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Abstract

Controlled engineering of isolated solid state quansystems is one of the most prominent
goals in modern nanotechnology. In this letter veendnstrate a previously unknown quantum
system namely silicon carbide tetrapods. The tettaphave a cubic polytype core (3C) and
hexagonal polytype legs (4H) — a geometry thatteee@a spontaneous polarization within a
single tetrapod. Modeling of the tetrapod strudupeedict that a bound exciton should exist at
the 3C-4H interface. The simulations are confirnbgdthe observation of fully polarized and

narrowband single photon emission from the tetrapatdroom temperature. The single photon
emission provides important insights towards urtdeding the quantum confinement effects in
non-spherical nanostructures. Our results pave whg to a new class of crystal phase
nanomaterials that exhibit single photon emissiomam temperature and therefore are suitable

for sensing, quantum information and nanophotonics.
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Introduction

Fluorescent nanostructures that can emit singléoplscon demand are important for a variety of
applications spanning biosensing, photocatalydistqvoltaic and quantum technolodiésA
new class of materials that recently attracts amable attention is the homogeneous hetero-
structure - alternatively termed crystal phase tuardotS. These nanomaterials have identical
chemical composition with alternating polytypesor instance wurtzite (WZ) and zincblende
(ZB) in the arsenide famify*. Indeed, engineering InP nanowires with periodiz/¥B8 yielded
great insights into the understanding of excitomadyics and realization of quantum dots
embedded within nanowirfsand lasing’.

Silicon carbide (SiC) is another example of a makavith over 200 known polytypes, with the
cubic 3C and hexagonal 4H structures among the omsstmon polytypes. SiC was studied for
many decades for its outstanding mechanical, eeictrand thermal properties, with a large
variety of applications including light emitting atles (LEDs)' and micro- and nano-
electromechanical systemsRecently, coherent control over spin defectsifferént polytypes

of SiC'® " and the realization of single photon emission fioatk 4H SiC was demonstrated
underpinning its prime role in integrated multiftinoal quantum devices.

In this paper we report that silicon carbide tebdgp can be harnessed as room temperature,
single photon emitters due to the quantum confimgraffect at their structure. The origin of the
guantum confinement and the non-classical emissitihe homogeneous heterostructure of the
3C core and 4H legs that form a crystal phase &i@god. Earlier works on ZnO tetrapods and
CdTe tetrapods have also shown that a single tedrapn have a zinc-blende core and wurtzite

armst®??

Experimental

The tetrapods were grown using microwave plasmanata vapor deposition (CVD) from
adamantane molecules embedded in a solgel mathie.gfowth conditions were: microwave
plasma power of 900W under 99 % methane and 1 %obgd, with no external heating source.
At these conditions, the typical substrate tempeeats 950C. The growth duration was 25
minutes. The structure of a SiC tetrapod is shostematically in Figure 1a. Figure 1b shows a

high resolution scanning electron microscope (SEMjge of the tetrapods. The majority of the
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tetrapods have an average leg length of 100 nnmegndiameter smaller than 50 nm, with a core

as small as several nanometérs

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

Results and Discussion

Modeling of thetetrapod band structure

The possible band structure in SiC tetrapods idyaed by means of quantum mechanical
simulations on a simplified model of SiC tetraposthis simplified model we assume a perfect
and abrupt interface between 4H and 3C SiC regiand,two 4H SiC legs embedding the 3C
core are taken to describe the electronic struatfirhe system (Figure 2a). In the other two
dimensions we assume that some nearly constariteprefg. the cylindrical equivalent of the
Bloch states of perfect 4H and 3C crystals arestiletion. This treatment was already justified
for similar tetrapod geometrigs® As the diameter of 4H SiC legs is relatively Eajose to 3C
core region, the dielectric confinement might metytalter the conduction band or valence band
edges of the bulk 4H SiC, so this effect is neglécThe optical excitation of the system creates
a hole in the valence band and an electron in tmwction band of this system. The hot
electron and hole can rapidly relax to the lowewrgy excited state with the help of phonons
where the electron and hole stay at the conduetr@hvalence band edges forming an exciton.
This exciton is confined along the quasi one-dinred potential curve created by 4H (leg) -
3C (core) - 4H (leg) structure. The radiative deodythis exciton gives rise to an emission

