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Abstract: The growth of vertically aligned carbon nanofibers (VACNFs) in a catalytic dc
ammonia/acetylene plasma process on silicon substrates is often accompanied by sidewall deposition
of material that contains predominantly Si and N. In fluorescent microscopy experiments, whereby
VACNFs are interfaced to cell and tissue cultures for a variety of applications, it was observed that
this material is broadly fluorescent. In this paper, we provide insight into nature of these
silicon/nitrogen in-situ coatings. We propose a potential mechanism for deposition of SiNy coating
on the sidewalls of VACNFs during PECVD synthesis and explore the origin of the coating’s
fluorescence. It is most likely that the substrate reacts with process gases similar to reactive
sputtering and chemical vapor deposition (CVD), forming silane and other silicon bearing
compounds prior to isotropic deposition as a SiNy coating onto the VACNFs. The formation of Si-
nanoclusters (NCs) is also implicated due to a combination of strong fluorescence and elemental
analysis of the samples. These broadly luminescent fibers can prove useful as registry markers in

fluorescent cellular studies and for tagging and tracing applications.
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1. Introduction

It is reported that under some synthesis parameters a silicon nitride coating forms on the
sidewalls and at the base of vertically aligned carbon nanofibers (VACNFs) during plasma enhanced
chemical vapor deposition (PECVD) synthesis [1-5]. The conical shape of VACNFs, as captured
using scanning electron microscopy image in Figure 1, is due to SiNy sheathing layer as shown in
transmission electron microscopy images in Figure 2. This coating has proven useful for enhancing
mechanical properties and biocompatibility [6]. The increased mechanical properties stem from
changing the fiber structure to a more conical shape in comparison to the cylindrical shape of
unsheathed carbon-rich VACNFs. Some of the benefits of this coating include the ability of fibers to
withstand being pressed into tissue many times without mechanical degradation [3] and sufficient
rigidity to undergo many post-processing steps such as spincasting without collapse [3,6,7]. SiNy
nano-layers have been shown as promising in photovoltaics as surface passivation [8,9]. In one study,
the source of the SiNy sheathing was a thin sacrificial Si layer on the underlying substrate [2]. A
different study used drop cast Si microparticles that redeposited onto the VACNFs during
synthesis [6]. However, in all of these instances, the only source of silicon was either the bulk
substrate or a layer added to the substrate. It was never as a silicon bearing gas, such as silane.
VACNFs are conventionally grown from a combination of two gases, a carbon source and a
nitrogenous etchant, most typically acetylene and ammonia, respectively. The coating forms during
PECVD synthesis through redeposition of any present silicon in combination with nitrogen from
ammonia. This SiNy coating is a by-product of a complex interplay of plasma surface interactions as
it is yet to be fully analyzed [10]. The coating can also be fluorescent in the visible spectrum, making
it potentially useful for biomarking in cellular interfacing studies, including impalefection, a
technique employing VACNFs and other high aspect ratio structures for macromolecular delivery
into cells and tissue [11]. Herein is proposed a deposition mechanism for the SiNy coating to the

VACNEF sidewalls as well as exploration of the photoluminescent properties of the coating.
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Figure 1. SEM image of an array of vertically aligned carbon nanofibers
synthesized on Si substrate with SiNx coating. A portion of an uncoated carbon
nanofiber is extending from SiNx sheath by about 500 nm at the tip of each fiber.

2. Materials and Method

2.1. VACNF Synthesis

Vertically aligned carbon nanofibers were synthesized on n-type <100> Si wafers. Dots 2um in
diameter were photo-lithographically patterned onto the wafers. A 50 nm thick nickel catalyst layer
was then deposited via electron beam evaporation and liftoff was performed to remove the nickel
everywhere except for the previously defined dot pattern. The nanofibers were grown in a custom-
built dc-PECVD chamber. The growth parameters for the VACNFs that were used for the
fluorescence measurements were 60-sccm C,H, 100 scem NH3, 10 Torr, 658 °C, and 3A for 10 min.
The fibers that underwent Auger depth profiling were grown at 700 °C with 80 sccm NHj3, 40 sccm
C;H,, 3 Torr, 350 mA, for 1 hour. In depth explanation of VACNF synthesis can be found
elsewhere [12-15].
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Figure 2. TEM image of a VACNF coated with SiN,. The initial stages of the film
growth at the freshly form carbon nanofiber surface can be observed near the tip. a)
Secondary electron mode showing surface of the nanofiber b) Z-contrast mode
showing contrast between carbon core and SiN coating c) transmission mode
displaying contrast between CNF and SiN, coating.
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A PECVD deposited SiNy reference film was deposited on a separate p-type <100> Si wafer
using an Oxford Instruments Plasmalab 100 PECVD system. The growth parameters were 400 sccm
of 5 % SiH4/Ar, 20 sccm of NHjs, and 600 sccm of N, at 650 mT and 350 °C for 17 minutes,

resulting in a film 115 nm thick.

