which MSNC494 was grown that core growth due to ripening is prevented. For the 

sulfur source, either sulfur or acetyl sulfide can be used, with negligible differences in the optical 

properties of the final core/shell MSNCs (Figure S1 in the Supporting Information). The only major 

difference between precursors is that the shell growth is faster with acetyl sulfide than with 

elemental sulfur (see section S2 in the Supporting Information). Upon completion, the reaction was 

cooled to room temperature and the product was isolated and cleaned via precipitation three times 

with methyl acetate followed by redispersion in hexanes, yielding MSNC494/CdS core/shell 

MSNCs. 

The addition of the CdS shell shifts the absorption spectrum of the parent MSNC494 to longer 

wavelengths (Figure 1a). Because CdSe and CdS have conduction bands with similar band offsets, 

a photoexcited electron in a CdSe/CdS core/shell NC can delocalize to the shell, explaining this 

red shift.35 Indeed, it has been widely demonstrated that thicker CdS shells on CdSe NCs induce 

larger red shifts of the lowest-energy absorption feature relative to the CdSe core itself.36,37 We 

observed a continuous red shift in the absorption of MSNC494/CdS NCs with shell growth (Figure 

S2 in the Supporting Information), in contrast to the discrete jumps seen for the MSNC core. This 

is indicative of continuous shell growth. 

Upon shelling, the fluorescence of MSNC494 dramatically improved. The low-energy trap 

emission observed in MSNC494 was completely eliminated by the addition of the shell, with 

MSNC494/CdS only exhibiting band-edge fluorescence (Figure 1b). The PLQY of MSNC494/CdS 

was also increased, up to 78%. Finally, the fluorescence linewidth of MSNC494/CdS narrowed to 

116 meV, compared to 140 meV for the original MSNC494 cores. 
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A similar procedure was applied to smaller MSNCs, which exhibit a lowest-energy absorption 

feature at 434 nm (MSNC434, Figure 1c). Prior to adding a shell, the PL of MSNC434 also showed 

a band-edge feature, but emission from trap states was more pronounced (see Figure 1d) than in 

spectra for MSNC494. The total PLQY of MSNC434 was measured up to 38%, but the band-edge 

contribution was only up to 12%. Because the synthesis of the smaller MSNC434 was at 180 ºC (see 

section S2 in the Supporting Information), shells were added at 150 ºC to prevent core growth due 

to ripening. As with MSNC494/CdS, a continuous red shift of the absorption features was seen 

during shell growth for MSNC434/CdS (Figure S3 in the Supporting Information). The trap 

emission that dominated the PL spectrum of the MSNC434 cores was almost completely eliminated 

in MSNC434/CdS (Figure 1d). The band-edge-only PLQY increased to up to 55%, with a narrowing 

of the fluorescence linewidth from 161 meV in the original MSNC434 cores to 141 meV. 

We analyzed these core/shell MSNCs via transmission electron microscopy (TEM) and 

scanning TEM (STEM) and measured the projected area of our particles (see section S4 in the 

Supporting Information). While our previous work suggested that such MSNCs are truncated 

tetrahedra,16 we assume below that the MSNC cores and core/shell particles are quasi-spherical for 

ease of comparison. This allows us to convert the measured projected areas into effective diameters 

(see section S5 of the Supporting Information). Prior to shelling, MSNC494 had an average effective 

diameter of 2.67 ± 0.22 nm, which grew to 3.13 ± 0.19 nm in the completed MSNC494/CdS (Figure 

2a,b). Prior work has shown that one monolayer (ML) of CdS grown completely around  a 

zincblende CdSe nanoplatelet core (i.e., on both sides) leads to a total thickness increase of 

0.61 nm.38 Thus, our MSNC494/CdS corresponds to the growth of ~0.75 MLs (0.46 nm) of CdS 

around the MSNC494 CdSe core. In the case of MSNC434, we measured an initial average effective 

diameter of 2.13 ± 0.29 nm, which increased to 2.52 ± 0.21 nm for MSNC434/CdS (Figure 2c,d). 

