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Abstract 

The morphology of nanocrystals serves as a powerful handle to modulate their functional 

properties. For semiconducting nanostructures, the shape is no less important than the size and 

composition in terms of determining the electronic structures. For example, in the case of 

nanoplatelets (NPLs), their 2D electronic structure and atomic precision along the axis of quantum 

confinement makes them well-suited as pure color emitters and optical gain media. In this study 

we describe synthetic efforts to develop ZnSe NPLs emitting in the ultraviolet part of the spectrum. 

We focus on two populations of NPLs, the first having a sharp absorption onset at 345 nm and a 

previously unreported species with an absorption onset at 380 nm. Interestingly we observe that 

the nanoplatelets are one step in a quantized reaction pathway that starts with (0D) magic sized 

clusters, then proceeds through the formation of (1D) nanowires towards the (2D) “345 nm” 

species of NPLs, which finally interconvert into the “380 nm” NPL species. We seek to rationalize 

this evolution of the morphology in terms of a general free energy landscape, which under reaction 

control allows for the isolation of well-defined structures, while thermodynamic control leads to 

the formation of 3D nanocrystals. 
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Colloidal nanocrystals (NCs) can now be synthesized with impressive size and shape control.1 

A wide variety of anisotropic growth methods can be utilized, such as templated growth 2, natural 

tendency of some phases toward anisotropic growth3, or the growth directed by facet specific 

surface-ligand binding.4, 5 Advances in synthetic shape control have led to a variety of colloidal 

nanomaterials, some with atomically precise dimensions. The classic example of such structures 

are two-dimensional (2D) CdSe nanoplatelets (NPLs)6 with the electronic structures of quantum 

wells,7 extremely narrow photoluminescence (PL) linewidth with quantum yields above 80%,8 and 

directional light emission,9, 10 and low lasing threshold,11 and giant optical gain coefficients.12 

Atomically precise NPL emitters are not only attractive for their high color purity and quantum 

yield—the strongly directional emission is expected to significantly enhance the outcoupling 

efficiency in light-emitting diode (LED) structures.13, 14 

Several distinct formation mechanisms have been proposed for the solution-synthesized 2D 

nanomaterials. Quasi-2D CdSe NPLs,7, 15, 16 nanoribbons,17, 18 nanosheets,19 and quantum belts20, 

21 are observed to form under various reaction conditions. These structures are formed under two 

distinct synthetic categories, one using long-chain amine solvents at lower temperatures, yielding 

wurtzite structures, and the other in the presence of carboxylic acids at higher temperatures, 

yielding zinc-blende structures.22  

The mechanism of 2D wurtzite CdSe formation was first hypothesized as growth inside soft 

colloidal templates.19 The amine-bilayer template, formed via dissolution of metal salt precursor 

in long-chain amines, is known to have lamellar structure and is hypothesized to be a planar 

reaction gallery in which 2D nanocrystals nucleate and grow.19, 23 The exact role of the template is 

unclear, as the presence of lamellar stacks observed ex situ has been claimed to be evidence of 

template-controlled reaction. Additionally, it is suggested that this template plays a role in either 

stabilizing assemblies or directing nucleation of “magic-sized clusters” (MSCs).2, 15, 20 Recent 

work suggests MSCs can be formed upon introduction of chalcogenide precursor in an 

isotropic/amorphous mixture containing metal ions, surfactants, and solvent with lamellar 

mesophases subsequently forming and acting as a stabilizing environment.24, 25  

Likewise, Riedinger et al. recently proposed an alternative mechanism where 2D growth 

occurred in isotropic medium as a result of a kinetic effect favoring nucleation and growth of a 2D 

rather than 3D crystal, yielding different populations of quasi-2D NPLs with zinc-blende 

structure.26 This growth mechanism does not require a molecular template. Furthermore, the 
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distribution of populations jumps sequentially between discrete monolayer thicknesses as a 

function of ripening.26, 27 In both wurtzite and zinc-blende CdSe synthetic recipes, it is 

experimentally observed that small clusters of NCs can transition to 2D structures during 

synthesis.28 The latter example is especially intriguing as it demonstrates a case of spontaneous 

symmetry breaking where material with a cubic crystal structure starts to preferentially grow in a 

2D manner. Such a process suggests that preformed nuclei can preferentially start growing in one 

particular plane even in an isotropic solution either through incorporation of free monomers26, 29 

or through coalescence of existing nuclei.30 This principle has been further demonstrated where 

small purified zinc-blende spherical CdSe NCs were reintroduced into growth mixture and formed 

CdSe NPLs through intraparticle ripening and lateral extension.30 An understanding of these 

pathways is critical to precise control of suitable materials for optoelectronic applications 

In contrast with their Cd-based counterparts, Zn-chalcogenides represent a less explored 

class of materials, despite being an attractive target for heavy-metal-free “green” quantum 

confined nanostructures. ZnSe, with a bulk band gap of 2.7 eV, is a promising semiconductor 

emitter for the UV-blue region. The first synthetic routes for emissive ZnSe NCs were reported 

using reactive diethyl zinc and trioctylphosphine selenium in long chain amines at high 

temperatures.31 Shell-growth of ZnS can be performed to improve the photoluminescence quantum 

yield of these structures.32, 33, 34 

In spite of an early discovery of colloidal routes to ZnSe NCs and their intrinsic 

polytypism,35 shape control of ZnSe has been somewhat limited compared to Cd-based materials. 

