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ABSTRACT 

The small energy difference between the (cubic) zinc blende and (hexagonal) wurzite phases of 

CdSe makes it challenging to synthesize ensembles of CdSe nanocrystals that all have the same, 

single crystalline phase. Although several different synthetic protocols have been proposed to 

provide a better control over crystalline phase, the contribution of polymorphism to self-assembly 

of CdSe nanocrystals has so far been ignored. Here, we investigate the self-assembly of 

monodisperse CdSe nanocrystals synthesized at lower temperature (~310 oC). We show that their 

assembly into three-dimensional superlattices results in the formation of separate regions within 

the superlattices that display photoluminescence at two distinctly different wavelengths. 

Specifically, the central portions of the supercrystals displayed photoluminescence and absorption 

in the orange region of the spectrum, around 585 nm, compared to the 575-nm photoluminescence 

maximum for the nanocrystals dispersed in toluene. Distinct domains on the surfaces and edges of 

the supercrystals, by contrast, displayed photoluminescence and absorption in the green region of 

the spectrum, around 570 nm. We attribute the different-colored domains to polytypism in the 

nanocrystal ensembles: the “orange” regions are primarily formed from wurtzite nanocrystals, and 

the “green” regions are formed from CdSe nanocrystals with zinc-blende phase. We hypothesize 

that lower surface coverage of zinc-blende CdSe nanocrystals, compared to that of the wurtzite 

nanocrystals, results in weaker protection of these nanocrystals against oxidation, and that this 

oxidation is responsible for the observed blue shift in photoluminescence and absorption. By 

contrast, we show that superlattices formed out of single-phase CdSe nanocrystals synthesized at 

higher temperature (~380 oC) do not contain the two differently-colored domains. Our observation 

provides a straightforward method to visualize polytypism in nanocrystal ensembles and 

understand its impact on nanocrystal self-assembly. 
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The synthesis of monodisperse spherical CdSe nanocrystals (NCs)1 led shortly afterwards to 

their use as building blocks for more complex, hierarchical structures, such as ordered three-

dimensional (3D) assemblies. Since the first report of 3D assembly in 1995,2 CdSe NCs with 

different shapes such as nanorods, tetrapods, or even atomically flat nanoplates have been 

synthesized in solution and organized from the solution into 3D assemblies,3-8 driven by 

interactions among neighboring particles.9  

Periodic NC structures can be obtained by evaporation of the solvent10-14 or by the 

destabilization of the colloidal solution by non-solvent.15-18  Solvent evaporation typically enables 

the fabrication of continuous long-range periodic films, whereas solution destabilization15, 19 

results in the growth of 3D supercrystals (SCs) with symmetries similar to those of atomic 

inorganic crystals.17, 20  Monodisperse NCs can form face-centered cubic (fcc),17 body-centered 

cubic (bcc),17 simple hexagonal,21 face-centered tetragonal (fct), and other lattices. 

Multicomponent mixtures enable the creation of an extended library of periodic structures 

isostructural with atomic lattices.11-12, 22-23 In multicomponent mixtures, NCs can have the same or 

different surface chemistries, sizes, and composition. However, the effects of polytypism on self-

assembly has so far remained unexplored. An open question is how particles with the same size, 

composition, and capping molecules but with different phases (i.e., different crystal structures) 

will assemble. 

Polytypism is known to be common in II-VI semiconducting NCs, which can present both in 

cubic zinc blende (ZB) and hexagonal wurzite (W) crystalline phases.24  For CdSe, the energy 

difference between ZB and W is only 1.4 meV/atom,25 which makes synthesis of the pure 

crystalline phase NCs challenging.26-27  The ratio of the ZB and W phase is very sensitive to the 

experimental conditions, such as the choice of surface ligands.20, 26, 28-31 Indeed, transitions between 
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the ZB and W phases can be induced by introducing different ligands26, 29 or by changing the 

NC surface.32 The phase of CdSe NCs can depend even on the length of the ligands.{Huang, 2010 

#686} Moreover, individual NCs can have stacking faults which locally induce a phase change, 

and hence, both phases can be present in the same NCs.28,33 Conversely, NCs of the same size and 

composition but with different phases can have different ligand coverages of their surfaces; this, 

in turn, can influence the solvation of their ligand shells34 and thus the interactions among NCs.35-

37 Since ligand-ligand interactions are one of the key factors determining the NC self-assembly 

process,7, 38-40 polytypism has the potential to significantly affect CdSe NC self-assembly.  