(supplementary information, Figure S1).
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Although it seems an oversimplification for thestisight, the quasi-one-dimensional modelling
of quantum confinement of our SiC tetrapods isdydiiecause of the following reasons. First,
similar modeling assumptions were used to studgro®® models of similar systems systéms
2930 Moreover, employing our quasi 1D model, we webke o qualitatively reproduce the
results reported in RéF. The key feature of such systems is the electale-air overlapping in
the quantum dot region (in the core of the tetrapodur case), or bound together at the
boundary of it. Even the spectra (both measuredsandlated) of these systems suggest that the
dynamics is determined by a parameter which iglifierence of the maximum and minimum of
several (almost) normally distributed random vdaab(see as an example the characteristic
curve in figure 1 of Ref® 2%, or a linear function of it. In our example, thisll be AV —
potential difference along the legs. It is worthnti@ning that a similar pattern would have been
the result of dielectric confinement in thinner de@s it can be seen in R&f where the
dominant part of emission frequency distributioexplained using the same model.

Second, the tiny size of the relevant quantum égion and the concentrated nature of the
exciton ensure that the system's behavior is banéliyenced by the boundary of the tetrapod,
the disregarded legs or the curvature of its dipad, determined by the two legs with minimum
and maximumd4V. Moreover, it is also not critical to the modeathhe length/diameter ratio of
the one-dimensionally modeled dipod part is a bialer than the value needed to have the
finite-length effects of a nanorod to become sigaiit according to Réf.

We find that the emission wavelength of the indixbtetrapods depends on their asymmetry in
terms of potential steepness in the core regiogufEi 2b). If the length of 4H legs was about the
same in a given tetrapod (glob& symmetry) then a classical rectangular quantunh feehs

for the electrons in the conduction band (0.92 ad) a minor potential barrier for the holes in
the valence band (0.05 eV), so that the potentialecdoes not show any steepned¥ € 0).
The excited electron in the conduction band isngty confined in 3C core, and will attract the
hole in the valence band to stay at 3C core regibe. calculated Coulomb-energy between the
electron and hole is about 0.5 eV which can surmhtuwn small potential barrier energy for the
hole in the valence band edge. Similar effects lmen observed in other tetrapod systéfifs
Thus, both the electron and hole are confined irc8@ with emission at the proximity of 600
nm. In addition, the symmetric tetrapods shouldwsino polarization of light. However, if the

length of the 4H legs was different (i.e. not &k tegs have the same length) in a SiC tetrapod



Nanoscale Page 6 of 13

then this induces different polarization of surfadearges at the end of 4H legs in these
tetrapods, so a steep potential curd¥ & 0) both for the electrons and holes in the cotido
and valence band edges induced by a spontanecarizptibn in 4H SiC legé ** (Figure 2a).
This effect creates a triangular potential welltfog electron in the conduction band, and starts to
push the hole away from 3C region. The exciton,cWwhs not only bound by the Coulomb
attraction of its part, but the deep triangularrquan well potential, is stable at room temperature
in these tetrapods, and gives rise to emissiohenrange of ~ 600 — 800 nm depending on the
geometry.

We also find thadV > 0.15 eV is sufficient to separate the localmatof the electron (3C core)
and hole (4H leg) in these tetrapods which leadbree main differentiations with respect to the
ideal case of symmetrical tetrapods: (i) longerssion wavelengths as seen from the simulation
in Figure 2b), (ii) polarization of the emitted tigalong one of the four 4H legs, (iii) decreasing
binding energy of excitons. We note that the cal@d binding energies of the exciton always

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

' .
2
s

1 L > 0.0 0.1 0.2 0.3 0.4 0.5
0 dsc z AVeV]

800 nm
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Energy (eV)

