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Top-down formation of biocompatible SiC nanotubes
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It was found that the synthesis of silicon carbide epitaxial layers on silicon by coordinated substitution of atoms

can be accompanied by the formation of silicon carbide nanotubes growing deep into silicon substrates. That is, for

the first time discovered a new
”
top-down“ mechanism for the formation of silicon carbide nanotubes.
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1. Introduction

Silicon carbide (SiC) quasi-one-dimensional nanostruc-

tures generate considerable interest because of their unique

properties [1]. Such nanostructures have great potential for

a number of technological applications, for example, in gas

detectors [2–4], transistors [5], and pressure sensors [6].
Typically, quasi-one-dimensional SiC nanostructures, in-

cluding nanotubes, are synthesized
”
bottom-up“ via the

vapor-liquid-solid (VLS) mechanism using various growth

catalysts [7–10]. Also, they can be formed by self-catalytic

growth, with the help of masks [11] or by the vapor-solid-

solid (VSS) mechanism [12]. In all cases, the growth of

SiC nanostructures occurs from the substrate upward, i. e.

”
bottom-up“.

It should be noted that close attention is drawn to studies

not only of the above-mentioned nanostructures, but also

of bulk SiC, including layers and thin films. It is well

known that films of wide-gap materials synthesized on

foreign substrates, such as silicon (Si), can be separated

and transferred to other substrates. Therefore, such SiC

layers can be of significant interest not only from the

point of view of creating various device structures, for

example, microelectromechanical systems (MEMS) and

nanoelectromechanical systems (NEMS) [13], but also the

production of SiC substrates (or sufficiently thick layers of

silicon carbide).
To date, various methods have been proposed for the

synthesis of SiC layers on silicon [14,15]. However,

one of the most promising methods among them is

the recently proposed solid-phase epitaxy method [16,17].
It is based on the implementation of a coordinated

replacement of part of the atoms of the silicon sub-

strate with carbon atoms when heated to tempera-

tures up to the melting point of silicon of 1410◦C in

an atmosphere of carbon-containing gases due to the

chemical interaction of gaseous carbon monoxide (CO),
which takes place according to the following reac-

tion (1) [16–18]:

2Sis + COg → SiCs + SiOg ↑ . (1)

As it is shown in [16,17], reaction (1) consists of two

stages. At the first stage, an intermediate, metastable

structure is formed, consisting of a silicon vacancy resulting

from the removal of silicon and carbon in the interstitial

position of silicon. This stage is described by reaction (2):

COg + Sis → C + VSi + SiOg , (2)
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where VSi is the silicon vacancy, g subscript indicates the

gaseous phase. The silicon vacancy and carbon, according

to [16,17], are located in the silicon lattice along the

〈111〉 direction. Only this arrangement ensures that the

point defects VSi and the carbon atom elastically attract to

each other forming a metastable complex. It is with this

arrangement of point defects that the isobaric-isothermal

potential of SiC formation [16] has a minimum, i. e. a

chemical reaction (1) becomes possible.

In the second stage of the reaction, carbon shifts towards

the silicon vacancy

Sis + C + VSi → SiCs . (3)

Here the s subscript indicates the solid phase. Due to the

fact that the volume of the SiC lattice cell is almost 2 times

less than the volume of the Si lattice cell, shrinkage of the

material takes place in the process of reaction (3). As a

result of this shrinkage, a SiC layer and shrinkage pores

under this layer are formed at the SiC-Si interface.

It should be noted that the formation of channels and

pores under the SiC layer was discovered in [19,20],
however, their morphology, structure, and properties have

not been systematically investigated before. In this study, it

will be shown for the first time that during the synthesis of

SiC layers on Si using this method, under certain conditions,

the formation of biocompatible SiC nanotubes growing deep

into the Si-substrate, i. e.
”
from top to bottom“, can be

realized.

2. Experiment and discussion of results

As it was noted earlier, layers of wide-gap materials

are of significant interest for the creation of various

MEMS structures, for example, membrane-type pressure

sensors [21]. To manufacture such structures, SiC layers

produced by solid-phase epitaxy were used. They were

synthesized within 20minutes. A preliminary study carried

out using a JEOL JSM 7001F scanning electron microscope

(SEM) showed that the thickness of the resulting SiC layers

was ∼ 500 nm. To create pressure sensor membranes,

it was necessary to carry out a number of technological

operations. First, a chromium mask of a certain design

was created on the surface of samples with a SiC film

using photolithography to form freely suspended beam

membranes in the following stages. Then, etching was

carried out in the SF6 plasma, as a result of which fairly

deep mesas of the order of several micrometers were

formed with layers of silicon carbide located on top. Then,

the residual chromium was removed in a Ce(SO4)2-based
etchant.

The results of the SEM study of the surface morphology

of samples with formed mesas unexpectedly revealed

(Figure 1) that, in addition to the SiC layer, nanostructures

with a maximum length reaching 4µm were also discovered,

growing from the SiC layer deep into the silicon substrate,

on which they were formed. It is obvious that the decoration

2 mm

Figure 1. SEM image of the formed SiC nanostructures growing

from the SiC layer downwards, i. e.
”
from top to bottom“.

