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ABSTRACT

One dimensional boron nitride (BN) nanomaterials with a high aspect ratio are of great interest due to their unique properties and potential
applications. However, BN nanomaterials are generally difficult to synthesize. Here, we describe the creation of arrays of vertically aligned
pure BN nanofibers and BN coated carbon nanofibers, fabricated on-chip via a straightforward template-assisted chemical conversion reac-
tion. The template, a glassy carbon nanofiber array, is produced by plasma processing of conventional photoresists. The method is highly
controllable, patternable, and scalable, and the final arrays can be fabricated over large areas with a controlled fiber length. We characterize
the electron field emission properties of the BN-coated carbon nanofiber array and find a large field enhancement factor, low turn-on voltage,
and good stability. The outstanding field emission performance results from the small tip size and high aspect ratio of the nanofiber as well
as the high chemical stability and high thermal conductivity of the BN coating.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5079655

One-dimensional (1D) nanomaterials, such as nanotubes, nano-
wires, and nanofibers, have attracted significant interest due to their
unique physical and chemical properties and a wide range of potential
applications in photonics, electronics, sensors, and energy devices.'
Hexagonal boron nitride (h-BN) is a structural analogue to carbon-
based graphite, with alternating B and N atoms bonded into a hexago-
nal configuration.” Despite the structural similarity, BN is a wide
bandgap insulator. This, together with other properties such as high
thermal conductivity, high mechanical strength, and chemical and
thermal resistance, makes 1D BN nanostructures highly desirable for
many applications, including nanofillers in polymer composites for
thermal management, hydrogen storage, and nanoscale electronic/
optical devices.”'” Unfortunately, the synthesis of BN-based materials
is generally complex, typically requiring high temperature and/or high

pressure. Hence, the creation of BN structures on-chip is particularly
challenging.

Much effort has been devoted to the synthesis of BN nanotubes
(BNNTs) since their initial discovery in 1995."" ' Multiple synthesis
methods have been employed, including arc discharge, chemical vapor
deposition, carbon nanotube conversion, laser vaporization, and
inductively coupled plasma synthesis."* "' Far less attention has been
paid to the development of 1D BN nanofibers (BNNFs) or nanowires
(BNNWs). Nevertheless, the synthesis of BNNFs and BNNWs has
yielded some encouraging results,”’’ and the scalable creation of ver-
tically aligned BNNFs on-chip would be a significant advance, espe-
cially if the orientation, dimensionality, and location of the nanofibers
could be controlled.

Although there has been no previous report of a simple and scal-
able method for fabricating aligned BNNFs or BNNWs with
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patterning capability, the fabrication of vertically aligned carbon nano-
materials, for instance, carbon nanotubes and carbon nanofibers, is
well known. Vertically aligned carbon nanofibers (VACNFs) can be
generated by a combination of oxygen plasma and high temperature
pyrolysis, and such fiber arrays have been used for DNA bonding and
supercapacitors.”*

In this paper, we report a highly controllable method for the syn-
thesis of related vertically aligned pure BNNF arrays and BN coated
carbon nanofiber (BNCNF) arrays. Using plasma assisted photoresist-
derived glassy carbon nanofiber arrays as templates, the carbon nano-
fibers are partly or fully converted to BN, thus forming BNCNFs or
BNNFs, respectively. The method utilizes a standard photoresist as a
starting material and the entire fabrication process is on-chip and
compatible with CMOS fabrication processes. The nanofibers with a
controlled length and diameter can thus be uniformly produced over
large areas. The process is highly controllable, reproducible, and scal-
able. The field emission properties of the as-synthesized vertically
aligned BNNFs and BNCNFs are also explored and found to be supe-
rior to those of more traditional CNT forests.

Figure 1(a) shows schematically the process flow for the fabrica-
tion of BNNF and BNCNF arrays. The process consists mainly of four
critical steps: (i) standard lithography, (ii) oxygen plasma etching, (iii)
carbonization, and (iv) BN coating or conversion. SU8, an epoxy-
based negative photoresist which can be transformed into glass-like
carbon microstructure at high temperature and in an inert atmo-
sphere, is used as the starting material in the process and is patterned
by UV exposure.”* ** The SUS is then treated by oxygen plasma to
form an SU$ nanofiber array.”*”’ The typical scanning electron
microscopy (SEM) images of the SU8 nanofiber are shown in Fig. S1.
The formation of the polymer nanofiber array upon plasma etching is
thought to be due to the directionality of the plasma etching combined
with the self-masking effect brought about by the metal impurities
(mainly antimony) in the polymer.”* ***”* Pyrolysis is performed by
heating the sample to 900 °C under nitrogen and keeping it at 900 °C
for 2h to yield carbon nanofibers (CNFs). The temperature control
curve is shown in Fig. S2. The nanofiber morphology is well preserved
with around 50% shrinkage in both the length and the diameter