Early examples of shape control in ZnSe structures utilized injection or addition of precursors in 

hot alkylamine mixtures to yield nanorods/nanowires in ordered arrays36 or isolable oblate species 

with some rod-like character.37 In the case of CdSe and CdS, emissive nanorod heterostructures 

can be precisely controlled by highly selective seeded-growth along the wurtzite c-axis.3 These 

tunable structures have attracted broad interest as a result of their attractive optical properties 

combining an anisotropic shape with near unity quantum yields.38 A similar level of control and 

optimization for anisotropic ZnSe nanorods remains elusive. Currently, it is proposed that ZnSe 

nanorods instead be formed through lower-temperature routes in which nanowires formed in 

alkylamine bilayer template are truncated and aged.39 This ripening requirement leads to 

thermodynamic control of their width, with recent improvements in length control realized by 

tuning synthesis with addition of molecular Zn4 clusters.40  
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The synthetic routes to quasi-2D ZnSe nanostructures and their corresponding mechanisms of 

formation are even less explored. ZnSe nanosheets with wurtzite crystal structure have been 

synthesized in primary alkylamine mixture, with NC oriented attachment proposed as the driving 

force.41 The lamellar templated growth of ZnSe NPLs from MSC starting material has been also 

reported.2 The absorption spectra of ZnSe MSCs often share the same doublet of sharp absorption 

maxima as platelets, which obfuscates clear delineation of the transition from 0D to 2D structures 

probed by UV absorption. For example, three populations of ZnSe MSCs with two absorption 

peaks and lowest energy excitonic transition at 291 nm, 318 nm, and 345 nm were observed in 

one-pot syntheses but characterization of 0D, 1D, or 2D morphology from TEM images was 

ambiguous.42  

The technological potential of ZnSe NPLs as Cd-free emitters for LEDs prompted us to 

develop a better understanding of quantized growth mechanism responsible for the formation of 

distinct populations of ZnSe nanostructures with 2D electronic dimensionality. Unlike low-

temperature growth methods for wurtzite CdSe 2D structures, our higher temperature synthesis 

occurs absent of a liquid template and is likely dependent on the facet-specific nucleation barriers. 

The experimental data suggest that the formation of ZnSe MSCs, 1D wires and 2D NPLs can be 

rationalized within the same reaction pathway, with different products forming as a tradeoff 

between the height of nucleation barrier height and the change of free energy during the following 

growth. The surface reaction-limited nucleation and growth pathways enable an improved 

synthetic route towards atomically precise ZnSe nanoplatelets—with the formation of a previously 

unreported NPL family. These NPL species have narrow UV photoluminescence and can be 

isolated in high purity. The synthetic and mechanistic information may inform the possible future 

synthetic routes to high-quality anisotropic nanomaterials for emissive applications. 

 

Results and Discussion 

ZnSe nanostructures on quantized-growth pathway. The basic premise of our synthetic study 

was inspired by the previously reported growth of ZnSe nanosheets using a heat-up approach in 

the presence of amines.41 From this starting point we explored the role of Zn and Se precursors, 

reaction times, and temperatures on the final reaction products. In our main reaction scheme, a 

zinc precursor (zinc acetate, stearate, nitrate, or oleate) was combined with selenium in an 

oleylamine/octylamine mixture and the solution was first heated to 100 °C for 30 minutes and 
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finally to 170 °C (see Methods Section for full details). Under these conditions we found that the 

reaction exhibits quantized growth that proceeds through four kinetically trapped populations (see 

Figure 1a for the UV-VIS spectra, and Figure S1 for a schematic representation). Importantly, the 

populations are observed sequentially—early in the reactions we observed populations with the 

optical transitions at the highest energy, while the species showing optical transitions at the lowest 

energy formed at terminal stages of the reaction. We isolated and studied these populations to 

determine their morphology.  

Throughout heat-up synthesis, the first distinct population, with the absorption peak at 291 nm 

(4.26 eV), formed around 120 °C and isolated as 100-500 nm sized layered structures, also known 

as mesophases (Figure 1b).24 It is believed that such mesophases can stabilize MSC species by 

kinetically arresting them against growth.24 The formation of ZnSe clusters has been suggested in 

the literature and similar optically-precise doublet species have been reported.42 It is worth noting 

that the stability and structure of the layered mesophases that tend to accompany the growth of 

metal chalcogenide NCs are actively explored areas of research in their own right. Multiple factors 

have been put forward to account for the formation of such structures, including the role of 

surfactant/precursor interactions and dipolar interactions between MSCs.24, 25 While this topic was 

not the focus of the present work, we were able to use in situ SAXS studies to obtain some insight 

into the nature of the mesophase relevant to the system we investigated. For example, a key 

conclusion was that MSCs and subsequent structures did not simply grow in pre-formed metal-

amine bilayer templates. Rather, the presence of both Zn and Se precursors in the amine medium 

was necessary to generate the mesophases observed at high temperatures (>100 °C). These points 

are discussed in more detail below and in section S-1.  

