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Abstract: 

The ability to create nano-engineered silicon carbide (SiC) architectures is important for the 

diversity of optical, electronic and mechanical applications. Here we report a fabrication of 

periodic three-dimensional (3D) SiC nanoscale architectures using a self-assembled and designed 

3D DNA-based framework. The assembly is followed by the templating into silica and subsequent 

conversion into silicon carbide using a lower temperature pathway (<700oC) via magnesium 

reduction. The formed SiC framework lattice has a unit size of about 50nm and domains over 5 

um, and it preserves the integrity of the original 3D DNA lattice. The spectroscopic and electron 

microscopy characterizations reveal SiC crystalline morphology of 3D nano-architectured lattices, 

while electrical probing shows two orders of magnitude enhancements of electrical conductivity 

over the precursor silica framework. The reported approach offers a versatile methodology towards 

creating highly structured and spatially prescribed SiC nano-architectures through the DNA-

programmable assembly and the combination of templating processes.  
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1. Introduction: 

 Nanostructured silicon carbide (SiC) has attracted much attention due to the potential applications 

related to their excellent mechanical strength, chemical stabilities, optical and electronic 

properties.1-6 Particularly, nano-architectured Si and SiC are active areas of exploration in the 

fields of photovoltaics and optoelectronics. For example, due to the stability of the SiC bond and 

its wide (>3 eV) band gap, it is suitable for high temperature operation in devices.7-10 

Mechanically, silicon carbide is a high strength material, which has been shown to enhance the 

strength of composite materials when incorporated into the nanostructure of nanowires and as a 

silicon substitute in microelectromechanical systems (MEMS).11-13 Precisely formed 3D nanoscale 

architectures also holds enormous potential for engineering of nano-porous materials, with 

mechanical, electromechanical, mass transport and optical applications. 14-17 Particularly with 

respect to optical and photonic applications, the high refractive index of silicon carbide and silicon 

in comparison to silica drives the need to create tailorable 3D synthesis pathways to enable 

fabrication of complexly designed photonic devices. 5,6,18   

Although low dimensional, 1D and 2D, nanostructures of SiC can be fabricated with a help of 

traditional nanofabrication methods, the ability to create engineered 3D SiC-based nanomaterials 

is quite limited. One of the major obstacles to advancing the study on properties of SiC-based 

nanostructures and devices and transference to applications is the lack of methodology for a 

controllable fabrication of 3D nanoscale SiC architectures. This barrier is further hindered by the 

requirement for the high temperature synthesis, which generally exceeds 1400 oC.19 Recently, 

studies have demonstrated that both silicon and silicon carbide can be derived by magnesium 

reduction of a silica precursor at lower temperature (~650 oC) in the bulk form, there is an 

increasing interest to fabricate the prescribed 3D nanostructures.20-22  
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The prevalent capabilities to form patterned nanostructure of silicon and silicon carbide use top-

down approaches leverage carbothermal reduction, high temperature chemical vapor deposition 

(CVD), plasma assisted CVD, or rf/laser/plasma assisted sputtering.19,23,24  However, these are 

generally limited to low-dimensional structures. Conversely, biologically inspired materials can 

often co-opt nature byproducts to template nanostructures, benefitting from thousands of years of 

natural selection. Indeed, some of the earliest work related to low temperature silicon and silicon 

carbide production through magnesium reduction leveraged M13 phage, diatoms and food 

byproducts to template silicon and SiC to investigate nanoscale properties and applications as 

sensors.22,25 An even richer library of structures is possible when considering the recent advances 

in self-assembly of polymers, ligands and colloids. 26-28 For example, self-assembled polystyrene 

colloidal spheres were used to form meso-porous silicon or SiC crystals using a similar low 

temperature magnesium reduction approach, however with limited archetypes.29,30 Analogously,  

nanoscale phases formed by diblock copolymers phases were templated for creating scaffolds from 