(a) uv
lithography O-Plasma Pyrolysis
| Eeaaaad — —

Substrate Substrate

Spin Coating of SU-8 Curing and Patterning Polymer Fiber Array ~ Carbon Fiber Array
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FIG. 1. (a) Schematic of the fabrication process flow for aligned BNNF and BNCNF
arrays. (b) and (c) SEM images of the BN nanofiber array on the Si substrate over
large area: (b) top view and (c) side view.
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during the carbonization process. The CNFs are then coated with BN
or fully converted to BNNFs by a carbothermal reduction method, uti-
lizing boric acid powder and ammonia gas as boron and nitrogen
sources, respectively. This reaction has been previously used to convert
graphene into h-BN or forming coatings on carbon nanotubes at low
temperature,' '

Using ammonia as a reaction gas instead of nitrogen is also effec-
tive, and this can significantly decrease the carbon substitution reac-
tion temperature. In this case, the glassy carbon fiber array is loaded
into the high temperature zone of the furnace and heated to a high
temperature of 1000-1200 °C with ammonia flow (100 sccm) for 20
min, while boric acid in the low temperature zone is heated to 500 °C.
During the reaction, boron and nitrogen atoms gradually replace car-
bon atoms and form h-BN. Based on the reaction temperature and
time, the carbon nanofibers can be either BN-coated or fully converted
to BNNFs.

Figures 1(b) and 1(c) show top- and edge-view low magnification
scanning electron microscopy (SEM) images of a vertically aligned
BNNF array uniformly distributed on a silicon chip over a large area,
respectively.

The morphologies of the CNFs, BNCNFs, and BNNFs are further
studied by SEM and transmission electron microscopy (TEM). As
shown in Figs. 2(a), 2(b), and S3, the CNFs have a diameter of around
5-200 nm. As shown by the low magnification TEM image in Fig. S4,
the CNFs are branched and slightly interconnected (sometimes more
at their tips). The CNFs are mainly amorphous although some gra-
phitic ribbon-like structure exists, in good agreement with previous
studies on glassy carbon.”**” The fiber length is controlled by the
thickness of the initial SU8 layer and the plasma treatment time.
Longer plasma treatment time allows etching deeper into the SU8
layer, thus leading to longer nanofibers. As shown in Fig. S3, the length
of the CNFs increases from 1.35 to 4.1 um as the plasma treatment
time increases from 300 to 600s. The nanofibers are connected by a
carbon layer underneath which is derived from the unetched SU-
8 layer. The thickness of this layer can also be controlled during the
plasma treatment.

The fiber morphology and vertical alignment are faithfully
retained after the conversion reaction (see Fig. 2). No obvious fiber
length change is observed for all synthesis conditions. Figures 2(c) and
2(d) show SEM and TEM images of BNCNFs obtained from a partial
conversion reaction performed at 1000 °C. For partial conversion, the
BNCNFs have overall diameters similar to those of the original CNFs.
As is apparent in the upper part of Fig. 2(d), in the partial conversion
process, a thin layer of crystalline material forms at the surface of the
amorphous carbon fiber, reflecting the formation of a BN layer. After
a conversion reaction at 1200 °C, the nanofibers show a complete gra-
phitic structure, and the carbon fibers have been fully converted to
pure BNNFs. For such a complete conversion, the diameter of the
fibers is increased to 20-300 nm (see Fig. S5).

The composition before and after the conversion reaction is iden-
tified by Raman, Fourier-transform infrared spectroscopy (FTIR), and
electron energy loss spectroscopy (EELS), as shown in Fig. 3. Raman
spectra of CNFs show broad D and G peaks at 1352 and 1602cm ™.
Characteristic D and G peaks are also observed for the BNCNFs,
which confirms that the glassy carbon structure of CNFs is not altered
by the partial conversion. For BNCNFs, the coexistence of a D mode
from glassy carbon and an E,; mode from h-BN results in a peak at
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1362 cm™", with enhanced intensity compared to the D peak from
Raman spectra of CNFs. For the fully converted BNNFs, only a rela-
tively weak peak located at 1366 cm ™" is found, which is related to the
Epg mode of h-BN. The absence of D and G modes in Fig. 3(2) demon-
strates the complete conversion from glassy carbon to BN. Figure 3(b)
shows the FT-IR spectra of CNFs, BNCNFs, and BNNFs. The curves
for BNCNF and BNNF show the characteristic B-N and B-N-B
stretching at around 1377 and 788 cm ™, respectively. The observation
further confirms the existence of BN in BNCNFs and BNNFs, while
no such peak is found for CNFs.