Here, we report an unusual optical effect in individual 3D SCs assembled by the 

destabilization of a solution of monodisperse CdSe NCs. The majority of each supercrystal emits 

light that is red-shifted as compared to the corresponding NC solution, while some outer regions 

of the supercrystals emit blue-shifted light. (For the nanocrystal sizes we used, these correspond 

to red-emitting and green-emitting regions.) We attribute the bimodal light emission to the 

polytypism of CdSe NCs synthesized in a mixture of TOPO, TOP, and HDA.  We suggest that the 

surface of CdSe NC with ZB phase s in the SCs is less protected as compared to the surfaces 

of W NCs. As a result, such ZB NCs tend to oxidize more easily, moving their emission to shorter 

wavelengths. The difference in surface-ligand coverage also drives the separation of these ZB NCs 

from the W NCs during the self-assembly process, leading to distinct spatial regions with different 

crystal structures and different emission wavelengths.   

 

RESULTS AND DISCUSSION 

Figures 1a and S1 show TEM images of monodisperse 4.4- and 4.6-nm CdSe NCs stabilized 

with TOPO, TOP and HDA,1935 and Figure 1b shows the corresponding narrow absorption spectra. 
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Gentle destabilization of colloidal solutions of these NCs resulted in the formation of  supercrystals 

of various shapes, with lateral dimensions up to 80 µm (Figure 1c,e).16-17 SEM images of SCs are 

shown in Figure S3. Such SCs were previously reported to have a face-centered cubic lattice 

structure.17  
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Figure 1. (a) Transmission-electron micrograph of 4.6-nm CdSe nanocrystals. (b) Absorption 

spectra of dilute solutions of 4.4-nm (grey curve) and 4.6-nm (blue curve) CdSe nanocrystals in 

toluene. (c-f) Representative reflected-light optical micrographs (c,e) and corresponding 

fluorescence micrographs (d,f) of several three-dimensional supercrystals formed from 4.4-nm 

(c,d) and 4.6-nm (e,f) CdSe nanocrystals by controlled destabilization of the solution. (g) Laser-

scanning confocal micrograph of supercrystals; side images are cross-sections along the indicated 

lines. (h) Laser-scanning confocal micrograph of a dried film of the nanocrystals.  

 

Fluorescence images of individual SCs revealed a surprising coexistence of green-emitting and 

orange-emitting regions (Figure 1d,f). The green regions are distinctly localized along the edges 

and within the interior of the assemblies (Figure S4). Comparison of the reflected-light and 

fluorescence images clearly shows the integrity of the different regions. 3D composite images 

obtained from laser scanning confocal microscopy (Figure 1g) show that the different regions 

penetrate through the interior of the SCs and all the way to the substrate. The green regions appear 

less ordered in the fluorescence and confocal images, having irregular shapes and boundaries 

compared to the faceted appearance of the orange regions. In addition, randomly packed films of 

the same 4.4-nm NCs also exhibited red- and green-emitting regions (Figure 1h). We note that the 

NCs were washed before deposition of the disordered films so that the number of ligands in the 

films is similar to the number of ligands in the SCs, as confirmed by TGA (Figure S5). 

To obtain more information about the optical properties of the “green” and “orange” regions, 

we made spatially resolved measurements of the PL and absorption spectra of the SCs. Compared 

to solutions of the same NCs, the “orange” regions of the SC exhibit both absorption and PL at 

lower energies, and the “green” regions exhibit both absorption and PL at higher energies (Figure 

2a,b).  
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Figure 2: Characteristic spatially resolved (a) absorbance spectra, (b) photoluminescence spectra, 

and (c) time-resolved photoluminescence decay curves for blue-shifted (“green”) and red-shifted 

(“orange”) regions within individual supercrystals formed from 4.4-nm CdSe nanocrystals. The 

microscopic measurements have a spatial resolution of approximately 200 nm. Also shown for 

comparison are results for nanocrystals dispersed in toluene solution.  