2.2. Characterization

Characterization of the resultant fibers included optical measurements, imaging, and chemical
analysis. Photoluminescence mapping was performed using a Spex Fluorolog 2 at room temperature
over an excitation range of 300-500 nm and an emission range of 350-700 nm. Additionally,
fluorescence microscopy in a Leica TCS SP2 MP laser scanning confocal system was used to
comparatively assess photobleaching of the SiNx coating against transiently expressed fluorescent
proteins. EDX was used extensively along with auger electron spectroscopy (AES) depth profiling to
determine chemical composition. EDX and SEM imaging was done using a Zeiss Merlin SEM with a

Bruker EDX system. AES was performed using a PHI 680 Scanning Auger Nanoprobe.

3. Results and Discussion

3.1. Deposition Mechanism

There are two primary mechanisms as to how the SiNy coating forms; either the silicon is
sputtered from the substrate to the sidewalls of the fiber, or hydrogen volatilizes silicon from the
substrate creating silane and other compounds in the plasma whereupon it further reacts with
nitrogen from the ammonia and is redeposited through CVD processes. It has been shown that it is
possible to form SiNy films using rf magnetron sputtering by using a silicon target with argon and
ammonia process gases [16]. However, the amount of power supplied to the system is much greater
than in a PECVD chamber. Additionally the deposition pressures are usually lower, meaning the
particles in the system experience fewer collisions and retain more of their energy before impacting
the substrate or target. It seems unlikely that the ions and gas molecules in a PECVD chamber would
acquire the energy necessary to physically knock out many Si atoms from the substrate.

PECVD deposition of silicon nitride is also well established as previously mentioned. However,
films deposited via PECVD use a silicon bearing gas, such as silane, as a silicon source, instead of
the substrate itself. The silane decomposes and combines with nitrogen (usually from ammonia) on
the surface of the substrate.

The films formed on VACNFs differ from both of these techniques in several ways. The largest
difference is the films formed on VACNFs are being formed on three dimensional structures that are
continuously growing during deposition instead of on a planar surface that exists before deposition

begins. Additionally, for the work presented here, the source of silicon is only from the substrate, as
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opposed to sputtering and PECVD SiN films which use a target or a silicon bearing gas respectively.
Figure 3 shows the possible mechanisms of deposition. It is important to note that sputtering usually
occurs at very low pressures, around 10 Pa which correlates to a mean free path of ~10* m. The
synthesis of VACNFs however, takes place at hundreds to thousands of Pa. A growth at 4 Torr has a
mean free path of roughly only 100 um. A significantly lower mean free path indicates that it is
likely that any sputtered Si atom would undergo collisions with the other process gases and react
with it, leading to a more CVD-like deposition. Alternatively, excited hydrogen molecules could
react with the substrate and become subsequently volatilized, further reacting with the process gases
and resulting in the SiNy film. It is possible that a combination of these two processes is what is

occurring to deposit the film.
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Figure 3. Illustration of possible deposition mechanisms of SiN, coating to VACNF
sidewalls (1) Reactive sputtering where ions eject Si atoms from the substrate which
go on to react with the gas or (2) Excited hydrogen chemically reacts with the
substrate and then volatilizes to further react through CVD processes.