1 mm

Figure 2. SEM-image of an inverted SiC layer with nanotubes

transferred onto a LK5 glass substrate.

of SiC nanostructures growing
”
from top to bottom“ —

deep into the substrate, in contrast to semiconductor

whisker nanocrystals formed within the standard VLS

mechanism, i. e.
”
bottom-up“ occurred during plasma

etching operations.

In order to study the discovered nanostructures in

more detail, steps were undertaken to transfer SiC base

layers with the formed SiC nanostructures onto LK5 glass

substrates. For this purpose, silicon under the formed

layers with nanostructures was partially etched in a
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50 nm

Figure 3. TEM-images of a single SiC nanotube.

1 mm 1 mm

1 mm 1 mm

a c

b d

Figure 4. SEM-images of transferred SiC layers with nanotubes produced at: a) Si (111), t = 3.5min, b) Si (111), t = 40min,

c) Si (100), t = 3.5min, d) Si (100), t = 40min.

HF :HNO3 : CH3COOH (9 : 2 : 4) selective acid etchant.

The etching time ranged from 2 to 30min and depended

on the porosity of the SiC film. Obviously, if the silicon

substrate was completely etched, the SiC film could curl

up due to internal stresses, which would complicate the

transfer process. Therefore, immediately before the start of

the etching process, microscopic drops of photoresist were

applied to several places on the surface of the SiC layer,

which promoted less intense etching of the samples under

the areas protected by them. As a result, the SiC layer

appeared to be suspended on supporting Si pillars. Then,

glass substrates were welded to the front surface of the

samples using anodic welding. After breaking off the Si

pillars, the inverted SiC layer with nanostructures ended up

on the glass substrate.

A detailed study of the obtained samples using SEM

(Figure 2) has demonstrated that as a result of the synthesis

of layers on silicon substrates with a duration of substitution

processes equal to 20min carried out by solid-phase epitaxy

densely-packed arrays of SiC nanostructures, similar in

shape to nanotubes, were formed growing in depth (
”
from

top to bottom“) of silicon substrates.
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Figure 5. Confocal reflection microscopy of human mes-

enchymal stem cells after staining with DAPI (4′, 6-diamidino-

2-phenylindole) (blue nuclei) and Rhodamine-phalloidin (red
staining of the actin cytoskeleton) after 2 h of cultivation on chips

with arrays of SiC nanotubes.

In order to verify the assumption made about the shape of

the resulting nanostructures, they were studied using a Zeiss

Libra 200 FE transmission electron microscope (TEM). The
results of the study confirmed (Figure 3) that the detected

nanostructures are indeed nanotubes with a cubic crystal

structure. Moreover, they have a rather complex shape.

Their outer diameter varies from 100 to 200 nm, and the

wall thickness is < 10 nm.

It should be noted that such an unusual
”
top-to-bottom“

formation of SiC quasi-one-dimensional nanostructures was

observed for the first time. To study the growth processes

of SiC nanotubes, a series of samples with SiC layers

was prepared, which differed both in the crystallographic

orientation of the silicon substrates, (100) and (111),
and in the formation time of the structures themselves

(varied in the range from 3.5 to 40min). In the course

of a series of technological operations, SiC layers with

nanostructures created on them were transferred onto LK5

glass substrates by the method described above. Figure 4

shows SEM-images of some of the prepared samples with

SiC nanotubes, synthesized at different orientations of Si

substrates and times of substitution processes.

It can be seen that the crystallographic orientation of the

initial substrate has a significant effect on the formation of

nanostructures. At the same duration of the substitution

process, in the case of (100) type orientation of silicon

substrates, the process of growth of nanostructures into the

depths of silicon substrates is much more intense compared

to substrates with (111) type orientation (Figure 4). Most

likely, this is due to the denser packing of the Si(111)

substrates. It can be seen that the process of formation

of SiC nanostructures also strongly depends on the growth

time. At the initial stages, most likely, penetration of carbon

atoms occurs along selected crystallographic planes or

directions with their subsequent decoration (Figure 4, a, c).
It was found that the process of nanotube formation begins

after times of the order of 10min. The nanostructures

produced with long synthesis times can be called nanotubes,

because the images show the presence of internal cavities

that were filled with silicon atoms. Thus, during the

formation process, carbon atoms penetrated deep into the

silicon substrates through some dedicated channels.

Glass chips with transferred base layers and arrays of

SiC nanotubes produced at substitution times of the order

of 30min were used for studies with cell cultures. We

used the non-transformed FetMSC line from the collection

of vertebrate cell cultures (Institute of Cytology, Russian

Academy of Sciences) as a human mesenchymal stem cell

(MSC) line. The morphological features of cells after 1 day

of cultivation were assessed using confocal microscopy. It

can be seen in Figure 5 that after just 2 h of cultivation,

the cells are spread out on the arrays of SiC nanotubes

and stained actin filaments become visible. Thus, it was

demonstrated that the resulting arrays of SiC nanotubes do

not have a toxic effect and therefore can be considered

not only as a basis for various detectors, but also as

biocompatible materials.

3. Conclusion

During the research activities, a conceptually new mech-

anism for the formation of SiC nanotubes —
”
from top to

bottom“ was discovered and studied. The results obtained

open up broad prospects for the relatively cheap production

of SiC nanotube arrays, which could potentially be used

for a number of instrumental applications, for example, for

various gas sensors and detectors. The study of samples

with human cells cultured on them showed that they do not

have a toxic effect. This greatly expands the potential use of

newly developed materials.
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