 

The red shift of the PL in the orange regions could potentially be attributed to energy transfer 

among the NCs in the SC2, 41 or to luminescence from near-band-edge defect states.42 However, 

these phenomena would not explain the red shift of the absorption in the same regions and are 

inconsistent with the symmetric PL spectra observed from all spots. Instead, we attribute the red 

shift to the local field effect; i.e., to the higher dielectric constant of the NC environment in the SC 

as compared to solution.43 This dielectric effect is consistent with the time-resolved PL dynamics, 

which show faster recombination rate for NCs in the SCs as compared to in solution (Figure 2c).44  

On the other hand, the PL dynamics in the orange and green regions are nearly identical to one 

another. This indicates that the NCs in these two regions have nearly identical dielectric 

surroundings, so that differences in the dielectric environment are not responsible for differences 

in the PL and absorption wavelengths between the orange and green regions. The PL dynamics 

also provide further evidence that energy transfer, charge transfer, or trapping are not responsible 

for the different PL wavelengths in the different regions. Rather, we conclude that the NCs in the 

green regions have a higher effective bandgap (i.e., higher confinement energy) than the NCs in 
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the orange regions. The clearest evidence for the altered effective bandgap is the blue shift of both 

the PL and absorption in the green regions.  

Since the green regions tend to be located at the surfaces of the SCs, it could be hypothesized 

that the different colors are due to segregation of smaller NCs from larger NCs in solution, driven 

by depletion interactions.45 Indeed, previous studies of CdSe NC SCs assembled from polydisperse 

colloidal solutions showed size selection of NCs during SC assembly.46 However, analysis of the 

TEM images (Figures 1a, S1, S2) reveals no evidence of polydispersity in the NC 

samples that we used. Moreover, when we deliberately mixed solutions of different-sized NCs and 

formed SCs from these solutions, we observed only single-color SCs (Figure S6). That is, 

mixtures of NCs that are “orange” and “green” because of their different diameters form separate 

orange and green SCs, and do not form the two-color SCs that form from monodisperse NC 

solutions. We also note that there are only two distinct emission wavelengths for the two-color 

superlattices: different points within the “orange” regions all emitted at the same wavelength, and 

different points within the “green” regions all emitted at the same wavelength (Figure S7). This 

is different from the continuous variation in emission wavelength that one would expect to arise 

from size segregation of a polydisperse sample.  

A second potential explanation for the different emission colors is a difference in the packing 

of NCs in the different regions of the SCs, which would lead to different electronic coupling among 

the NCs. However, spatially resolved SAXS measurements on individual SCs did not reveal 

significant changes in the packing of NCs between the orange and green regions (Figure 3). 
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Figure 3. (a,b) Reflected-light optical micrograph (a) and corresponding fluorescence image (b) 

of a supercrystal assembled from 4.6-nm CdSe nanocrystals. (c) Small-angle X-ray scattering 

spectra measured from five selected spots on the nanocrystal, as indicated in (b). The square 

represents the approximate size of the X-ray spot. 

 

 Another possible explanation for the different emission colors is differences in strain within 

the orange and green regions. Indeed, it was previously reported that both absorption and PL 

spectra can be blue shifted by compressive strain of NCs,41 and previous Raman microprobe 

studies have revealed large strains of ~2.5% for CdSe NCs in films.47 Crack formation was 

proposed as a strain-relief mechanism for the films;47 however, we observe two-color PL even 

from SCs with cracks (Figure 4a,b). Moreover, spatially resolved Raman spectroscopy shows no 

shift in the Raman peak position across the orange and green domains (Figures 4c,d), indicating 

the absence of strain within the CdSe NCs. Therefore, cracks are likely formed as a result of the 

evaporation of the solvent retained in the ligands’ shells of the self-assembled NCs upon their 

drying.38-39 

On the other hand, the fluorescence image of the SC after the spatially-resolved Raman 

measurement provides a clue about the origin of the green PL: a green line appears where the 

excitation laser was scanned across the sample (Figure 4b). This line is formed as a result 

of photooxidation of NCs in the SC.48 Oxidation reduces the effective diameter of the NCs by 

Field Code Changed
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replacing a surface semiconductor layer with oxides,49 thereby increasing the confinement energy 

and increasing the effective bandgap. This observation suggests that the NCs within the green 

regions of the SCs have oxidized compared to the NCs within the orange regions of the same SCs. 