SiC and other types of inorganic materials. 27,31-35  

DNA-based bottom-up method nanotechnology offer a high degree of designability and tunability 

to control formation of nanoscale constructions.36,37 Recently, the development of DNA 

nanotechnology demonstrated an ability to encode a formation a variety of nano-architectures in 

2D and 3D. 27,38-42 Particularly, DNA origami technique which uses  a long DNA paired with many 

short strands that promote DNA folding into a tens of nanometers scaffold with prescribed 3D 

shape. 43,44 The rigid DNA nano-frames can be designed with exterior facing single stranded 

sequences at vertices or edges allowing for interactions between frames. By controlling an inter-

frame connectivity one can direct self-assembly of the frames into larger scale ordered framework 

structures. 36,37,45,46 In general, it was shown that DNA-based materials can be prepared in sizes 
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from microns to millimeters using different assembly strategies such as precipitation controlled, 

or surface promoted growth  18,38,47-49. Thus, by tuning the geometry of individual nano-frames, 

lattice constant, crystal structure and assembly conditions a symmetry and overall dimension can 

be in principle controlled. 

 Given the anionic nature of DNA, different types of charge molecules can be used to intercalate, 

decorate and template DNA50-55, thus opening possibilities to create a variety of organic and 

inorganic nanomaterial which nano- and meso-structure is dictated by the underlying rationally 

designed individual DNA scaffolds or scaffolds assembled into superlattices.37,46,53,56 The ability 

to template silicon carbide from such self-assembled architectures would thus open up an immense 

library of structures possible to utilize and explore for diverse optical, electronic and mechanical 

applications. 

 Here we present an approach for templating such superlattices into a silicon-carbide framework, 

which is achieved by assembly 3D lattice framework from DNA frames, lattice silication and 

conversion into SiC with preserved nanoscale architecture of 3D DNA framework. Using 

structural, spectroscopic, and electrical characterization methods, we demonstrate a successful 

formation of SiC superlattice, reveal its composition, and electrical properties.  

2. Results/Discussion 

2.1 Synthesis and Magnesium Thermal Reduction 

The first step for creating 3D framework is an elementary building block, the DNA frame, which 

can be further assembled into a superlattice. Using a DNA origami approach, an octahedron with 

the edge length of ~29 nm was designed and assembled, similarly to our previous studies. 36,45 

Single stranded DNA with specific sequences at vertices binds with complementary sequences on 

the neighboring origami frames, thus facilitating the formation of extended superlattice, 
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represented in Figure 1a (see Supplemental Material for details). The formed superlattice has a 

simple cubic (SC) symmetry with a lattice constant of approximately 57nm, as revealed by the 

small angle x-ray scattering (SAXS) characterization (Fig. S1). This larger scale DNA structure is 

then used for templating into inorganic nano-architectured material.   

We promoted a growth of silica on the ordered DNA framework using sol-gel synthesis of 3-

aminopropyl-triethoxysilane (APTES) and tetraethyl orthosilicate (TEOS), Figure 1a-b, as 

described in supporting material/method section. The APTES/TEOS sol results in a growth of a 3-

10 nm silica layer around the 6 helix-bundle struts of the DNA octahedron, which yields a porous 

lattice architecture with voids of about 10-20 nm, as shown in Figures S1 and S2. The assembled 

and silicate crystals exhibit a cubic morphology with edge length up to 5um, which is consistent 

with Wulff shape of a SC lattice with (100) type of faces (Figure 1c). The obtained silica 

framework retains the architecture of the DNA superlattice, presenting a replica available for 

further processing. The silica struts (15-20 nm in diameter) of the framework represents the 

precursor for conversion to SiC. We induced this conversion through magnesium reduction of the 

silica, as shown in Figure 1c and Figure S2.  

