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ABSTRACT: Fabrication of well-aligned one-dimensional (1D) nano-
strucutres is critically important and highly desired since it is the key
step to realize the patterned arrays to be used as the display units. In the
present work, we report the large-scale and well-aligned growth of n-
type SiC nanowire arrays on the 6H-SiC wafer substrates via pyrolysis
of polymeric precursors assisted by Au catalysts. The obtained n-type
SiC nanowires are highly qualified with sharp tips and numerous sharp
corners around the wire bodies, which bring the emitters excellent field
emission (FE) performance with low turn-on fields (1.50 V/um), low
threshold fields (2.65 V/um), and good current emission stabilities
(fluctuation <3.8%). The work abilities of the n-type SiC tower-like
nanowire arrays under high-temperature harsh environments have been
investigated, suggesting that the resultant field emitters could be well
serviced up to 500 °C. The temperature-enhanced FE behaviors could
be attributed to the reduction of the work function induced by the rise of temperatures and the incorporated N dopants. It is
believed that the present well-aligned n-type SiC tower-like nanowire arrays could meet nearly all stringent requirements for an
ideal FE emitter with excellent FE properties, making their applications very promising in displays and other electronic
nanodevices.
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1. INTRODUCTION other is the so-called the “bottom-up” route, which exhibits the
advantage for the time and cost saving as compared to the
former one. For example, Li et al. synthesized large-area
oriented SiC nanowire arrays by chemical vapor reaction
assisted by anodic aluminum oxide templates;'” Kim et al.
reported the growth of SiC nanoarrays on Si substrates using a
catalytic reaction in a methane-hydrogen atmosphere;** Niu et
al. reported the aligned growth of SiC nanowires by a thermal
evaporation of Zn$ and carbon on the silicon wafers;*' Wang et
al. reported the growth of SiC nanoarrays on the 6H-SiC
substrates;”> Krishnan et al. reported the growth of SiC
nanoarrays on the 4H-SiC wafers by chemical vapor
deposition;** Yang et al. synthesized the oriented SiC porous

Over the past decades, the nanostructured semiconductor field
emission (FE) cathodes have been extensively investigated,
owing to their promising and interesting applications in flat-
panel displays, electron microscopes, vacuum microelectronic
devices, and so on.”* Due to their superior mechanical
properties, low thermal expansion coefficient, high thermal
conductivity, excellent chemical stability, and low electron
affinity,”~” silicon carbide (SiC) one-dimensional (1D)
nanostructures are thus considered as an ideal candidate for
FE application.*® To date, many efforts have been devoted to
making SiC 1D nanostructures in various morphologies with
low turn-on fields (E,,, defined as the electric field required to ; ) Suhd
produce a current density of 10 yA/cm?), such as nanorods nanowire arrays with the E, of 2.3-2.9 V/um by in situ

(13=17 V/um),? nanobelts (3.2 V/um),'* nanoneedles (1.3— carbonizing aligned Si nanowire arrays;'> and Pan et al.
3.51 V/um),""'? and nanowires (1.2—2.9 V/um),"*'* showing prepared the oriented SiC nanowires with the E,, of 0.7—-1.5 V/
. ) 2-2. )

um by reacting SiO with aligned carbon nanotubes as the
templates.® However, even though numerous efforts have been
devoted to the growth of SiC nanoarrays, there still remains a
ground challenge for preparation of SiC field emitters with
desired sharp tips and suitable dopants based on the local field

their excellent FE performances.

For practical FE applications, the fabrication of well-aligned
1D nanostrucutres is critically important and highly desired
since it is the key step to realize the patterned SiC arrays to be
used as the display units.">~"” There are mainly two strategies
for realizing the growth of SiC nanoarrays. One is defined as

the “top-down” route. For example, Kang et al. reported the Received: September 29, 2014
preparation of porous SiC nanoarrays with the E,, of 4.4—9.6 Accepted: December 15, 2014
V/um by electrochemical and ion etching of SiC wafers."® The Published: December 15, 2014
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Scheme 1. Schematic Illustration for the Growth of n-Type SiC Tower-Like Nanowire Arrays on the Substrate of 6H-SiC Wafers

and the FE Property Measurements
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enhancement effect and doping-enhanced electron emission.
Meanwhile, few works have shed light on their work abilities of
the SiC emitters under high temperatures once they fall into
micro/nanoscale dimensions.

