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Abstract  

Controlled engineering of isolated solid state quantum systems is one of the most prominent 

goals in modern nanotechnology. In this letter we demonstrate a previously unknown quantum 

system namely silicon carbide tetrapods. The tetrapods have a cubic polytype core (3C) and 

hexagonal polytype legs (4H) – a geometry that creates a spontaneous polarization within a 

single tetrapod. Modeling of the tetrapod structures predict that a bound exciton should exist at 

the 3C-4H interface. The simulations are confirmed by the observation of fully polarized and 

narrowband single photon emission from the tetrapods at room temperature. The single photon 

emission provides important insights towards understanding the quantum confinement effects in 

non-spherical nanostructures. Our results pave the way to a new class of crystal phase 

nanomaterials that exhibit single photon emission at room temperature and therefore are suitable 

for sensing, quantum information and nanophotonics.  
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Introduction 

Fluorescent nanostructures that can emit single photons on demand are important for a variety of 

applications spanning biosensing, photocatalysis, photovoltaic and quantum technologies1-7. A 

new class of materials that recently attracts considerable attention is the homogeneous hetero-

structure - alternatively termed crystal phase quantum dots8. These nanomaterials have identical 

chemical composition with alternating polytypes – for instance wurtzite (WZ) and zincblende 

(ZB) in the arsenide family9-11. Indeed, engineering InP nanowires with periodic WZ/ZB yielded 

great insights into the understanding of exciton dynamics and realization of quantum dots 

embedded within nanowires12 and lasing13. 

Silicon carbide (SiC) is another example of a material with over 200 known polytypes, with the 

cubic 3C and hexagonal 4H structures among the most common polytypes. SiC was studied for 

many decades for its outstanding mechanical, electronic and thermal properties, with a large 

variety of applications including light emitting diodes (LEDs)14 and micro- and nano- 

electromechanical systems15. Recently, coherent control over spin defects in different polytypes 

of SiC16, 17 and the realization of single photon emission from bulk 4H SiC was demonstrated7 

underpinning its prime role in integrated multifunctional quantum devices.  

In this paper we report that silicon carbide tetrapods can be harnessed as room temperature, 

single photon emitters due to the quantum confinement effect at their structure. The origin of the 

quantum confinement and the non-classical emission is the homogeneous heterostructure of the 

3C core and 4H legs that form a crystal phase SiC tetrapod. Earlier works on ZnO tetrapods and 

CdTe tetrapods have also shown that a single tetrapod can have a zinc-blende core and wurtzite 

arms.18-22  

 

Experimental  

The tetrapods were grown using microwave plasma chemical vapor deposition (CVD) from 

adamantane molecules embedded in a solgel matrix. The growth conditions were: microwave 

plasma power of 900W under 99 % methane and 1 % hydrogen, with no external heating source. 

At these conditions, the typical substrate temperature is 950○C. The growth duration was 25 

minutes. The structure of a SiC tetrapod is shown schematically in Figure 1a. Figure 1b shows a 

high resolution scanning electron microscope (SEM) image of the tetrapods. The majority of the 
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tetrapods have an average leg length of 100 nm and leg diameter smaller than 50 nm, with a core 

as small as several nanometers23.  

 

 

Figure 1. Silicon Carbide (SiC) Tetrapods. (a) Schematics of the tetrapod structure with a 3C 
core and 4H legs. (b) Scanning electron micrograph of the grown tetrapods. Every tetrapod has 
an average leg length of ~100 nm.  
 
Results and Discussion 

Modeling of the tetrapod band structure 

The possible band structure in SiC tetrapods is analyzed by means of quantum mechanical 

simulations on a simplified model of SiC tetrapods. In this simplified model we assume a perfect 

and abrupt interface between 4H and 3C SiC regions, and two 4H SiC legs embedding the 3C 

core are taken to describe the electronic structure of the system (Figure 2a). In the other two 

dimensions we assume that some nearly constant profile, e.g. the cylindrical equivalent of the 

Bloch states of perfect 4H and 3C crystals are the solution. This treatment was already justified 

for similar tetrapod geometries24-28. As the diameter of 4H SiC legs is relatively large close to 3C 

core region, the dielectric confinement might minutely alter the conduction band or valence band 

edges of the bulk 4H SiC, so this effect is neglected. The optical excitation of the system creates 

a hole in the valence band and an electron in the conduction band of this system. The hot 

electron and hole can rapidly relax to the lowest energy excited state with the help of phonons 

where the electron and hole stay at the conduction and valence band edges forming an exciton. 