 

Figure 4. (a-b) Reflected-light optical micrograph (a) and corresponding fluorescence image (b) 

of a supercrystal formed from 4.4-nm CdSe nanocrystals. (c) Representative Raman spectrum from 

the supercrystal, showing the CdSe LO (208 cm-1), 2LO (420 cm-1), and surface (188 cm-1) phonon 

peaks. (d) Two-dimensional Raman-scattering intensity map taken along the line indicated by the 

white arrow in (b). Interruptions in the Raman map correspond to cracks in the SC. The 

fluorescence image in (b) was taken after the Raman map was acquired, and green emission can 

be seen along the path of the line.  
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To verify this explanation, we treated our SCs with 0.01 M solution of pyridine in toluene for 

1 h. Exposure of CdSe SCs to pyridine solution is known to reduce the protection of the surfaces 

of CdSe NCs and thus make the surfaces more easily oxidized.50 Indeed, the two-color SC emits 

nearly exclusively green light after pyridine treatment, and its PL and absorption spectra are both 

shifted to shorter wavelengths (Figure 5), consistent with partial oxidation of the NCs.  

 

Figure 5. (a) Fluorescence image of a supercrystal formed from 4.4-nm CdSe nanocrystals before 

pyridine treatment. (b,c) Reflected light optical micrograph (b) and corresponding fluorescence 

image (c) of a supercrystal after pyridine treatment. (d) Absorption and photoluminescence 

spectra measured from a single supercrystal before (longer wavelength) and after (shorter 

wavelength) pyridine treatment. 

 

These results indicate that the green and orange regions of the SC are composed, respectively, 

of NCs that have and have not been partially oxidized. This, in turn, suggests that there are two 
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sub-populations of NCs that are differently subject to oxidation. Since it is known that the synthesis 

method that we followed can lead to NCs with both ZB and W phases, we hypothesize that the 

oxidized and un-oxidized NCs correspond to NCs terminated 

differently as a result of co-existence of two different phases such W and ZB (or pseudo-

ZB,{Washington, 2012 #722} a phase with a high desity of stacking faults). Previous reports have 

indicated that ZB and W cadmium chalcogenide NCs have different ligand coverages.51 For 

example, NMR studies on CdS NCs of similar sizes revealed that CdS NCs with ZB structure had 

lower ligand coverage by a factor of 4 as compared to NCs with W structure.51 The “green” NCs 

thus most likely have a surface characteristic to ZB crystal structure, which results in a ligand 

distribution that protects them less against oxidation than the majority of NCs with W crystal 

structure. Since the complete crystallization takes weeks, oxidation of these ZB or pseudo-ZB NCs 

can readily occur during the crystallization process. 

Alternatively, it is possible that the “green” NCs have some of their surface atoms displaced 

upon mixing of the NC solution with non-solvent. Leaching of the atoms from NCs as a result of 

solvent/non-solvent purification was previously reported,52 and the stoichiometry of cadmium 

chalcogenides are known to be dynamic in nature and depend on various parameters, including 

solvents and non-solvents used to purify NCs.53 On the other hand, CdSe NCs synthesized using 

reaction conditions similar to those in this work and dissolved in chloroform did not show any 

change in size and stoichiometry upon extensive ligand removal using methanol.54 Therefore, 

oxidation of less protected CdSe NCs is likely to be the main reason responsible for the green 

emission from these NCs. 