600 nm

Figure 2. Modeling of the tetrapods. (a) Positions of hatel electron when the potential is
steep in the core region. Reachable potential réifiees are greater than Coulomb attraction,
which causes the exciton annihilation lower andetimétted photon red shifted. 0 eV was aligned
to the VBM of 4H-SiC at the end of 4H-SiC legs. Twend gap is 3.23 eV and 2.39 eV for the
4H-SiC and 3C SiC, respectively. (b). Calculatedssion wavelengths (false color) from this
model wher\V is the potential difference along the legs agglisl the diameter of the 3C core,
respectively. The steep potential curve with a lhieaf AV 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 caafomicroscopy with a 532 nm excitation
(average power 20QW) laser was employed to characterize the tetrapdtie laser was
focused through a high numerical aperture objedi®/85,x100 Nikon), and the emission was
collected through the same objective. The resitasar light was filtered using a dichroic mirror
and a set of bandpgass filters (Semrock) and #restnitted light was focused into an optical
fiber. The core of the fiber served as a confopartre. Figure 3a shows a confocal map of the
grown tetrapods. Many fluorescent spots correspanth single tetrapods are visible. Figure 3b
shows a representative photoluminescence (PL) rsjmedrom a single tetrapod, revealing a
very narrow and bright PL line centered at ~ 728amtonfirmed by our simulations. The full
width at half maximum (FWHM) of most of the fourettapods is approximately ~5 nm, making
them the narrowest known emitting semiconductorongystals at room temperature. We
imaged more than 100 tetrapods, and all exhibitedas narrow PL lines. The majority of the
tetrapods exhibited fluorescence above 700 nm (sommtary information, Figure S2), in
accord with the theoretical model. The majoritytiod tetrapods show asymmetry in their length
of legs as inferred from high resolution transmmsabectron microscope images (supplementary
information, Figure S3), that further supports ttheeoretical model and the flouresence
distribution.

The single photon emission from the tetrapods wasfitned by photon correlation
measurements using a Hanbury-Brown and Twiss ar@mieter. Figure 3¢ shows a second
order correlation functiong®(D=<1(t)I(t+D)>/<I(t)>2 recorded from a single tetrapod at
minimum and at saturation excitation power. Thenptoced antibunching dip in the photon
statistics at zero delay timg?(0~ 0.2) indicates that the emission originates from alsing
photon emitter. The deviation from O is attributedhe overall background from other excitonic
transitions and broad substrate luminescence (30lye higher excitation powers, moderate
bunching behavior is observed, indicating the presef shelving states. The whole system can
then be described as a three level system, a tymiodel for fluorescent quantum ddtsAt
saturation we measured up to 450,000 photons/s &wmimngle tetrapod, comparable to other
single emitters in nanodiamonds and defects in biliton carbide. (supplementary information,
Figure S2).
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Figure 3. Single photon emission and polarization measun¢snef single tetrapods. (a) 22x22
um® confocal map showing several tetrapods. (b) Reptasive PL spectrum of a single
tetrapod showing with a FWHM of ~ 5 nm. (c) Secaordler correlation function, ‘Q(t),
obtained by collecting the light emitted from a glen tetrapod at minimum and saturation
excitation power, determines that the tetrapods simgle photon emitters. The curves are
displaced for clarity. (d) Excitation polarizatigred squares) and emission polarization (black

circles) of a single tetrapod. The lines are th&ofthe experimental data.

Single photon emission was reported from colloi@dSe/Cds quantum dots embedded inYods
and recently from GaN quantum dots embedded in wiaes®. The observation of quantum
emission from SiC tetrapods at room temperaturgufgported by a quantum-confined exciton
model. The quantum confinement occurs due to therface between 3C/4H of the SiC —
forming a crystal phase quantum dot with a bindamgergy larger than 50 meV in any

configurations of 4H SiC legs, and therefore stalblmom temperatuté
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It is important to note that only a minor fracti¢nl0%) of the tetrapods exhibited permanent
bleaching while most of them were photostable (ustEndard excitation conditions (~ 20W
laser power, hours of continuous irradiation). Sashehe tetrapods exhibited switching to a
different state, as was reported elsewffeféhe photostability is another prime advantagehef
tetrapods over the traditional blinking/bleachingagtum dots, where core shell structure is
needed’. The relative stability of the tetrapods may bplaied by the shielding of the exciton
by the thin amorphous sheath surrounding the iatemystals in the legs and the core.

The band structure analysis predicts that thegetta at the longer wavelengths should exhibit
fully polarized excitation and emission profiles.otiated by the results of the simulations,
polarization measurements were performed. FiguresBdw an excitation and emission
polarization plots recorded from a single tetrapdde polarization excitation measurements
were carried out by rotating a half wave-plate (fTddos, WPHO5M-532) at the excitation path.
The emission modulation was detected by adding rmating the linear polarizer at the
collection path (Thorlabs, LPVIS050). There is mgpization bias induced by our optical setup
(including the spectrometer and the gratings),thedaser line is filtered using a dichroic mirror
(Semrock).