In some syntheses, a distinct population is observed starting at temperatures of approximately 

130 °C with first absorption peak at ~318 nm. This species is rarely observed without additional 

populations present. When isolated, this species appears as long bundles of very thin (~1 nm) wires 

(Figure 1c). These nanostructures show PL band peaked at 320 nm (3.875 eV), with the full width 

at half-maximum (FWHM) of 5.0 nm or 60 meV (Figure S12). Such a narrow ensemble emission 

spectrum is comparable to the width of single-particle emission spectra,43 which suggests an 

absence of inhomogeneous broadening typical for a population of ZnSe “quantum wire” species 

with atomically precise cross-sections. Although it is interesting to consider whether the layered 

structure of the preceding mesophase played any role in directing the formation of these quasi 1-
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D structures, we were not able to obtain any conclusive experimental evidence in this regard. The 

first observation of clear quasi-2D ZnSe nanostructures appears with first absorption feature at 345 

nm, which begins to form near 150 °C. This population generally appears as discrete platelets with 

rectangular shape (Figure 1d). Finally, we have demonstrated the isolation of another quasi-2D 

ZnSe nanostructure population with first absorption at ~380 nm, which had never previously been 

reported. These species are typically isolated as long nanosheets (Figure 1e). All the above 0D, 1D 

and 2D ZnSe nanostructures can form from the same precursors, with the temperature as the 

product-defining tuning knob. Fine-tuning of the reaction conditions allows optimization of the 

reaction yield for different nanostructures. 
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Figure 1. Accessible populations of ZnSe nanostructures synthesized in heat-up protocol: (A) 

Absorption spectra of all populations isolated and observed at varying stages of 2D nanostructure 

synthesis. (B-E) TEM images of the relevant isolable species. (B) Sub-micron size triangular 

mesophases of species with first absorption peak at ~291 nm show lamellar-type structuring. (C) 

Species with first absorption peak at ~318 nm show long bundles of thin nanowires. (D) 

Nanoplatelets with first excitonic transition at ~345 nm isolated with discrete platelet morphology. 

(E) Species at with first excitonic transition at ~380 nm isolated with nanoribbon like morphology.  

 

 

 

Isolation and characterization of pure populations of quasi-2D ZnSe nanostructures. A 

consequence of this quantized-growth pathway is that we have demonstrated two populations of 

colloidally-stable NPLs with narrow absorption and emission linewidth (Figure 2a-c). The first 

NPL population showed absorption maximum at 345 nm and band-edge PL with negligible Stokes 

shift (Figure 2a). The FWHM of the emission band was found to be 4.0 nm (41 meV). The 

absorption spectra show two sharp peaks, previously observed for 2D-quantum wells of II-VI 

semiconductors, interpreted as electronic transitions involving the heavy hole and light hole states 

and the conduction band, all within the first QW sub-band.7 Another peak with a lower intensity 

is observed further to the blue, likely to correspond to the transition from split-off hole state to the 

conduction band7. The platelet thickness was measured through TEM analysis of platelets that 

were stacked on their side. The thickness of “345 nm” NPLs was measured to be l345 = 1.47 ± 0.17 

nm (Figure 3A). This is consistent with previously reported value of 1.4 nm.41 The “345 nm” 

population has already been assigned to a 4 monolayer (ML) population41 and we find that the 

thickness we measure is consistent with a structural model for 4ML wurtzite ZnSe platelets (1.41 

nm).  
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Figure 2. Two populations of discrete quasi-2D ZnSe nanostructures: (A) Absorption and 

emission spectra of showing extremely narrow linewidth in the UV. TEM images showing 

morphology of species with (B) absorption at 345 nm and species with (C) absorption at 380 nm. 

 

Under certain conditions, the “345 nm” platelets undergo a well-defined transition to a new 

population. This transformation occurs either when using high concentrations of reagents (a 

concentration greater than 100 mM for the limiting reagent) or when elemental selenium is added 

after the 345 nm population forms. The new NPL population shows the first absorption maximum 

at 380 nm, and PL emission band with the FWHM of 4.4 nm (39 meV) (Figure 2a). The thickness 

of “380 nm” NPLs was measured by TEM as l380 = 1.84 ± 0.20 nm (Figure 3B).   