This suggests a growth of 0.64 MLs (0.39 nm) of CdS. We note that we did not observe triangular 
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projections in the STEM images, which would be a clear indication of tetrahedral-shaped particles. 

However, this is not surprising given the small particle sizes. Indeed, our earlier work on MSNC494 

suggested faceted particles, but they were too small for a precise shape determination.16 Here, the 

addition of the sub-ML-thick shells would potentially further smoothen any surface facets. 

The shell thicknesses extracted from electron microscopy can be further corroborated by 

experiments using colloidal atomic layer deposition (c-ALD).39 c-ALD proceeds via self-limiting 

half reactions of ionic precursors adding to a surface.40 For example, in the case of cadmium-rich 

surfaces of CdSe, a layer of sulfur can be deposited, followed by a layer of cadmium to yield 1 ML 

of added CdS. This process, which is typically carried out at room temperature, has been shown to 

be efficient,38–40 adding 1 ML of CdS with each full cycle (one layer of S and one layer of Cd). 

Multiple cycles can then yield thicker shells. 

Consequently, c-ALD has been suggested as an alternative approach to core/shell MSNCs.9 

However, we observed much poorer optical properties in our core/shell MSNCs grown via c-ALD 

when compared to those grown with our high-temperature synthesis. For example, the PLQY of 

MSNC494 with 1 ML of CdS grown via c-ALD was only up to 7%. Nevertheless, we can use c-

ALD to further characterize our high-temperature shell growth. The lowest-energy absorption 

feature of our MSNC494/CdS is at 514 nm, close to the 518 nm peak position for MSNC494 with 

1 ML CdS added via c-ALD (Figure S4 in the Supporting Information). For MSNC434, our high-

temperature shell growth yielded an absorption feature at 458 nm, compared to ~478 nm for 1 ML 

of CdS added via c-ALD (Figure S5 in the Supporting Information). These results are consistent 

with our conclusion above that the MSNC/CdS samples in Figure 1 have a CdS shell just under 

1 ML thick. 

It has been observed that thicker CdS shells on a CdSe core often lead to higher PLQYs 

compared to thin shells.41,42 Therefore, we attempted to grow thicker shells on MSNC494 by 
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modifying the amount of cadmium and sulfur precursors used, as well as by varying the reaction 

times (see section S2 in the Supporting Information). Absorption and PL spectra were taken at 

various time points as the shell was added (Figure 3). The absorption peaks of the resulting 

core/shell crystallites (which we refer to as MSNC494/CdS+) are shifted to even longer wavelengths 

than those seen for our thin-shelled MSNC494/CdS, consistent with the addition of more CdS. The 

PL of MSNC494/CdS+ also remains sharp, with trap emission completely absent (Figure 3b, inset). 

However, the PL intensity drops rapidly between 60 and 120 min. The final washed species has a 

PLQY only up to 10%, much lower than the thin-shelled MSNC494/CdS above. When one 

monolayer of CdS was grown on MSNC494 via c-ALD, the PL peak was observed at 553 nm (grey 

dashed line, Figure 3b). The drop in PL intensity that we observe when growing CdS on CdSe 

MSNC494 occurs as we approach one monolayer of CdS. A similar and even more dramatic effect 

is seen when a thicker shell is grown on MSNC434 (Figure S6 in the Supporting Information). The 

PLQY of this species (MSNC434/CdS+) is only up to 3%. 

To investigate why thicker CdS shells lead to poor optical properties, we performed a TEM 

size analysis. It revealed that the MSNC494/CdS+ have an average effective diameter of 

3.73 ± 0.54 nm. This is an increase of 1.05 nm from the MSNC494 core and corresponds to ~1.7 ML 

of CdS. The MSNC494/CdS+ particles do not appear tetrahedral (Figure S7 in the Supporting 

Information). If they were tetrahedral, we should observe triangular projections at this size, as we 

did previously for MSNCs with an effective diameter of 3.27 nm.16 In addition, the STEM images 

show particles with enhanced aggregation, as compared to MSNC494/CdS in Figure 2b. In the case 

of MSNC434/CdS+, we again see particles with no clear triangular projections, with an effective 

diameter of 3.26 ± 0.84 nm, corresponding to the growth of 1.8 MLs of CdS. Here many long 

worm-like particle aggregates are visible in STEM images (Figure S8 in the Supporting 