3.2. Photoluminescence properties of SiN-coated VACNF's

In the literature there is a large ongoing debate on the origin of the photoluminescence observed
in SiN films. There is a substantial body of work indicating the presence of Si nanoclusters (NCs) in
Si-rich SiNy films [17-27]. Many of these studies attribute the photoluminescence of the films to
quantum confinement effects (QCE) [23,27-30]. According to the QCE model, the
photoluminescence (PL) peak is inversely proportional to the square of the average size of the Si-
NCs, while intensity increases with NC density and improved passivation [17]. Others attribute the

PL to the presence of defect-related states, such as nitrogen defects or Si dangling bonds [31].
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Another study surmised that the blue, green, and red components of the PL were due to defects,
bandtail recombination, and QCE respectively [32]. SiNy films without any Si-NCs have also been
studied, with the PL in those samples being attributed to bandtail recombination [24]. It seems that
the Si-NCs do not spontaneously form during co-sputtering of Si and Si3;Ny4 targets or with some
PECVD parameters and require annealing of more than 1000 °C to form the nanostructures [24,27].
Yet, it appears that growths that encourage an a-SiNy: H matrix yield in-situ formatting of Si-NCs.

We observe a strong PL response from SiNy coated VACNFs as shown in Figure 4. There
appear to be two emission peaks at 416 nm and 432 nm for both the PECVD SiN coating and the
VACNEF coating with an excitation wavelength of 380 nm. Figure 5 shows the PL spectra for 380 nm
excitation for both samples. It is possible that this dual peak stems from the presence of a bimodal
size distribution of Si-NCs. From Figure 5 it can be observed that the intensity of the sample with
VACNFs coated with SiNy has nearly twice the intensity of the flat PECVD SiNj film, though this
could be due to there simply being a greater amount of material present on the VACNFs, which
seems unlikely. Here we will make the argument that this PL response is due to the presence of Si-
NCs. First, it is important to show the plausibility of Si-NCs forming. As was previously mentioned,
both annealing and high hydrogen content have shown the ability to yield Si-NCs. Since the samples
are grown at 700 °C in the presence of C;H; and NHj3, both of these conditions are met. Another key
factor is that for the synthesis of Si-NCs, the film must be Si-rich, that is that Si/N ratio is greater
than stoichiometric Si3N4. Table 1 shows that the coating is in fact Si-rich, lending further credibility
to the presence of Si-NCs.

Table 1. Relative atomic concentrations in VACNF SiN, coating.

Flement Atomic %

Si 41.07
N 45.75
C 7.86
O 5.33

Figure 6 shows an EDS line scan of a broken VACNF with a SiNy coating. From this line scan it
can be seen that many nitrogen troughs are accompanied by silicon peaks, while the inverse is never
true. It can be inferred then, that these Si peaks are areas where Si-NCs are present. The lack of
nitrogen peaks accompanied by silicon troughs is expected, since nitrogen does not have a
crystallographic structure at room temperature. The evidence for Si-NCs is further corroborated by
the EDS maps shown in Figure 7. From the EDS maps of the same fiber shown in Figure 6, it can be
seen that there are areas where there are bright Si clusters.

Perhaps the most convincing proof of the presence of Si-NCs is shown in Figure 8. Auger

electron spectroscopy not only reveals elemental composition, but also bonding state of atoms.
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Combined with ion milling, AES is a very powerful tool for elemental analysis of samples. From
Figure 8 it can be seen that there is a significant amount of Si that is bonded to either O or N, and
that after ~1000 um there is only Si bonded Si, indicating that the substrate has been reached by the
probe. It is critical to note that Si bonded Si is in abundance throughout the area probed, well above
the substrate, alongside the O- and N- bonded Si. Some of this Si is probably bonded to the carbon
that is present to form SiC, since AES only shows bonding states of atoms with significantly
different electronegativities. However, there is a much greater amount of “unbonded” Si than C, so
even if the full amount of present C is used to form SiC, there is still a large amount of Si that must
be bonded to Si. These Si-Si bonds must invariably lead to small Si-NCs.