Interestingly, the “380 nm” population appears to not only have a larger thickness, but XRD 

studies strongly indicate that it also has a different crystal structure (see Fig. 3C). In the case of 

“345” NPLs, the wurtzite X-ray reflections were very clear with enhanced (002) peak and 

suppressed (110) and (112) (Figure 3, black). In contrast, in purified samples of “380 nm” NPLs, 

we consistently see peaks that are characteristic of cubic zinc-blende (zb) structure (Figure 3C, 

red). No strong reflections from (102) and (103) planes are observed, which is in line with the 

previous studies of zb-CdSe NPLs.44 A small shoulder at ~26 degrees may correspond to the (100) 

peak from a minor impurity wurtzite component. The observation of a phase change is supportive 

of separate nucleation and subsequent growth modes of “380 nm” NPL structures as discussed 

below. This apparent phase change supports the mechanism we describe below, where “380 nm” 

NPLs grow from different zinc-blende nuclei and do not simply grow through the addition of 
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monolayer on an existing large “345 nm” NPL. Another interesting feature of the “380 nm” NPLs 

is that HRTEM indicates that the wide facet appears to belong to the {110} family (see Figure 

S12), unlike typical zb-CdSe platelets terminated with {100} type facets. The thickness of the 

platelets would then be consistent with 4.5 unit cells of zb-ZnSe oriented in the [110] direction 

along the short axis.  

 

 

Figure 3. Structural characterization of the NPL populations. (A, B) TEM analysis of controlled 

stacks of each platelet population prepared by flocculation from methylcyclohexane/ethanol. (C) 

Powder X-ray diffraction patterns of “345 nm” ZnSe NPLs (black) and “380 nm” ZnSe NPLs (red) 

compared with the bulk reflections for wurtzite and zn-blende ZnSe phase, respectively. (D) Band 

energy of heavy hole (red trace) and light hole (blue trace) calculated using eight-band Pidgeon-
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Brown Hamiltonian to a 2D system bounded by infinite potential barriers. Calculated values are 

plotted against experimental values for peaks observed from the absorption features (based on the 

experimentally determined thicknesses of the 345 nm and 380 nm NPLs). The thickness values for 

the two highest energy species are calculated under the assumption that they are 2 and 3 monolayer 

wurtzite species, but unsurprisingly they produce a poor fit given the fact that they are not 2D 

structures. 

 

The experimental energies for the first and the second excitonic transitions in “345 nm” 

and “380 nm” ZnSe NPLs have been compared to the calculations using an effective mass model 

for quantum well structures (Figure 3d). In order to estimate the excitonic energy levels in ZnSe 

nanoplatelets we have taken the approach first described by Efros et al.7 Briefly, the position of 

the bulk bands is calculated within an effective mass formalism based on the application of the 

eight-band Pidgeon-Brown Hamiltonian to a 2D system bounded by an infinite potential barrier. 

Additional details on the calculation are provided in Supporting Information. A good agreement 

was found between the experimentally measured optical transition energies and calculated values 

for the “345 nm” and “380 nm” ZnSe NPLs.  

 

On the mechanism of formation for “345 nm” ZnSe NPLs. Previous works have suggested that 

anisotropically structured metal-amine precursor serves as a “soft-colloidal template”. This 

template plays the key role in directing the growth of flat wurtzite (w) metal-chalcogenide NPLs.19, 

20, 23 In the case of ZnSe, the literature indicates that NPLs could be formed from MSCs trapped 

within soft-template mesophase.2 The early species generated in our synthetic protocols show the 

first absorption peak at 291 nm and resemble MSCs with nearly identical absorption peaks to those 

reported in the literature.42 Unfortunately, the absence of published single-crystal data for these 

MSCs does not allow us to fully rule out alternative explanations. In our work, “291 nm” ZnSe 

nanostructures assigned to MSCs are coordinated in lamellar mesophases in the early stages of 

synthesis (Figure 1b), pointing to the possible role the mesophase as growth-directing agent.  

As an alternative model, the Norris group developed a model for the growth and stability of various 

populations of zb-CdSe NPLs.26, 27 Their model and experimental data suggest that the growth of 

zb-CdSe NPLs are not dependent on a template, but rather governed by differences in facet-

specific growth determined by the island nucleation kinetics. 
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Here we sought to reconcile the growth of our ZnSe NPLs with either one or both of these 

models by assessing different stages of NPL formation. The time-evolution of the absorption 

spectra was used to analyze and isolate the intermediate species and identify critical temperature 

points. At early stages of the reaction, quantitative formation of the “291 nm” species is observed 

when the reaction is held at 100 or 125 °C (Figures 4a and 4b). These intermediate aliquots are 

solution-soluble mesophases that stabilize some form of atomically precise species (Figure 4b). 

Extended reaction times finalize the transition of “291 nm” species into “345 nm” w-ZnSe with 

first optical transition at 345 nm (Figure 4a-b). In aliquots containing both sets of species, we 

observed the presence of both 100-500 nm sized mesophases and free-standing NPLs (Figure S2). 

This observation likely indicates that species stabilized within these mesophases can supply 

reactants for “345 nm” platelets through dissolution. The difference in size and shape of platelets 

versus mesophases called into question the presence of an annealing process of platelets within the 

colloidal template as planar reaction gallery. Thus, the state of the metal-amine precursor at high 

temperatures was determined using small-angle X-ray scattering experiments (SAXS). 