Information). 
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These data suggest that growth of CdS shells above 1 ML on our CdSe MSNCs leads to a steep 

drop in PL intensity. We postulate that the observed shape and aggregation of these particles results 

from uneven shell growth to relieve strain. Due to the lattice mismatch between CdSe and CdS 

(~4%), the edges and corners of the tetrahedral MSNC cores exhibit increasing strain as the shell 

growth proceeds. We believe this enhanced strain leads to the poor optical properties in CdSe 

MSNCs with thicker CdS shells. 

Alloying is a common strategy to reduce interfacial strain in core/shell NCs.43–45 In particular 

CdxZn1-xS grown on CdSe has led to core/shell particles with excellent optoelectronic 

properties.27,46 ZnS has a wider band gap than CdS, leading to better passivation of the CdSe core. 

However, ZnS has a larger lattice mismatch with CdSe (~12%).30–32 The alloyed shell leads to 

reduced interfacial strain as compared to a pure ZnS shell, while still maintaining the benefits of 

the wider band gap of ZnS. 

To grow a CdxZn1-xS shell on our MSNC494, we modified our earlier CdS procedure. 

Specifically, we added a zinc precursor (zinc oleate) and oleylamine along with the cadmium 

precursor (cadmium oleate); elemental sulfur was used as the sulfur source (see section S2 in the 

Supporting Information). These precursors were previously exploited to obtain CdxZn1-xS shells on 

QDs and nanoplatelets.29,47,48 As with the growth of CdS on MSNCs above, we observed a gradual 

red shift of the absorption features as the reaction proceeds, indicative of continuous shell growth 

(Figure S9 in the Supporting Information). After the addition of the shell, the isolated crystallites 

exhibited a lowest-energy absorption peak at 534 nm, with strong PL (up to 80% PLQY) without 

trap emission (Figure 4a). This ~40 nm red shift in the lowest-energy absorption feature is larger 

(smaller) than that expected for a shell of pure ZnS (CdS).39,49,50 Thus, this observation is consistent 

with the addition of an alloyed shell. 
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TEM images of these MSNC494/CdxZn1-xS confirmed that we had grown thick shells on our 

initial MSNC494 cores (Figure 4b). The average effective diameter of MSNC494/CdxZn1-xS was 

5.16 ± 0.47 nm, an increase of 2.49 nm from the MSNC494 core. Most strikingly, the 

MSNC494/CdxZn1-xS crystallites clearly exhibit triangular projections in STEM, as we would 

expect for tetrahedral-shaped particles. Assuming that they are indeed tetrahedral, we can 

determine their effective edge length. Converting from the projected area (section S5 in the 

Supporting Information) gives us an effective edge length of 6.95 ± 0.63 nm. To determine whether 

this tetrahedral shape is a result of growing on a tetrahedral core or due to the shelling conditions, 

we synthesized zincblende QDs,51 which are known to be quasi-spherical. In particular, we grew 

QDs with a lowest-energy absorption feature at 494 nm (QD494, Figure S10 in the Supporting 

Information), matching the peak position of MSNC494. We then added CdxZn1-xS shells on these 

QD494 with the same method as with MSNC494/CdxZn1-xS. The resulting QD494/CdxZn1-xS shows 

similar optical properties to MSNC494/CdxZn1-xS, with longer-wavelength absorbance and PL 

without trap emission (Figure S11 in the Supporting Information). However, TEM images of 

QD494/CdxZn1-xS reveal that these particles have irregular shapes (Figure S12 in the Supporting 

Information) without discernable triangular projections. Thus, we conclude that the triangular 

projections observed for MSNC494/CdxZn1-xS are due to the shape of the underlying MSNC494 core. 

We note that while previous data has suggested that small CdSe MSNCs are tetrahedral,14,15 it had 

been unclear if this holds for all MSNCs.9,13 Thus, in addition to enhanced optical properties, our 

core/shell MSNCs can give us details about structure of the underlying MSNC core. 