Here, we report the growth of n-type SiC nanowire arrays via
pyrolysis of the polymeric precursor on the single-crystalline
6H-SiC wafer substrates. We mainly focus on the following
important topics to offer the SiC field emitters with enhanced
electron emission abilities based on the Fowler—Nordheim (F—
N) theory:24 (i) the large-scale growth of well-aligned SiC
nanowire arrays; (ii) making the SiC nanowires be tapered with
sharp tips and sharp corners around the wire bodies (i.e., tower-
like structures); and (iii) incorporated N dopants into the SiC
nanowires, leading to the formation of n-type SiC nanoarrays
for enhanced FE performances. The FE measurements suggest
that the E,, values of as-synthesized n-type SiC nanowire arrays
ranged from 1.50 to 0.94 V/um with the temperatures raised
from room temperature (RT) to S00 °C, suggesting their very
promising application in field emission displays.

2. EXPERIMENTAL PROCEDURE

n-Type SiC nanowire arrays were synthesized by catalyst-assisted
pyrolysis of polymeric precursor polyureasilazane (PSN, Ceraset, Kion
Corporation, USA) on the 6H-SiC wafer substrate, which is shown in
Scheme 1 with the following FE measurements. In a typical
experimental process, the polymeric precursor of PSN was first
solidified by heat treatment at 260 °C for 30 min under Ar atmosphere
and then subjected to ball milling into fine powders. Subsequently, 6H-
SiC(0001) wafers (1 X 1 cm®) were sprayed with Au (90 nm
thickness) used as the catalyst for the growth of SiC nanowire arrays.
The obtained fine powders were then put into the bottom of a high-
purity graphic crucible (99%), and the SiC wafers were located over
the powders with a fixed distance to the powder surface of ~2 cm. The
crucible with a graphic paper cover was then placed into a graphite-
heater furnace. The furnace chamber was first pumped to 10™* pa, and
then the N,/Ar gas mixture (0.1 MPa, N,:Ar = 5:95, volume percent,
both N, and Ar are 99.99% purity) was introduced into the chamber
with a flowing rate of 200 sccm for the following pyrolysis procedure.
The gas purge was repeated three times to reduce the O, content to a
negligible level. Finally, the furnace was heated to the desired
temperature of 1500 °C in 60 min and maintained there for 20 min,
followed by furnace cooling to the ambient temperature.

The obtained products were characterized by using field emission
scanning electron microscopy (FESEM, S-4800, Hitachi, Japan) and
transmission electron microscopy (TEM, JEM-2100F, JEOL, Japan)
equipped with energy-dispersive X-ray spectroscopy (EDX, Quantax-
STEM, Bruker, Germany). The FE properties were measured in a
home-built high vacuum field emission setup with a base pressure of
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~1.5 X 1077 Pa at the temperatures ranging from RT to 500 °C. The
current—voltage (I-V) curves were recorded on a Keithley 248 unit
with a detection resolution of 0.1 fA. The distances between the
surface of samples and the anode in the vacuum chamber were

typically fixed at 600—900 ym.

3. RESULTS AND DISCUSSION

The obtained products were first observed under SEM. Figure
1(a) shows a typical SEM image under a low magnification,

Figure 1. (a—d) Typical SEM images of the as-synthesized n-type SiC
nanowire arrays under different magnifications. (e) A typical enlarged
SEM image showing the details of the wire tip.