This exciton is confined along the quasi one-dimensional potential curve created by 4H (leg) - 

3C (core) - 4H (leg) structure. The radiative decay of this exciton gives rise to an emission 

(supplementary information, Figure S1).  
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Although it seems an oversimplification for the first sight, the quasi-one-dimensional modelling 

of quantum confinement of our SiC tetrapods is valid, because of the following reasons. First, 

similar modeling assumptions were used to study other 3D models of similar systems systems25, 

29, 30. Moreover, employing our quasi 1D model, we were able to qualitatively reproduce the 

results reported in Ref 25. The key feature of such systems is the electron-hole pair overlapping in 

the quantum dot region (in the core of the tetrapod in our case), or bound together at the 

boundary of it. Even the spectra (both measured and simulated) of these systems suggest that the 

dynamics is determined by a parameter which is the difference of the maximum and minimum of 

several (almost) normally distributed random variables (see as an example the characteristic 

curve in figure 1 of Ref 25 29), or a linear function of it. In our example, this will be ∆V – 

potential difference along the legs. It is worth mentioning that a similar pattern would have been 

the result of dielectric confinement in thinner legs, as it can be seen in Ref 25, where the 

dominant part of emission frequency distribution is explained using the same model.  

Second, the tiny size of the relevant quantum dot region and the concentrated nature of the 

exciton ensure that the system's behavior is barely influenced by the boundary of the tetrapod, 

the disregarded legs or the curvature of its dipod part, determined by the two legs with minimum 

and maximum ∆V. Moreover, it is also not critical to the model that the length/diameter ratio of 

the one-dimensionally modeled dipod part is a bit smaller than the value needed to have the 

finite-length effects of a nanorod to become significant according to Ref 31. 

We find that the emission wavelength of the individual tetrapods depends on their asymmetry in 

terms of potential steepness in the core region (Figure 2b). If the length of 4H legs was about the 

same in a given tetrapod (global Td symmetry) then a classical rectangular quantum well forms 

for the electrons in the conduction band (0.92 eV) and a minor potential barrier for the holes in 

the valence band (0.05 eV), so that the potential curve does not show any steepness (∆V = 0). 

The excited electron in the conduction band is strongly confined in 3C core, and will attract the 

hole in the valence band to stay at 3C core region. The calculated Coulomb-energy between the 

electron and hole is about 0.5 eV which can surmount the small potential barrier energy for the 

hole in the valence band edge. Similar effects have been observed in other tetrapod systems24-26. 

Thus, both the electron and hole are confined in 3C core with emission at the proximity of 600 

nm. In addition, the symmetric tetrapods should show no polarization of light. However, if the 

length of the 4H legs was different (i.e. not all the legs have the same length) in a SiC tetrapod 
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then this induces different polarization of surface charges at the end of 4H legs in these 

tetrapods, so a steep potential curve (∆V > 0) both for the electrons and holes in the conduction 

and valence band edges induced by a spontaneous polarization in 4H SiC legs32, 33 (Figure 2a). 

This effect creates a triangular potential well for the electron in the conduction band, and starts to 

push the hole away from 3C region. The exciton, which is not only bound by the Coulomb 

attraction of its part, but the deep triangular quantum well potential, is stable at room temperature 

in these tetrapods, and gives rise to emission in the range of ~ 600 – 800 nm depending on the 

geometry. 

We also find that ∆V > 0.15 eV is sufficient to separate the localization of the electron (3C core) 

and hole (4H leg) in these tetrapods which leads to three main differentiations with respect to the 

ideal case of symmetrical tetrapods: (i) longer emission wavelengths as seen from the simulation 

in Figure 2b), (ii) polarization of the emitted light along one of the four 4H legs, (iii) decreasing 

binding energy of excitons. We note that the calculated binding energies of the exciton always 

imply stability at room temperature, even for tetrapods with long emission wavelengths.  