In conclusion, we have demonstrated the synthesis of core/shell crystallites grown from CdSe 

MSNCs. Thin CdS shells dramatically improve the optical properties of MSNCs, leading to an 

elimination of low-energy emission from trap states, a decrease in the fluorescence linewidth, and 

large increases in PLQY. Analysis of these particles via TEM shows these thin CdS shells are 
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below 1 ML thick. Thicker CdS shells can also be grown, but this leads to diminished PLQY. TEM 

of particles with thicker shells reveals quasi-spherical shapes that tend to aggregate. To obtain 

MSNCs with thick shells with high PLQY, we grew CdxZn1-xS shells. Unlike our MSNCs with 

thick CdS shells, our MSNC494/CdxZn1-xS species is clearly tetrahedral. These results demonstrate 

a route to overcome the poor stability and poor optical properties that have plagued MSCs. 

Furthermore, these core/shell structures will enable the fundamental structural and optoelectronic 

properties of MSNCs to be studied, expanding our understanding of this special class of 

nanomaterial. 
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Figure 1. Room-temperature optical properties of magic-sized nanocrystal (MSNC) cores and 

core/shell crystallites. (a),(b) Absorption and photoluminescence (PL) spectra for MSNC494 with 

and without a thin CdS shell. For PL, the samples were excited at 380 nm. (c),(d) Same as in (a),(b) 

except for MSNC434 with and without a thin CdS shell. For PL, the samples were excited at 380 nm. 

The insets in (b),(d) show hexane dispersions of the MSNCs under 365 nm illumination. For the 

shell growth, acetyl sulfide was used as the sulfur precursor. 
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Figure 2. Electron-microscopy characterization of MSNC cores and core/shell crystallites. 

Representative high-angle annular dark field scanning transmission electron microscope (HAADF-

STEM) images for (a) MSNC494, (b) MSNC494/CdS, (c) MSNC434, and (d) MSNC434/CdS. The 

insets show the distribution of effective diameters for (a) 869, (b) 677, (c) 670, and (d) 1398 

particles. The average effective diameters of these particles are (a) 2.67 ± 0.22 nm, (b) 

3.13 ± 0.19 nm, (c) 2.13 ± 0.29 nm, and (d) 2.52 ± 0.21 nm. The increase in size corresponds to a 

~0.75 ML thick CdS shell for MSNC494/CdS and ~0.64 ML for MSNC434/CdS. Scale bars are 

10 nm. We note that while strategies to minimize electron-beam damage in STEM images were 

followed (see section S4 in the Supporting Information), the images are still potentially affected. 

  



17 
 

Figure 3. Optical properties of MSNC494 crystallites during addition of thick CdS shells. Room-

temperature (a) absorption and (b) photoluminescence (PL) spectra at various time points during 

the growth of MSNC494/CdS+. For PL, the samples were excited at 380 nm. The grey dashed 

vertical line in panel b corresponds to the PL peak of MSNC494 with one monolayer of CdS added 

via colloidal atomic-layer deposition (c-ALD). The inset in (b) shows the PL spectrum of the final 

washed MSNC494/CdS+. 
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Figure 4. Optical and structural characterization of MSNC494/CdxZn1-xS crystallites. (a) Room-

temperature absorption (black) and photoluminescence (PL, red) of our MSNC494/CdxZn1-xS. For 

PL, the sample was illuminated at 380 nm. The inset shows a hexane dispersion of 

MSNC494/CdxZn1-xS under 365 nm illumination. (b) Representative STEM image of 

MSNC494/CdxZn1-xS with an extracted effective edge length of 6.95 ± 0.63 nm (assuming 

equilateral triangles), corresponding to a ~4 ML thick shell grown on the MSNC494 cores. The inset 

shows the distribution of effective edge lengths of 603 particles assuming equilateral triangles. The 

scale bar is 20 nm. We note that while strategies to minimize electron-beam damage in STEM 

images were followed (see section S4 in the Supporting Information), the images are still 

potentially affected. 
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