Now that the presence of Si-NCs and strong fluorescence of SiNy coated fibers has been
established, we provide example of how this characteristic can have application. VACNF arrays have
been reported extensively as a mechanical means for gene delivery into cells and tissue using a
method whereby sparse arrays of nanofibers are modified with DNA and pressed into cellular
matrices, resulting in widescale cellular penetration and ‘microinjection’ of genetic material; aka
‘impalefection” [1]. An attractive advantage of this gene delivery technique is the ability of
nanofibers to achieve nuclear penetration, as observed using freeze fracture and scanning electron
microscopy. Nuclear penetration enables the delivery of transgene cargo directly to the
transcriptional control center of the cell, thereby resulting in potentially very rapid transgene
expression [33,34]. In previous optical microscopy studies, the nuclear presence of nanofibers has
been difficult to characterize due to the lack of optical emission from the nanofibers [11]. Inherently
fluorescent fibers thus provide advantage for imaging the presence of nanofibers within cells and
tissue and potentially as registry markers for a variety of fluorescent cellular studies, particularly for
confocal microscopy where there is value of a registry mark that extends through the depth of the
scanned field. Figure 9 shows a vertical slice of a cell undergoing mitosis following nanofiber
mediated gene delivery of DNA-constructs encoding GFP-tubulin and H2B-DsRed (monomer).
Imaging was performed on a Leica SP1 laser scanning confocal microscope after impaling cells onto
a periodic array of DNA-modified nanofibers at a ten micron pitch. In the image, the GFP-tubulin is
largely collected within the mitosing-cell’s spindle apparatus and is observed via 488 laser excition
and emission collected from 510-520 nm. The condensed chromatin is observed due to the
600—655 nm emission via 458 nm laser excitation of the fluorescently labeled protein H2B-DsRed,
whereby H2B is one of the 5 main histone proteins involved in the structure of chromatin in
eukaryotic cells. The broad emission from the SiNy.coated VACNFs stems solely from the
fluorescent SiNy coating. Since the VACNFs emit over such a broad spectrum, they can be used as
positional markers or “registry” marks throughout the visible spectrum. During these studies, the
fluorescently labeled proteins were rapidly photobleached by the laser excitation, even though the
laser was mechanically set at its lowest available power. However, the nanofiber emission remained
stable. Figure 10 shows a plot of the emission intensity across the two emission ranges (same as

Figure 9) as a function of time. It is observed that the emission from the fluorescently-labeled
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proteins, GFP-Tubulin and H2B-DsRed decreases over time, but comparatively the intensity of the
emission from VACNFs is unchanged over the time period evaluated. Therefore, in addition to
emitting over a broad range, the fluorescence of the VACNFs does not photobleach, wherein the
intensity of emission decreases over time due to the presence of intermediate energy levels with long
half-lives.
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Figure 4. Fluorescent response from a PECVD SiN; coating (top) and from a SiNy
coated VACNF array (bottom).
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Figure 6. EDS line scan of a broken VACNF coated with SiN, (top) with positionally
accurate SEM image of broken VACNF (bottom).
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Figure 7. (a) SEM image of broken VACNFs with SiN, coatings on an aluminum
viewing platform. EDS maps were made of this area showing location of (b)
Nitrogen (c¢) Carbon (d) Silicon and (e) Composite of all three.
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Figure 8. AES depth profile showing the composition of the SiN; coating on a
VACNEF as a function of depth. The inset shows the region that was probed.

Figure 9. Fluorescent optical micrographs of a cell undergoing mitosis looking at
different emission wavelengths. (a) Emission of 510 nm-520 nm from GFP-tubulin
(b) Emission of 600 nm — 655 nm from H2B-DsRed. Arrows indicate location of
SiNy coated VACNFs from a top-down view. The VACNFs are not stained or
modified with dye in any way. The nanofibers are on a 5 um x 5 um grid as scale
markers.
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Figure 10. Fluorescent optical micrographs (top) showing a human osteosarcoma
U20S cell impaled on a SiNy coated VACNF array following impalefection-mediated
delivery of genes encoding GFP-tubulin (left) and H2B-dsRed (right). Graphs
indicate the change of the fluorescent intensity (I/Imax) of several regions of interest
in each image. Laser excitation at 488 nm for the left set, and 545 nm for the right
set causes photobleaching of the transgenic fluorescent proteins, but the nanofiber
positions remain virtually unchanged over the duration of imaging. The nanofibers

are spaced 5 micrometers apart as scale markers.

4. Conclusion

Here we have proposed a potential mechanism for deposition of SiNy coating on the sidewalls of
VACNFs during PECVD synthesis in addition to exploring the origin of the coating’s fluorescence.
It seems most likely that the substrate reacts with the process gases through mechanisms similar to
reactive sputtering and CVD to form silane and other silicon bearing compounds before being

deposited isotropically as a SiNy coating onto the VACNFs. The case for the presence of Si-NCs is
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made strong through a combination of the strong fluorescence and elemental analysis of the samples.

These broadly-across the whole visible range-luminescent fibers can prove useful as registry markers

in fluorescent cellular studies.
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