 

Figure 2. Modeling of the tetrapods. (a) Positions of hole and electron when the potential is 

steep in the core region. Reachable potential differences are greater than Coulomb attraction, 

which causes the exciton annihilation lower and the emitted photon red shifted. 0 eV was aligned 

to the VBM of 4H-SiC at the end of 4H-SiC legs. The band gap is 3.23 eV and 2.39 eV for the 

4H-SiC and 3C SiC, respectively. (b). Calculated emission wavelengths (false color) from this 

model where ∆V is the potential difference along the legs and d3C is the diameter of the 3C core, 

respectively. The steep potential curve with a height of ∆V may arise from the different sizes of 

4H SiC legs of a tetrapod. 
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Spectroscopy  

To verify the proposed model, high resolution confocal microscopy with a 532 nm excitation 

(average power 200 µW) laser was employed to characterize the tetrapods. The laser was 

focused through a high numerical aperture objective (0.95,x100 Nikon), and the emission was 

collected through the same objective. The residual laser light was filtered using a dichroic mirror 

and a set of bandpgass filters (Semrock) and the transmitted light was focused into an optical 

fiber. The core of the fiber served as a confocal aperture.  Figure 3a shows a confocal map of the 

grown tetrapods. Many fluorescent spots corresponding to single tetrapods are visible. Figure 3b 

shows a representative photoluminescence (PL) spectrum from a single tetrapod, revealing a 

very narrow and bright PL line centered at ~ 728 nm as confirmed by our simulations. The full 

width at half maximum (FWHM) of most of the found tetrapods is approximately ~5 nm, making 

them the narrowest known emitting semiconductor nanocrystals at room temperature. We 

imaged more than 100 tetrapods, and all exhibited similar narrow PL lines. The majority of the 

tetrapods exhibited fluorescence above 700 nm (supplementary information, Figure S2), in 

accord with the theoretical model. The majority of the tetrapods show asymmetry in their length 

of legs as inferred from high resolution transmision electron microscope images (supplementary 

information, Figure S3), that further supports the theoretical model and the flouresence 

distribution. 

The single photon emission from the tetrapods was confirmed by photon correlation 

measurements using a Hanbury-Brown and Twiss interferometer. Figure 3c shows a second 

order correlation function, g(2)(τ)=<I(t)I(t+τ)>/<I(t)>2, recorded from a single tetrapod at 

minimum and at saturation excitation power. The pronounced antibunching dip in the photon 

statistics at zero delay time (g(2)(0)~ 0.2) indicates that the emission originates from a single 

photon emitter. The deviation from 0 is attributed to the overall background from other excitonic 

transitions and broad substrate luminescence (solgel). At higher excitation powers, moderate 

bunching behavior is observed, indicating the presence of shelving states. The whole system can 

then be described as a three level system, a typical model for fluorescent quantum dots34. At 

saturation we measured up to 450,000 photons/s from a single tetrapod, comparable to other 

single emitters in nanodiamonds and defects in bulk silicon carbide. (supplementary information, 

Figure S2).  
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Figure 3. Single photon emission and polarization measurements of single tetrapods. (a) 22x22 

µm2 confocal map showing several tetrapods. (b) Representative PL spectrum of a single 

tetrapod showing with a FWHM of ~ 5 nm. (c) Second order correlation function, g(2)(τ), 

obtained by collecting the light emitted from a single tetrapod at minimum and saturation 

excitation power, determines that the tetrapods are single photon emitters. The curves are 

displaced for clarity. (d) Excitation polarization (red squares) and emission polarization (black 

circles) of a single tetrapod. The lines are the fit to the experimental data.  

 

Single photon emission was reported from colloidal CdSe/Cds quantum dots embedded in rods35 

and recently from GaN quantum dots embedded in nanowires36. The observation of quantum 

emission from SiC tetrapods at room temperature is supported by a quantum-confined exciton 

model. The quantum confinement occurs due to the interface between 3C/4H of the SiC – 

forming a crystal phase quantum dot with a binding energy larger than 50 meV in any 

configurations of 4H SiC legs, and therefore stable at room temperature37.  
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It is important to note that only a minor fraction (~10%) of the tetrapods exhibited permanent 

bleaching while most of them were photostable (under standard excitation conditions (~ 200 µW 

laser power, hours of continuous irradiation). Some of the tetrapods exhibited switching to a 

different state, as was reported elsewhere23. The photostability is another prime advantage of the 

tetrapods over the traditional blinking/bleaching quantum dots, where core shell structure is 

needed35. The relative stability of the tetrapods may be explained by the shielding of the exciton 

by the thin amorphous sheath surrounding the internal crystals in the legs and the core.        