Concentrated templates of the relevant amines (oleylamine and octylamine) within the reaction 

mixture were prepared and added to capillaries where they were subject to slow-heating. Both 

zinc-amine complexes had lamellar structure with a set of (00l) peaks that scaled with the length 

of the amine chain (Figure 5c, Figure S3a). Interestingly, the sharp lamellar peaks disappear into 

broad peaks at temperatures less than or equal to 60 °C, indicating that lamellae templates 

completely disappear and form a glassy/disordered state of the Zn-amine complex (Figure 4c). 

Further analysis shows that this transition from lamellae to isotropic phase to be general for a 

variety of solvent mixtures and concentrations (Figures S3-S5). We therefore conclude that it is 

highly unlikely that lamellar template plays any role in the formation of “345 nm” w-ZnSe NPLs 

exhibiting the emission peak at 345 nm. 
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Figure 4. Nanoplatelet species form at temperatures which lack a metal-amine lamellar reaction 

template: (A-B) Temporal evolution of atomically precise species in absorption spectra after 

heating reaction mixture to (A) 100 °C and (B) 125 °C. (C) X-ray scattering experiments revealing 

that lamellar-structured Zn-oleylamine complexes become isotropic at relevant reaction 

temperatures (>60 °C). 

 

 

Sequential ripening from “345 nm” NPLs to “380 nm” ZnSe NPLs. As we increase reaction 

temperature, the formation of ”345 nm” platelets accelerates (cf. Figures 4a and 4b). Interestingly, 

when a high concentration of the zinc and selenium precursors is maintained (at concentrations 

greater than 100 mM for the limiting reagent), we see a transition to “380 nm” NPL species (see 

the Methods Section for complete details). For this system, the time evolution of the absorption 

spectra reveals that 291 nm species are formed and then a high concentration of “345 nm” species 

is rapidly observed upon heating to 150 °C (Figure 5a). Once saturation of “345 nm” species is 

reached, we begin to see the formation of “380 nm” species until they are the only species present 

after 20 hours (Figure 5a). Similar to the model recently proposed for sequential ripening of NPLs 

(and earlier in the case of spherical clusters45),27 a stage of the reaction is observed where the 

normalized absorption of “345 nm” and “380 nm” NPL species is in steady-state (Figure 5b). This 

stage is believed to be in the regime where “380 nm” species have nucleated from dissolving “345 

nm” species and where rate of lateral growth for the “345 nm” species is equal to the rate of 

dissolution to generate new species. This effect can be observed through TEM of the aliquots along 

this stage of the reaction (Figure 5c). Interestingly, these images show increasing lateral growth 
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with increasing presence of species which have a morphology indicative of “380 nm” quasi-2D 

NPL structures. These observations support interpretation of the quantized growth of ZnSe NPLs 

as a surface-reaction limited pathway where the formation of initial atomically precise species 

governs the thermodynamic ripening process into subsequent populations. Kinetic studies of heat-

up synthesis to even higher temperatures, e.g., 175 °C, reveal evidence that we bypass the critical 

temperature for reduced dimensionality nucleation and eventually destroy the sharp features in the 

absorption spectra (Figure S6a), characteristic of polydisperse colloidal ZnSe nanoparticles. 

Unsurprisingly, in TEM we see a mixture of nanocrystals, rods and wires with negligible platelet 

morphology present (Figure S6b). The pathway to metastable “380 nm” NPL population is likely 

bypassed at these temperatures such that when the next sequential set of nuclei form, the reaction 

falls under a 3D growth pathway. 

 
Figure 5. High temperature lateral growth and sequential ripening of “345 nm” ZnSe platelets: 

(A) Temporal evolution of atomically precise species in the absorption spectra. (B) Analysis of 
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absorption features for “345 nm” and ”380 nm” NPL populations normalized to their absorption 

at 250 nm with respect to reaction time. (C) TEM analysis of populations containing both sets of 

NPL species demonstrates lateral platelet growth and increased presence of new species. 

 

 

Considerations on the role of dimensionality in NC nucleation and growth. In most colloidal 

syntheses, NCs tend to grow isotropically to minimize surface-to-volume ratio, forming nearly 

spherical particles. As a consequence, the synthetic conditions that favor anisotropic shapes are 

often quite different from those that produce spheres. Starting with a solvent-surfactant consisting 

of primary amine(s), we can combine Zn(X)2 salts (X = oleate, stearate, acetate, nitrate, or chloride) 
and elemental Se to generally yield ZnSe nanostructures (Figure 6a). At the molecular level, 

elemental Se reacts with primary amine RCH2NH2 forming selenoacylamide RC(Se)NH2, which 

transfers the chalcogen to an electrophilic metal ion.46  

Interestingly, we found that the final material isolated from the reaction mixture varies widely 

depending on the chemicals addition and growth temperature. Using identical zinc and selenium 

precursors in primary amine solvents, ZnSe nanostructures with 1, 2, and 3-dimensional 

confinement can be accessed by biasing the reaction pathway with different reaction temperatures. 