Specifically, we employed a two-step process for the conversion of silica into silica carbide, 

wherein the first step magnesium silicide is produced from the reaction of silica and magnesium 

vapor at the magnesium melting point forming a byproduct of magnesium oxide (Equation 1).21 

This step is followed by a carbon-facilitated conversion of magnesium silicide and unconverted 

silica to form SiC, due to the presence of high levels of carbon in the DNA and residuals from 

buffer solution (Equation 2). The reaction is thermally assisted by the exothermic reaction of 

magnesium with silicon (Equation 1) lending itself towards this lower temperature pathway.  
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𝑆𝑖𝑂2(𝑠) + 4𝑀𝑔(𝑔)
650 𝐶
→   𝑀𝑔2𝑆𝑖(𝑠) + 2𝑀𝑔𝑂(𝑠)     (1) 

𝑀𝑔2𝑆𝑖(𝑠) + 𝑆𝑖𝑂2(𝑠) + 2𝐶(𝑠) → 2𝑆𝑖𝐶(𝑠) + 2𝑀𝑔𝑂(𝑠)    (2) 

The melting temperature of magnesium, 650 oC, is generally used for the conversion operation, 

while lower temperatures results in the incomplete or inconclusive conversions. 25,57 In our 

experimental setup, sample of silica-superlattices and magnesium turnings were collocated on a 

molybdenum boat (Figure 1a) and loaded to a tube furnace which was backfilled with Ar/H2 and 

ramped to 650 oC for 3 hours. Subsequently the sample was soaked in HCl to remove excess 

magnesium and HF to remove excess SiO2 remaining on the sample.   

2.2 Nanostructure Characterization  

We monitored the two-step conversion process described above by scanning electron microscopy 

with energy dispersive spectroscopy (SEM-EDS) to collect spatial and chemical information about 

the superlattices. Representative EDS spectra of the samples before and after conversion, presented 

in Figure 1e, show the ratio of the atomic percentage of silicon and oxygen which flip from over 

2O:1Si (Silica) to 1O:2.5Si after the conversion (SiC) was completed. Small area electron 

diffraction (SAED) of the resulting superlattice, collected using scanning transmission electron 

microscopy (STEM) (see Supporting Materials, S4), indicates a crystalline structure of the 

converted material, with the diffraction peaks corresponding to the (111), (200), and (311) of  cubic 

silicon carbide (SiC-3C), as shown in Figure 1b. 21  

Preservation of local (nanometer) and global (microns) structure, and full conversion to SiC 

require careful addition of magnesium to the reaction vessel in order to avoid adverse side reactions 

and ensure a penetration of the magnesium throughout the porous superlattice. Whereas, from 

Equation 1 we would expect that a simple 2:1 molar ratio of Mg to SiO2 is required for conversion 
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to SiC, it was observed experimentally that for the superlattice precursor to achieve full 

conversion, the mass of Mg should exceed the mass of superlattice. Indeed, an excess or shortage 

of magnesium in the reactor would adversely affect the reaction and resulted in a structurally 

destructive process. For example, a 2µl drop cast solution of sample from a 5nM solution of 

superlattice sample, results in less than 1 µg of material deposited onto the substrate. However, 

adding a 5 mg quantity of Mg turnings to the reaction chamber did not result in a complete 

conversion of the sample, as evident from Figure S3 and S10. When adding 15-20 mg of Mg, 

conversion would instead lead to the destruction of the superlattice structure. This later process is 

likely driven by an excess of Mg and the resulting formation of magnesium silicide which is 

reactive to HCl in subsequent cleaning steps. The initial silica thickness of framework struts, which 

control the degree of the porosity, also factors into to the successful conversion of the superlattice 

to SiC, requiring a porous network to ensure the efficient penetration of Mg gas into the structure. 

If the silica cladding is too thick, the structure may develop blockages, limiting a penetration into 

3D architecture. When transforming to SiC, this might prevent a further conversion of the interior 

of the lattice structure. If, however, the silica layer is too thin, a structure may not have enough 

mechanical stability to survive the conversion process. In our investigation we observed silica 

cladding as thin as 3-4 nm was sufficient to be stable, see Figure S10 and S11 for further details. 