The different ligand distribution on the ZB NCs can also lead to them having slightly higher 

colloidal stability than W NCs, so that they precipitate out of solution later and are deposited at 
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the edges of the SCs. The lower ligand coverage around ZB NCs{Davis, 2017 #734} can provide 

higher solvation of the ligand shells and thus lower entropy gain through NC interactions (as 

compared to W NCs with higher ligand coverage) when the colloidal solution is destabilized.37 

Previously, it was shown that high ligand densities are associated with ligand and solvent ordering 

resulting a deep attractive minima near contact.{Widmer-Cooper, 2016 #829} In turn, at low 

surface coverage the ligand are random 

 It worth noting that a significant blue shift of 12 nm and considerable broadening, by 15 nm, 

compared to the initial NC colloidal solution was recently reported for CdSe SCs assembled by 

evaporation of CdSe NC solution.55 Importantly, in that study, CdSe NCs were prepared following 

the recipe that leads to the synthesis of monodispese CdSe NCs with one or more ZB stacking 

faults along the c axis. 27 Although the authors did not explain the observed blue shift, their results 

are in agreement with the progressive oxidation of individual CdSe NCs.  

 

 

Figure 6. Spatially-resolved photoluminescence spectra from a single supercrystal formed from 

4.9-nm CdSe nanocrystals that were synthesized at 380 oC. Spectra were measured from five 
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different points on the nanocrystal, as indicated in the inset, with a spatial resolution of 

approximately 200 nm. 

 

Our spectroscopic and structural data are all consistent with the hypothesis that the “orange” 

and “green” regions correspond to NCs with two types of surfaces. Bimodal nature of the observed 

phenomenon points out to the assumption that it can be associated with co-existence of two 

different CdSe crystal structures. To further test this hypothesis, we assembled SCs form 

CdSe NCs synthesized under conditions that provide a better control over the phase.4 Specifically, 

we use a higher-temperature synthesis, which has been found to favor the formation of a single W 

phase of CdSe.56-57 While there is a discrepancy in literature in the ZB-W transition 

temperatures{Fedorov, 1991 #828} the general trend is that the higher synthesis temperature 

favors the formation of thermodynamically stable W phase of CdSe.{Fedorov, 1991 #828}{Nan, 

2012 #389}{Washington, 2012 #722}  Therefore we assembled ~4.9 nm CdSe NCs synthesized 

at 380 oC4 into SCs, following the same procedure used for assembly of CdSe NCs synthesized at 

310 oC.19 No noticeable shift of the PL spectra was observed across an individual SC (Figure 6), 

supporting the hypothesis that the appearance of differently-colored domains is associated with 

the polymorphism of CdSe NCs. 

 

CONCLUSIONS 

Assembly of monodisperse CdSe nanocrystals into three-dimensional supercrystals by the 

controlled oversaturation method leads to SCs with distinct regions whose photoluminescence and 

absorption are shifted to the red and to the blue, respectively, compared to the NCs in solution. 

Red-shifted PL has been widely observed in SCs, but the appearance of domains with blue-shifted 

absorption PL has not been discussed previously. The appearance of blue-shifted domains occurs 
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only in assemblies of CdSe NCs synthesized at lower temperatures (~310 oC) and cannot be 

detected in SCs assembled from CdSe NCs synthetized at higher temperatures (~380 

oC). Since CdSe NCs, especially larger ones, tends to present in both polymorph phases and the 

energy difference between them is low, it is likely that the green-emitting (blue-shifted) regions 

result from the small fraction of ZB CdSe or pseudo-ZB NCs present in the ensemble 

of primarily wurtzite NCs.58 Our observation 

The polytypism of CdSe and other II-VI NCs has important implications for several aspects of 

NC development and application, particularly the growth of inorganic shells and the synthesis of 

semiconductor heterostructures.26, 33, 59 It has been highly challenging to directly identify 

polytypism or to quantify the fraction of ZB nanocrystals in a majority-W population because of 

the dynamic nature of the ZB-W transition and similarity of the lattice parameters for the two 

phases.25, 58 The segregation of NCs in SCs according to their crystalline form and the 

corresponding blue-shift of emission from the ZB NCs provide a straightforward method for 

visualizing and quantifying polytypism.  

 

 

 

METHODS 

Materials: Toluene, isopropanol (i-PrOH), diphenyl ether, ethanol, n-hexane, 

trioctylphosphine oxide (TOPO), hexadecylamine (HDA), octadecylphosphonic acid (ODPA) 

bis(trimethylsilyl)sulfide ((TMS)2S), and sulfur were all purchased from Sigma-Aldrich and were 

at least of ACS purity. Trioctylphosphine (TOP) and 1,2-hexadecandiol were obtained from Fluka. 