Analysis of isolated products from reactions shows that we can achieve different species with 

identical reagents by simply changing the temperature parameters. Combining a zinc salt (zinc 

acetate or zinc stearate) and elemental selenium in hot oleylamine at 250 °C yields quasi-spherical 

particles, with some shape irregularities and an impurity of polypod structures (Figure 6b). When 

precursors are combined at very high temperatures (250 °C and higher) or allowed to rapidly heat, 

the growth proceeds fast and continuously, leading to mostly isotropic particles that undergo 

coalescence or ripening. By contrast, when the same precursors are combined at room temperature 

in primary amines and heated to ~130 °C, 1D ZnSe nanowires (NWs) can be isolated (Figure 6c). 

Finally, when the same reaction that yields the NWs is heated past 160 °C, 2D ZnSe NPLs are 

isolated (Figure 6d). In most cases, “291 nm” species, assigned to ZnSe MSCs, preceded the 

formation of 1D or 2D nanostructures.  
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Figure 6. ZnSe nanocrystals of different dimensionality formed starting from same precursors: 

(A) A generalized reaction scheme of ZnSe nanostructure formation. Variation of addition and 

growth temperature of one or both monomers determine dimensionality. In all cases zinc stearate 

was used as the zinc precursor. Oleylamine was used as the solvent for the reaction that produced 

the structures shown in panel B while a mixture oleylamine and octylamine was used to generate 

the products shown in panels C and D. The resulting TEM images show the products of these 

different pathways in the form of (B) (partially sintered) isotropic dots, (C) nanowires, (D) 

nanoplatelets. 

 

 

In the classical nucleation theory (CNT), precursors must overcome an activation barrier, 

where critical nucleus size is reached and further growth occurs continuously. If reagents are mixed 

rapidly at a high temperature, e.g., in the hot-injection synthesis47, the initial formation of reactive 

intermediates (monomers) and subsequent nucleation are mainly limited by the mixing time of the 

reagents. The nucleation barrier is overcome and rapid consumption of monomer drives continuous 

nanocrystal growth (Figure 2). The growth kinetics often falls under diffusion-controlled transport 

of monomers towards the surface of growing nanoparticles,48 that generally favors isotropic 

growth.26 
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By contrast, in a quantized growth regime, the nucleus undergoes a series of transformations 

between shallow metastable potential energy wells. For example, sequential formation of several 

populations of CdSe clusters has been observed upon gentle heating of the reaction mixture 

followed by nucleation and continuous growth of nanocrystal phase.49 Similar magic sized clusters 

have been reported for ZnSe as well,42, 50, 51 although these have not been studied as extensively as 

the corresponding CdSe structures.  

Our experimental results show that ZnSe MSCs, nanowires, NPLs and nanocrystals all can be 

realized using identical reagents. Such a diversity of reaction products originated from same 

starting materials made us to hypothesize the possibility of a unified reaction pathway which, 

depending on available thermal energy, can multi furcate into a cluster, wire, platelet or bulk 

crystal growth. Such a regime of quantized growth can occur if the barrier to isotropic nucleation 

is prohibitively high, and reaction is forced to proceed towards metastable products along 

pathways with lower nucleation barriers.  

Here we propose the general form of free-energy landscape for nanocrystal nucleation and 

growth as schematically shown in Figure 7. The generalized reaction coordinate is represented by 

two variables: critical dimension (𝑑) and added volume (𝑉!""). The critical dimension represents 

the smallest dimension for a given shape – diameter for clusters, wires and spherical nanocrystals, 

and thickness for NPLs. It is related to the smallest possible nucleation volume for given 

population of species, expressed as 𝑉# = 𝜋𝑑$/6 . In quantum-confined semiconductors,  also 

determines the band gap and emission wavelength. The added volume is the total volume of the 

reaction product, 𝑉%&%, added to extend 𝑉# into 1D wire, 2D sheet or larger 3D crystal: 𝑉!"" =

𝑉%&% − 𝑉#. With exception of the early post-nucleation stage, we can simplify 𝑉!"" ≈ 𝑉%&% and use 

𝑉!"" as a measure of the reaction progress, directly related to the fraction of limiting reagent 

consumed. This approach allows representing colloidal syntheses as trajectories on the potential 

energy surface leading to various reaction products (Figure 7). The full energy landscape can be 

complicated, for example, by additional minima formed by a multitude of closed-shell structures, 

such as MSCs,52 and activation barriers associated with ligands desorption and reorganization. In 

the following discussion, we ignore these complications and focus exclusively on the factors 

affecting dimensionality of reaction products.  
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Figure 7. The potential energy landscape for the formation of structures of different 

dimensionality starting from molecular precursors that proceed through an intermediate magic 

sized cluster and then proceed through 1D, 2D, or 3D pathways with a characteristic evolution of 

the free energy. An example of the reaction trajectory leading to “345 nm” ZnSe NPLs is shown 

by the dashed arrow. 