Our experiments showed that the optimal Mg mass of 7-10 mg allowed for the preservation of fine 

lattice structure and the overall crystal, as shown in Figures 1d and S4. 
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 Figure 1. Synthesis of Silicon Carbide Framework Superlattice a. Schematics of synthesis process from 

left to right, DNA origami synthesis from DNA M13 scaffold (blue) and DNA single stranded staples 

(orange) into DNA octahedral frames, which then are assembled into a superlattice, growth of silica 

templated DNA superlattice (red), followed by conversion to SiC via magnesium reduction showing the 

molybdenum boat, sample and magnesium turnings heated at 660 oC  Ar/H2 for 3 hours with subsequent 

conversion to silicon carbide (blue). b. Transmission electron microscopy (TEM) Select area electron 

diffraction (SAED) pattern indexed with (111), (220), and (311) peaks of cubic silicon carbide. c. SEM of 

low magnification (Left, Scale bar 4um) and high magnification (Right, Scale bar 500nm) silica 
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superlattice, d. SEM of SiC region at high magnification (Left, Scale bar, 1um) and low magnification 

(Right, Scale bar, 5um). e. EDS of SiO2 superlattice precursor (left) and SiC superlattice (right) with 

silicon:oxygen atomic ration noted as 2:1 to oxygen signifying conversion to SiC.   

2.2 Chemical and Spectroscopic Characterization  

To further explore the chemical composition and crystallinity of the converted structure we 

employed X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy to investigate the 

surface binding energy and vibrational modes of the created superlattices. 

 The binding energy of the characteristic silicon 2p peak and carbon 1s peak  are both  shifted  for 

silicon carbide vs silica. 58  XPS of the superlattices (Figure 2a) shows Si2p peaks at 102.5eV and 

100eV before and after Mg reaction, respectively. These positions demonstrate a successful 

conversion from Si-Ox to Si-C.58 This process was accompanied by a shift in the C1s peak from 

248.8eV corresponding to adventitious carbon (C-C) bonds to 283 eV after conversion indicating 

C-Si bonds (Figure 2b). Together the observed peak position changes indicate a formation of SiC, 

however the broad features of the Si2p suggests a residual Si-Si in the matrix, see Figure S5.  

To investigate the details of broad Si2p peak, we employed Raman spectroscopy to probe the 

crystallinity of the SiC sample. For a SiC-converted batch of superlattices, approximately 20-30 

superlattice samples were randomly chosen and examined. Most samples displayed diffuse peaks 

around 400cm-1 and 800 cm-1 corresponding to small domains of SiC crystallites (Figure 2c). 59 

However, for a portion of the population, approximately 5%, the spectrum displayed a peak 

between 515-520 nm (Figure 2d) that corresponds to silicon crystallites. This signal was absent 

from SAED collected via TEM, shown in Figure 1b, which suggests that the silicon phase detected 

in XPS and Raman consisted of small or amorphous grains.  
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Figure 2. Spectroscopic and structural characterization of SiC superlattice. a) XPS spectra of Si2p 

peak for silica superlattice (before conversion) in red and SiC superlattice (after conversion) in blue, b) 

XPS spectra of  C1s peak  with the  284.8eV adventitious  carbon peak in red, the SiC superlattice in blue 

displays both a C-Si peak at 283 eV  and a minor adventitious C-C peak at 284.8eV. c) Raman spectra of 

superlattices after conversion showing two broad peaks associated with SiC around 400 and 800 rel. 1/cm. 

d) Raman spectra of superlattice with Silicon peak around 519 rel. 1/cm.  e) Left: HRTEM with overlay of 

an octahedral frame profile, Right: Filtered, false color image with crystalline domains in green with red 

being the pores, (scale bar 5nm). f) TEM image of a large area lattice array, (scale bar 50nm) g) Fourier 

filtered domain showing 2.5Ang distance indicative of SiC planar spacings of the (111) planes. 