The tetrapods exhibit very high polarization vibilj defined asV=(Iyax-Imin)/(Imaxt Inin), Of
more than 90% at excitation and emission. The bfisethe angle between excitation and
emission polarization is due to repopulation ofheigenergy states within the tetrapod, caused
by non resonant excitation. The majority of thedpbds exhibited fully polarized excitation, as
expected from a single emitting dipole and confdmby our single photon emission
measurements. Similar polarization behavior was abserved for CdS tetrapods containing
CdSe quantum ddts We identified only a few tetrapods emitting a¢ $pectral range close to
600 nm that do not exhibit polarization. This idlyfuconsistent with the prediction of the
guantum confinement model. Finally, the lifetimetioé tetrapods measured using a pulsed 532
nm laser is 4 + 2 ns. The variation in lifetimesas from the different immediate environment in
the close proximity to the exciton transition tbatise non radiative recombination.

We also studied the tetrapod emission at cryogtmtperatures (4K). As can be seen from
Figure 4a, several tetrapods can be observed \aitfow emission lines with similar FWHM at
4K as the room temperature tetrapods. Only a férageds exhibited narrowing in their FWHM

down to ~ 2 nm (Figure 4b), while on average FWHM-& nm was maintained (spectrometer
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resolution is below 0.1 nm). Detailed resonant taicin of a single tetrapod will be required to
determine the natural linewidth of these systerngurE 4b also shows a single tetrapod with two
orthogonal polarization states, confirming the fuslarization is maintained at low temperature.
Full extinction of the fluorescence was not possibdue to lack of alignment between the
excitation field and the tetrapod dipole absorption

The low temperature results support the hypothtbsisthe origin of the emission is a confined
guantum system, and not a point defect. Emissiom fa point defect is always influenced by
phonons, and the FWHM is temperature dependentoéied reduced at 4K, towards Fourier
transformed limited emissidh>® Furthermore, as was shown recently, defects @htBat emit
single photons are extremely broad at room temperags typical for vacancy related defécts
Although in this case nanostructures rather thdk are investigated, defect type emission is
similar in both nanostructures and bulk mateffalBinally, the emission from 3C SiC quantum
wells was also reported to have FWHM below 10 rnipwa temperatur®.

o
o

—V Pol
——H Pol

Intensity (arb. units)
Intensity (arb. units)

600 Y 630 ' 6&0 ‘ 6‘;0 ‘ 750 ’ 75rO r 7é0 ' 6%0 ()é() 660 7(I)0 TiO
Wavelngth (nm) Wavelngth (nm)
Figure 4. Low temperature PL of SiC tetrapods. (a) Ensembasurement from several
tetrapods, exhibiting narrow PL lines. (b) Highatesion PL of a single tetrapod exhibiting fully
polarized excitation profile.

Conclusions
To summarize, we identified a new semiconductorosaincture, a silicon carbide tetrapod,
which exhibits narrowband, bright fluorescence aimgjle photon emission at room temperature.

A systematic theoretical model confirms that therdscence originates from a quantum

10
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confinement effect between the 3C core and the dg$ lof the tetrapod. This previously
unknown quantum system has the potential to berstiteent in a myriad of sensing and
guantum optical applications. For instance, it barused for high resolution bio-labeling with an
additional degree of quantum imaging. Through cil®d variation of the tetrapod geometry,
the band structure will be altered and the emissasonance will be tuned — a highly sought
after requirement for solar cells and photocatafyst> One can therefore select a particular
emission wavelength and put together a colorfuhyalef “quantum fluorescent labels”. Such
control of emission wavelengths is not possiblehwsther room temperature single photon
emitting systems. The tetrapods can also be ugegumtum communications and incorporated
into SiC micro electro-mechanical systems bridgimg traditional microelectronic applications
with quantum technologies. Finally, the SiC crygthhse tetrapods can provide an example for
new nanotechnological pathways towards a new dbesergy efficient nanomaterials that can

deliver light harvesting significantly more effiaigy than their individual counterparts.
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