 

 

The reaction trajectories can be qualitatively rationalized by considering changes of the 

chemical potential associated with the nucleation and growth steps. The free energy of the critical 

nucleus reflects a balance between a favorable energy of formation proportional to the volume and 

a destabilizing surface energy term that depends on the surface area. CNT predicts that the 

activation barrier for nucleation depends strongly on system dimensionality.53, 54 The shape of 

nucleation barriers is shown Figure 8a for the 1D, 2D, and 3D cases. Somewhat counterintuitive, 

the formation of 1D wire does not involve any activation barrier, which has also been seen 

experimentally.54 The nucleation of 2D NPLs has been recently studied in Ref,26 with a conclusion 

that up to certain critical thickness, the homogeneous nucleation barrier for 2D crystals is smaller 
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than the barrier for 3D crystal growth (see details in Supp Info section S-2.). The nucleation barrier 

clearly favors the formation of 1D wires over 2D NPLs, with the nucleation of 3D crystallites 

being least favorable (Figure 8a). The reaction mixture needs an excess of thermal energy to 

overcome the nucleation barrier toward isotropic 3D growth. 

Once a certain critical nucleus is available, the system can relax in energy by continuing to 

grow. Importantly, the degree of stabilization experienced upon growth (as a function of 𝑉!"") will 

depend strongly on the specific structure of the dominant species. Figure 8b compares the 

evolution of chemical potential of different nanostructures. The first species observed is an 

apparent population of MSCs. Because the clusters have a fixed structure, as the reaction proceeds 

only the total number of clusters can increase, but not their average size or surface-to-volume ratio. 

As a result, there is only a small energetic stabilization that is simply proportional to the number 

of clusters formed. At higher temperatures conditions become favorable for the formation of 1D 

wires, which can grow indefinitely along one dimension, thus providing stability as the reaction 

proceeds. At even higher temperatures an even greater activation barrier can be surpassed leading 

to the formation of 2D platelet species. As the species grow laterally, the energy is quickly reduced 

(as shown by the steeper slope of the curve projected on the free energy vs. 𝑉!"" plane). Moreover, 

thicker platelets require a larger initial input of energy but also relax in energy more rapidly as 

they grow, making them thermodynamically favorable compared to the thinner species. Finally, 

as the temperature grows even further the thermal energy is sufficient to erase surface selectivity 

and finally the system can move past the highest activation barrier to allow for isotropic 3D growth, 

which results in the steepest slope because of the smallest surface-to-volume ratio. The quantized-

growth pathway for ZnSe nanostructures can therefore be rationalized as an interplay of the 

homogeneous nucleation barrier in the free energy vs. 𝑑 plane and the slope of the potential energy 

landscape along the free energy vs. 𝑉!"" axis for a given population of MSC, wires, NPLs or larger 

isotropic nanocrystals. Our analysis suggests all the apparent complexity of the nanoscale 

morphologies may originate from the generic energy landscape outlined in Figure 8.  
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Figure 8. (A) Qualitative comparison of the change in free energy associated with nucleation of 

the 1D, 2D, and 3D structures. (B) The change in chemical potential associated with the post-

nucleation growth for nanostructures of different dimensionality (0D magic sized clusters MSCs, 

1D nanowires, 2D “345 nm” and “380 nm” nanoplatelets and spherical QDs).  

 

 

Conclusions 

Using the same simple set of precursors, ZnSe nanostructures of varying dimensionality can 

be grown depending on differences in the temperature profiles of the reaction. In the lower 

temperature modes of the reaction pathway, quantized growth is observed and the kinetically 

trapped products can be isolated as micron-sized mesophases, wires, and two species of quasi-2D 

nanostructures. In this work, we determined that growth and ripening processes are controlled by 

a surface-reaction-limited pathway in the range of 100-170 ºC. This growth occurs absent a 

template and quasi-2D nanostructures are observed as part of a complex reaction coordinate in 

which the likely thermodynamic end product is bulk ZnSe. The discrete 2D nanostructures have 

narrow PL linewidth and can be added to the available group of NPL emitters that may demonstrate 



 

21 
 

potential for display and lighting applications. Understanding of the growth mechanism is crucial 

to the optimization of their synthesis and optical properties tailored towards these applications. 

 

Methods 

 

Chemicals. Zinc nitrate (99.9 %, Sigma-Aldrich), zinc chloride (99 % Sigma-Aldrich), zinc 

acetate (99.9 %, Sigma Aldrich), zinc stearate (99 %, Sigma Aldrich), selenium powder (9 9% 100 

mesh, Strem), octylamine (99 %, Sigma-Aldrich), methylcyclohexane (Sigma Aldrich), ethanol 

(Fisher Scientific), ethyl acetate (Fisher Scientific), were used as obtained. Oleylamine (70 %, 

Sigma-Aldrich), was often dried at 120 ºC and stored in the glove box before extensive use. Zinc 

oleate was prepared using a modified method from the literature.55 In short, oleic acid (90 %, 

Sigma-Aldrich) was dried and stored in the glove box. To a 250 mL 3 neck round bottom flask 

containing 100 mL of pentane, ~9 grams of dried oleic acid was added. The flask was transfer to 

a Schlenk line under N2 atmosphere and maintained under an ice bath. To the oleic acid solution 

with extreme caution, 17 mL of a 1.0 M solution of diethyl zinc in hexane (Sigma Aldrich) was 

added under stirring. After addition the ice bath was removed and allowed to stir overnight. Upon 

obtaining a white suspension in solution, the flask was transferred to a glovebox and collected in 

a vacuum frit and washed with hexane/pentane. The isolated zinc oleate was further vacuum dried 

in a 40 mL vial and stored in the glovebox. 