The band structure analysis predicts that the tetrapods at the longer wavelengths should exhibit 

fully polarized excitation and emission profiles. Motivated by the results of the simulations, 

polarization measurements were performed. Figure 3d show an excitation and emission 

polarization plots recorded from a single tetrapod. The polarization excitation measurements 

were carried out by rotating a half wave-plate (Thorlabs, WPH05M-532) at the excitation path. 

The emission modulation was detected by adding and rotating the linear polarizer at the 

collection path (Thorlabs, LPVIS050). There is no polarization bias induced by our optical setup 

(including the spectrometer and the gratings), and the laser line is filtered using a dichroic mirror 

(Semrock).  

The tetrapods exhibit very high polarization visibility, defined as V=(Imax-Imin)/(Imax+Imin), of 

more than 90% at excitation and emission. The offset in the angle between excitation and 

emission polarization is due to repopulation of higher energy states within the tetrapod, caused 

by non resonant excitation. The majority of the tetrapods exhibited fully polarized excitation, as 

expected from a single emitting dipole and confirmed by our single photon emission 

measurements.  Similar polarization behavior was also observed for CdS tetrapods containing 

CdSe quantum dots24. We identified only a few tetrapods emitting at the spectral range close to 

600 nm that do not exhibit polarization. This is fully consistent with the prediction of the 

quantum confinement model. Finally, the lifetime of the tetrapods measured using a pulsed 532 

nm laser is 4 ± 2 ns. The variation in lifetime arises from the different immediate environment in 

the close proximity to the exciton transition that cause non radiative recombination.  

We also studied the tetrapod emission at cryogenic temperatures (4K). As can be seen from 

Figure 4a, several tetrapods can be observed with narrow emission lines with similar FWHM at 

4K as the room temperature tetrapods. Only a few tetrapods exhibited narrowing in their FWHM 

down to ~ 2 nm (Figure 4b), while on average FWHM of ~ 3 nm was maintained (spectrometer 
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resolution is below 0.1 nm). Detailed resonant excitation of a single tetrapod will be required to 

determine the natural linewidth of these systems. Figure 4b also shows a single tetrapod with two 

orthogonal polarization states, confirming the full polarization is maintained at low temperature. 

Full extinction of the fluorescence was not possible due to lack of alignment between the 

excitation field and the tetrapod dipole absorption.  

The low temperature results support the hypothesis that the origin of the emission is a confined 

quantum system, and not a point defect. Emission from a point defect is always influenced by 

phonons, and the FWHM is temperature dependent and often reduced at 4K, towards Fourier 

transformed limited emission38, 39. Furthermore, as was shown recently, defects in SiC that emit 

single photons are extremely broad at room temperature, as typical for vacancy related defects7. 

Although in this case nanostructures rather than bulk are investigated, defect type emission is 

similar in both nanostructures and bulk materials40. Finally, the emission from 3C SiC quantum 

wells was also reported to have FWHM below 10 nm, at low temperature32.    

 

 

Figure 4. Low temperature PL of SiC tetrapods. (a) Ensemble measurement from several 

tetrapods, exhibiting narrow PL lines. (b) High resolution PL of a single tetrapod exhibiting fully 

polarized excitation profile. 

 

Conclusions 

To summarize, we identified a new semiconductor nanostructure, a silicon carbide tetrapod, 

which exhibits narrowband, bright fluorescence and single photon emission at room temperature. 

A systematic theoretical model confirms that the florescence originates from a quantum 
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confinement effect between the 3C core and the 4H legs of the tetrapod. This previously 

unknown quantum system has the potential to be a constituent in a myriad of sensing and 

quantum optical applications. For instance, it can be used for high resolution bio-labeling with an 

additional degree of quantum imaging. Through controlled variation of the tetrapod geometry, 

the band structure will be altered and the emission resonance will be tuned – a highly sought 

after requirement for solar cells and photocatalysis41, 42. One can therefore select a particular 

emission wavelength and put together a colorful array of “quantum fluorescent labels”. Such 

control of emission wavelengths is not possible with other room temperature single photon 

emitting systems. The tetrapods can also be used for quantum communications and incorporated 

into SiC micro electro-mechanical systems bridging the traditional microelectronic applications 

with quantum technologies. Finally, the SiC crystal phase tetrapods can provide an example for 

new nanotechnological pathways towards a new class of energy efficient nanomaterials that can 

deliver light harvesting significantly more efficiently than their individual counterparts.  
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