TEM-EELS is also used to determine the presence of B, C, and N
elements in the nanofibers, as shown in Figs. 3(c) and 3(d). For both
BNCNFs and BNNFs, adsorption peaks located at 193 and 403 eV
appear in the EELS spectrum, which correspond to B-K and N-K
edges, respectively, confirming the B-N bonding. In addition, an
adsorption peak located at 282 eV, corresponding to the sp* C-C
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FIG. 3. (a) Raman spectra of the fiber array obtained at different reaction tempera-
tures. (b) FTIR spectra of the fiber arrays (c) and (d) EELS spectra of (c) BNCNFs
and (d) BNNFs.
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FIG. 2. SEM and TEM images of (a) and
(b) CNFs, (c) and (d) BNCNFs, and (e)
and (f) BNNFs.

bond, is observed in BNCNFs, indicating the coexistence of both BN
and carbon networks in the same BNCNF.

It is well known that nanostructured carbon materials may be
suitable for use as field emission sources due to favorable turn-on vol-
tages and high emission currents, leading to applications ranging from
flat-panel displays and X-ray sources to microwave amplifiers.””"~ A
wide range of carbon based field emitters, such as carbon nanotubes,
doped diamond, and diamond-like carbon (DLC), have been exten-
sively studied.”” " For example, carbon nanotube based emitters are
attractive due to their unique needle-like nanostructure with associated
tip “field amplification” and their high electric conductivity."”*”
There are also reports of using glassy carbon as field emitting materi-
als.""** However, glassy carbon materials are difficult to engineer into
a sharp tip structure, which limits their field emitting performance. In
addition, carbon materials by themselves degrade very easily due to
their tendency to burn out and their high sensitivity to oxygen during
emission. To address these problems, the combination of carbon
materials with wide bandgap materials (WBGM) has been
considered.””**™*” The WBGM coating in this case has two functions:
1. As a protective layer for the conductive core to prevent or minimize
emission instabilities from adsorption of residual gas molecules. 2.
With the right thickness, WBGM can decrease the effective work func-
tion of emitters, resulting in better emission performance.’“’45 A6

The field emission properties of vertically aligned CNFs, vertically
aligned BNCNFs, and vertically aligned BNNFs are here explored and
compared to the more conventional vertically aligned CNT forest.
Figure 4(a) shows the schematic of the emission measurement setup,
which is a simple diode configuration with a metal anode of 3.2 mm in
diameter under high vacuum (~3 x 10~® Torr). The dependencies of
the field emission current on the electric field are shown in Fig. 4(b).
We do not plot current density because of the large density difference
between the nanofiber array and the CNT forest. The turn-on field is
defined as the electric field required to generate a current of 0.8 A for
the device (corresponding to a current density of 10 uA/cm® averaged
over the entire sample area). The average turn on fields for vertically
aligned CNFs and vertically aligned CNTs are found to be similar,
around 2.1 V/um, while the turn on field is 2.5 V/um for vertically
aligned BNCNFs. The turn on fields obtained here are much lower
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FIG. 4. Field emission properties. (a) Field emission measurement setup. (b)
Emission current vs electric field. (c)-(e) FN plot of CNFs, CNTs, and BNCNFs. (f)
and (g) Emission stability of CNFs and BNCNFs at 3 V/um.

compared to previously reported glassy carbon emitters, and similar to
CNTs, 77774 No emission current is observed for vertically
aligned BNNF in our voltage range, which is expected as BNNFs are
not conducting.