 

 

ZnSe Magic-Sized Clusters, Nanowires, and Nanoplatelets 

“345 nm” ZnSe nanoplatelets 

This population of nanoplatelets was grown in a similar manner to a literature recipe with several 

modifications.41 To a 100 mL three-neck round bottom flask, 187 mg (0.3 mmol) of zinc stearate 

was added along with 10 mL of oleylamine. The flask was heated under vacuum at 100 °C for 90 

mins before cooling back to room temperature under nitrogen. To the cooled flask, 5 mL of 

octylamine and 48 mg of selenium powder (0.6 mmol) was added under positive N2 pressure and 

resealed. After evacuating and refilling with N2 several times, the flask was heated to 100 °C and 

allowed to rest for 30 mins. The flask was then heated to 170 °C, taking special care to make sure 
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the temperature does not exceed 170 °C. The platelets proceeded with growth at 170 °C for 

anywhere from 5 mins to 6 hours. The generality of this approach was extended to several different 

ranges of temperatures, reagents, and concentrations. After completion, the mixture was cooled 

naturally and 2 mL of n-trioctylphosphine (TOP) was added to the flask at ~70 °C to quench any 

unreacted Se species. The resulting turbid white suspension was then transferred to a glovebox and 

precipitated via centrifugation. The precipitate was then redispersed in ~15 mL of 

methylcyclohexane at which time any insoluble side products or nanoparticles were precipitated 

by centrifugation without non-solvent. The supernatants contained concentrated NPL solutions 

and can be further purified using a small amount of ethanol before or after storage. 

 

Magic Sized Clusters and Nanowires 

Magic sized clusters and nanowries were prepared in exactly the same manner as the “345 nm” 

NPLs described above with the difference that instead of heating up the solution to 170 °C, it was 

only heated up to 120 °C in the case of the magic sized clusters and 130 °C in the case of the 

nanowires. It should be noted that isolation of these two populations generally proved more 

difficult, since the evolution from MSCs to nanowires occurred tended to occur very rapidly (on 

the order of only a few minutes), such that aliquots taken from the reaction often contained a 

mixture of the two species in different proportions.  

 

“380 nm” ZnSe nanoplatelets. Thicker, atomically precise platelets with first absorption at 380 

nm can be synthesized using a simple modification to the above procedure for “345 nm” platelets. 

After heating the flask to 170 °C, the reaction is allowed to proceed for 20 mins. At this time, an 

excess of Se shot (100-200 mg) is added to the reaction flask to make available more soluble 

precursor. This addition induces a transition to a lower energy atomically-precise nanoplatelet—

in order to ensure quantitative transition, the absorption was monitored with needle-tip aliquots 

injected into 5% TOP in methylcyclohexane every 10 mins until the peak at 345 nm disappeared. 

This transition typically takes 30-120 mins and it was also found that we could achieve partial 

transitions with more rapid increase of temperature and deliberate overshoot to 180 °C. However, 

care should be taken to avoid the formation of larger polymorphic-species that often form as a 

result of this transition. Full transitions could also be achieved with higher concentrations of 

starting reagent and longer reaction times, which will be discussed in future ripening experiments. 
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Ripening experiments. Instead of addition of Se shot, we used a larger concentration of precursor 

(200 mM Zn, 400 mM Se) in order to analyze the temporal evolution of platelet species. Zinc 

oleate was used in order to ensure complete dissolution of zinc precursor to leave the saturation of 

selenium as the only uncontrolled variable. In the high concentration synthesis, we expect to 

maintain a reservoir of precursor and monomer and could examine the evolution of each species 

as reactions were held at constant temperature (100, 125, 150, or 175 ºC) in order to reveal the 

kinetic aspects of the reaction mixture. The absorption was monitored with needle-tip aliquots 

injected into 5 % TOP in methylcyclohexane and representative samples were analysis in TEM. 

 

Characterization techniques. Absorption spectra of ZnSe samples in dilute solutions of 

methylcyclohexane were measured using a Cary5000 UV/Vis Spectrophotometer. 

Photoluminescence spectra were collected using a Horiba JobinYvon Fluoromax-4. Transmission 

electron microscopy (TEM) was done using a Technai F30 and a Technai Spirit. 

The SAXS patterns of capillaries were collected on SAXSLab Ganesha instrument with Cu Kα 

radiation. 
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