1,2-dichlorobenzene was purchased from Across Chemicals.  4-inch Si wafers used for growing 
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the SCs were obtained from Silicon Quest International, Inc. (Santa Clara, CA). The Si wafers 

were diced into 4 mm wide strips with a wafer dicing saw. Glass test tubes (0.8 cm I.D. by 10 cm 

long) used for SCs growth were obtained from Fisher Scientific. 

Nanocrystals Synthesis: 4.6 and 4.4 nm CdSe NCs stabilized with TOPO/TOP/HDA and 

TOPO/TOP/ODPA were synthesized according to the protocol described in Ref. 19. 4.9 nm CdSe 

NCs were synthesized at 380 oC.4 Samples for TEM characterization were prepared by placing 1-

2 L of a diluted (0.1 mg/mL) solution in toluene on a carbon-coated copper grid (Ted-Pella). The 

excess solvent was removed after 10 s with filter paper.  

Preparation of Nanocrystal Supercrystals: The SCs were prepared by the method of slow 

destabilization of NCs with a non-solvent.19 In a typical preparation, a single strip of Si or ITO-

coated glass was placed vertically in a vertically positioned glass test tube, and 0.5 mL of a 

moderately concentrated NC solution (~1x1012 NCs/mL) in toluene was added to the bottom with 

a micro-pipettor. Subsequently, 0.8 ml of i-PrOH was gently added on top of the NC solution, 

avoiding intermixing of the two solutions. The tubes were then sealed with Parafilm and allowed 

to sit undisturbed for a week. After a complete diffusional intermixing of the solvents, the solutions 

were carefully withdrawn with Pasteur pipettes and discarded. The substrates were removed, air-

dried, and stored for subsequent characterization.  

NC films were obtained by evaporation of the same toluene solutions on the surface of ITO-

coated glass. 

 

Characterization Methods: Transmission-electron microscope (TEM) images were obtained 

using a FEI Tecnai F30 field-emission analytical TEM operating at an acceleration voltage of 300 
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kV. High-resolution scanning-electron microscopy (SEM) images were obtained with an FIB FEI 

Nova 600 NanoLab SEM operated at 18 keV accelerating voltage.  

Optical images were obtained with a Zeiss Axio Imager microscope. Fluorescence images were 

collected with an excitation light source with wavelengths between 320 nm and 460 nm, and with 

emission collected for wavelengths above 465 nm.  

Confocal microscope images and cross-sections were collected using a Zeiss LSM 510 Meta 

confocal microscope.   The particles were excited using 488 nm or 561 nm laser light and emission 

was monitored in the ranges of 500 – 550 nm or 575 – 625 nm. 

Raman spectra were measured on a Renishaw inVia Raman microscope with excitation 

wavelength of 514 or 613 nm, power of 5 mW, and a spot size of ~ 1 μm. All spectra were measured 

using a 100X microscope objective to focus the laser excitation onto the samples and to collect the 

scattered light.  

Spatially resolved spectra were measured on a home-built inverted microscope. For spatially 

resolved photoluminescence (PL) spectra, the sample was illuminated through the microscope 

objective with a short-wavelength (< 500 nm) laser focused to a diffraction-limited spot 

(approximately 200 nm spot size), and emitted light was collected through the same objective and 

sent to a grating spectrometer with CCD-camera detector. Time-resolved PL was measured by 

using the time-correlated single-photon detection technique in place of the spectrometer. For 

spatially resolved absorption spectra, the sample was illuminated in transmission mode by a bright-

field condenser, and specific spots on the sample were selected for measurement by using the 

entrance slit of the spectrometer and by selecting pixels on the array detector. The measured 

transmitted spectra were normalized by spectra measured away from the superlattices to obtain 

absorption spectra. 
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The small-angle X-ray scattering (SAXS) data were acquired at the 12-ID-B beamline of the 

Advanced Photon Source in the Argonne National Laboratory. The X-ray beam had an energy of 

14 keV, or wavelength λ = 0.8856 Å, and size of 10 × 10 μm. Each spot was exposed to the beam 

for 1 s. The sample to detector distance was approximately 2 m. Absolute intensity was calculated 

using water as a standard. 
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