Figures 4(c)-4(e) show the corresponding In(I/V?) versus 1/V
plots of vertically aligned CNFs, vertically aligned CNTs, and vertically
aligned BNCNFs, respectively, representing the traditional Fowler-
Nordheim (FN) tunneling plot. All the FN plots presented here can be
reasonably fitted to straight lines, as expected for an electron field
emission process. As per the FN equation, the emitted current density
is given by

212 3/2

A o (Bd) ) m
¢ BE

where ] =1I/a is the emission current density, in which I is the emission
current and a is the effective area, A= 156 x 107 AV ?eV, B=6.83
x 10*eV 2V um™", ¢ is the work function, E = V/d is the applied
field, in which V is applied voltage and d is the spacing between the

anode and the cathode, and f is the field enhancement factor.
Equation (1) can be written as

()= (520 (50 ) @

J
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Consequently, the field enhancement factors of can be calculated from
the slope of the linear curve as

B ¢3 /2

p/d -
The work function of glassy carbon is taken to be similar to that of
CNTs, that is, 5eV." " We thus find the field enhancement factors of
CNFs and CNTs to be 1849 and 2011, respectively. Such field
enhancement factors are in the reported range for CNTs and much
higher than those reported for glassy carbon emitters,’*****~*+*
The large field enhacement factor primarily arises from the small tip
size of the nanofiber formed by plasma etching. As the h-BN coating
on CNFs is very thin, the emitter tip radius is assumed to be not
changed; thus, the field enhancement factor is assumed the same for
BNCNFs. Using this assumption, the calculated work function of the
BNCNFs is 5.02 eV, which is slightly higher than that of CNFs. The
result is consistent with the insulating nature of h-BN, which increases
the tunneling barrier.

We also perform stability tests, to evaluate the emission current
as a function of time while maintaining an electric field of 3 V/um, as
shown in Figs. 4(f) and 4(g). The stability of the BN coated emitter is
greatly improved over that of the bare CNF emitter. The improved sta-
bility can be ascribed to the excellent structural stability and the high
oxidation resistance of the h-BN coating.

In summary, we present a method for the on-chip fabrication of
vertically aligned BNNFs and BNCNFs with good uniformity. This
method is scalable and controllable, which complements the fabrica-
tion methods for nanostructured BN and BN-carbon hybrid materials.
Nanofibers with a controlled morphology and composition are fabri-
cated. The fabricated nanofibers can be potentially used in many appli-
cations, such as thermal interface materials and field emitters. The
field emission properties of the nanofibers are investigated. The
obtained results are superior to those of other glassy carbon based
emitters and comparable to CNT based emitters. The results suggest
that the as-fabricated BNCNFs may be excellent field emitters with a
low turn on voltage, large field enhancement factor, high current den-
sity, and good long-term stability.

Fabrication of the carbon nanofiber array: Si (100) wafers (p-
type, doped, 1000 Q/cm?, 500 um thick) are used as a substrate and
cleaned with acetone, IPA, and water before using. In a typical process,
an SU8 2000 resist (MicroChem Corp.) is spin coated onto the cleaned
substrate at 4000 rpm for 60s. The thickness of the obtained film is
controlled by changing the spin coating conditions. The sample is
then baked at 65 °C for 5 min and 90 °C for 10 min. Next, the sample
is exposed to UV for patterning as well as crosslinking the polymer.
After a baking at 65 °C and 95 °C, the sample is cooled down to room
temperature. Then, the sample is treated with oxygen plasma (Plasma
etcher) with a power of 250 W, 50 sccm O, flow for different amounts
of time, resulting in nanofiber arrays. Then, the sample is subjected to
a pyrolysis process at 900 °C for 2h under a nitrogen environment,
and the temperature control curve is shown in Fig. S2.

Fabrication of BN and BNC nanofibers: The conversion reaction
is carried out in a quartz tube furnace. The carbon fiber on Si is loaded
into the high temperature zone of the furnace and boric acid is loaded
in the low temperature zone. The tube is pumped down to ~10 mTorr
and then flushed with 100 sccm nitrogen (N,) gas for 10 min. Then,
the furnace is heated to 1000 °C to 1200 °C in 30 min and kept at this

S= 3)
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temperature. At the same time, boric acid is heated to 500°C by a
heating tape. Meanwhile, 100 sccm ammonia (NH3) is introduced to
the tube, replacing the N, gas. After reaction for 30 min, the sample is
taken out and washed by 80 °C hot water to remove the boron oxide
residues. The reaction can be controlled as coating or conversion by
conversion temperature. At 1000°C, a BN coated CNF array is
obtained, while a BNNF array can be obtained at 1200 °C.

See supplementary material for SEM images of the SU8 nanofiber
array, temperature control curve for the carbonization process, cross
sectional SEM images of the carbon fiber array obtained with different
plasma times, and low magnification TEM images of the carbon nano-
fibers and BN nanofibers.
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