 

To confirm the local composition of the obtained SiC superlattice, we performed a high-resolution 

(HR)-TEM on a cross section sample that displayed the Raman signals, Figure 2(e-f). The 

crystalline domains confined to the struts of the octahedron, presented in Figure 2f, have a lattice 

fringe of 2.5 Å, which corresponds to the d-spacing of (111) planes in SiC. This agrees with the 

diffraction ring (Figure 1b) for the global structure also measuring 2.5 Å, which corresponds to 

the SiC-3C polymorph of silicon carbide, a cubic crystal structure with a lattice constant of 4.35 

Å.  A Fourier filtered image with false coloring in Figure 2d allows us to discern that SiC 

polycrystalline grains (green) are locally confined to the DNA octahedral frame template with 

amorphous material, likely Si, filling the rest of the remaining matrix. The size of these SiC 

crystallites is around 2-5 nm, as revealed by the TEM imaging (Figure S4), which explains the 

observed broad SiC Raman signal. Based on the XPS results we estimated that the matrix is 

composed from over 60% the crystalline SiC, 30% of the amorphous silicon and the remaining 

phosphorous and oxide that were not removed by hydrofluoric acid. Thus, our spectroscopic and 



 12 

structural studies confirm the formation of SiC framework and provides the detailed information 

about its composition. 

2.3 Electrical Characterization  

To evaluate functional characteristics of formed silicon carbide, we performed electrical 

characterization of the superlattice samples. In order to avoid contamination of the sample, we 

used an in-situ FIB/SEM electrical testing apparatus which allowed us to limit the use of gallium 

and platinum that are typically required for sample preparation. Using the sample substrate of 

molybdenum foil as the common ground, and omniprobe as the source terminal (Figure 3a), we 

measured current-voltage (I-V) characteristics of the converted superlattice sample (5um edge 

length). To make ohmic contact between the omniprobe and the sample (Figure 3b-d) a small 

amount of platinum (Pt) was deposited to the sample with the Ga ion beam. Shown in the Figure 

3e is the magnified region of the deposition, which clearly reveal a highly localized Pt with the 

underlying lattice undisturbed. The I-V curve of converted SiC superlattice was compared against 

nominal glass, silica formed without DNA in the solution, and silica-superlattices (our pre-

conversion material), see Figure S6.  

The silicon carbide superlattice displayed a resistivity two order of magnitude lower than that of 

the silica superlattice (Figure 3f) and four orders of magnitude lower resistance than sol-gel silica 

without any DNA. Assuming a simplified geometry of a cube with an edge length of 5um, the 

resistivity of a SiC superlattice sample was estimated as ~3k ohm-m. This compares against the 

silica superlattice at ~300k ohm-m and the bulk resistivity of commercial silicon and silicon 

carbide which doping and purity can result in a spread of 0.01 and >10k ohm-m, see Figure 3g for 

comparison plot.60,61 The small polycrystalline domains of SiC and other impurities likely to 

contribute to the conductivity of the resulting superlattice, but the reduction of resistivity by a 
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factor of 100x is a promising indication that future refinement can improve quality of the obtained 

SiC even further.  

 

 

Figure 3. Electrical Characterization of SiC superlattices. a. Keithley, a positive probe running through 

an omniprobe with ground connecting through the baseplate of the fib/sem stage. b) A SiC superlattice on 

Mo substrate (scale bar, 4um), c) High Mag SEM of top surface of the SiC sample before contact (scale 

bar, 500nm). d) Contacting the sample with the omniprobe, (scale bar, 5um) e) Higher magnification SEM 

image of the tip region from (d) showing the preserved nanostructure after securing ohmic contact with Pt, 

(scale bar 1um) f) I-V curve sweeping between +/- 10V  showing the comparison of SiC superlattices with 

SiO2 superlattices. g) A comparison plot for the range of resistivities, with the SiO2 superlattice in purple, 
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the SiC superlattice in green alongsize the range associated with SiC bulk in orange and silicon bulk in 

orange .60,61   

3. Conclusion 

Here we have demonstrated a new approach for creating of 3D periodic nanoscale SiC superlattices 

with well-defined architectures. Our approach utilizes a DNA-based self-assembly strategy with 

further silica templating and conversion into SiC.  This approach can be potentially generalized 

for creating different types of 3D silicon carbide superlattice architectures by leveraging the tailor-

ability of DNA assembly to fabricate different types of lattices and architectures, with or without 

integration of nanoparticles. The ability to template DNA origami frameworks into SiC replica 

architecture represents a powerful tool for the creation of potential novel photonic, electronic and 

mechanical materials. The small size (3-5nm) of the SiC crystallites within the nanoscale 

framework, shown in our studies,  is an encouraging step towards refinement to larger grain growth 

with application of different annealing methods and high temperature post processing.  The results 

of Raman and XPS measurements also suggest the possibility of refining the synthesis process for 

optimization of a silicon based nanoarchitectures 25,57. Future work would look to further explore, 

electrical, mechanical, mass transport and thermal properties of these complexly organized 3D 

frameworks with architectured porosity made possible by this fabrication route, and will expand 

the presented approach to other types of framework nano-architectures.    

4. Experimental Section 

DNA origami synthesis 

In the presented approach we fabricated 3D simple cubic lattice from ~30 nm building blocks, 

DNA origami.56  DNA-origami octahedron frames were synthesized from m13 phage DNA 

scaffold strands and numerous staple strands. The origami was folded over 20hr in a PCR, and 



 15 

mixed with its complement in a PCR for an additional 5 days to yield superlattices approximately 

5-7 µm in edge length. The structure was characterized using small angle scattering at the CMS 

beamline to have a lattice constant of 57nm, for further information see Figure S1. 

Templated Silica Growth 

These superlattices were transferred to a low Mg buffer, converted to silica using an amended sol-

gel synthesis of 3-Aminopropyl-triethoxysilane (APTES) and tetraethyl orthosilicate (TEOS) 

protocol and then drop cast to silicon wafer or molybdenum foil for imaging in the SEM. See 

Supplemental for more details.   

Magnesium Thermal Reduction 

In order to convert formed superlattice into silicon carbide, we placed a sample 2-3ul of sample in 

a molybdenum boat. The sample was then dried in vacuum oven at 80oC for at least 30 minutes. 

The boat was transferred to the tube furnace adding 10mg Mg turnings either near or directly on 

top of the sample. The furnace was pumped first to <400mTorr, then backfilled with Ar/4% H2 

and brought to 660oC for 3 hours. Conversion below 650 oC did not yield positive results. Both 

backfilling the furnace and continuous flowing Ar/4%H2 led to positive conversion however for 

consistency a backfilled furnace was used for the experiments.  

 The resultant sample was removed from the furnace and immersed in 2M HCL for 12 hours to 

assist in removing MgO and unreacted Mg. To reduce oxygen content further, etching was 

performed with HF 10:1 Buffered oxide etch solution for 5 minutes or 50:1 BOE for 15-20 

minutes. Sample were dried with a nitrogen gun and examined immediately or placed in a 

desiccator to help reduce dust accumulation. Samples were examined in the Fib/SEM, SEM-EDS, 
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TEM, Raman, UV-Vis, XPS, and HR-TEM, along with electrical testing, for further details refer 

to supplemental information.   

Supporting Information: 

The Supporting Information is available free of charge on the ACS Publications website at DOI: 

XXXX  

Detailed Experimental Conditions, High Resolution TEM, cross-sectional imaging, small angle x-

ray scattering (SAXS) and additional figures and discussion.  
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