revealing that the wire-like products entirely and uniformly
cover the whole SiC wafer substrate (area: 1 cm?). Figure
1(b,c) displays the as-grown products under higher magnifica-
tions. On the basis of the SEM observations, the average
number density of SiC nanowire arrays is ca. ~5.7 X 10°
nanowires/mm? It seems that the nanowires are highly
oriented, leading to the growth of well-aligned nanowire arrays.
The average length of the wires is ~10 um. Notably, the
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nanowires have the unique morphology features with small
roots, tapered bodies, and sharp tips, which make them in a
typically tower-like shape. As we know, for the growth of the
nanowires dominated by the typical vapor—liquid—solid (VLS)
mechanism, the diameters of the wires are often confined by
the sizes of the liquid catalysts.”> That is to say, the smaller
diameters of the wires could be obtained with a smaller sized
catalytic droplet. In the present work, the growth of SiC
nanowires with small roots, tapered bodies, and sharp tips could
be attributed to the following cases. At the early stage, the size
of the SiC crystal nucleus is small. The large contact angle
between the nuclei and the catalytic droplet is expected to
generate an outward force on the nanostructures.”® Thus, the
droplet cannot effectively confine the lateral growth of the wire
at the early stage, resulting in the growth of the nanowires with
an increasing diameter (ie., the formation of the roots). With
the growth of the wire along the lateral direction, the contact
area between the wire and the catalytic droplet increases,
leading to the decrease of the contact angle and the outward
force. Consequently, the lateral growth is effectively confined
by the catalytic droplet, making the followed growth of
nanowires with relatively constant diameters.”> The subsequent
growth of the SiC naowires with tapered bodies and sharp tips
could be ascribed to the following reasons. The dissolutions of
the Si and C elements in Au catalytic droplets are remarkably
influenced by the variation of the temperatures. This means
that a decrease of the temperature might result in a lower
dissolution of the vapor species within the catalytic liquid
droplet, which, in turn, leads to the decrease of the catalytic
droplet sizes. That is to say, with the decrease of the
temperatures, the sizes of the liquid Au catalytic droplets
would be gradually reduced, which consequently causes the
growth of the SiC with tapered bodies and sharp tips.""*%*"?
Notably, all of the nanowires have sharp tips with numerous
sharp corners around the wire bodies (Figure 1(d,e)).
According to the local field enhancement effect, these sharp
tips and sharp corners could bring a significant enhancement to
the electron emission of the as-synthesized nanowires,”” making
them an ideal candidate as the field emitters.

The characterizations of the obtained products were further
performed by TEM. For the TEM sample preparation, the
nanowires were scratched and detached from the SiC wafer
substrate, followed by ultrasonic treatment in alcohol for 10
min. Then a drop of the resultant solutions was dripped onto
the copper grid. Figure 2(a) shows a typical TEM image of a
single nanowire under a low magnification, suggesting that the
nanowire possesses a needle-like shape with a tapered structure
and rough surface. Figure 2(b) is the corresponding enlarged
TEM image, showing the detailed characteristics of the tip of
the nanowire. It seems that the tip is clear and typically sized at
~10 nm (the inset Figure 2(b)). Figure 2(c) shows a
representative TEM image of the wire body. It discloses that
numerous sharp corners existed around the body of the as-
synthesized nanowire, as shown by the white dashed arrow
heads in Figure 2(c). Figure 2(d) is a typical HRTEM image
recorded from the marked area of A in (b), clarifying its single
crystalline nature of the resultant nanowires. The interplanar
fringes can be clearly observed, and the spacing between two
set of fringes is ~0.25 nm, agreeing with the (111) crystal faces
of 3C-SiC. The top left inset is the corresponding SAED
pattern, which can be indexed to the 3C-SiC structure (JCPDS
Card No. 41-0360). It is identical over the entire nanowire,
confirming its single-crystalline nature. The results of the TEM,
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Figure 2. (a) Typical TEM image of a single nanowire under a low
magnification. (b) Typical TEM image of the wire tip under a high
magnification. The inset shows the sharp and clear tips of the nanowire
with a typical diameter of ~10 nm. (c) A representative TEM image of
the wire, showing numerous sharp corners existing around the wire
body. (d) A typical HRTEM image recorded from the marked area of
A in (b). The inset is the corresponding SAED pattern. (e) A
representative EDX spectrum of the nanowires. (f) A typical element
mapping of N dopants within the SiC nanowires.

HRTEM, and SAED pattern suggest that the wires grow along
the [111] direction, as indicated by the arrowhead marked in
Figure 2(a). The chemical compositions of the SiC nanowires
are identified by EDX under TEM, revealing that they consist
mainly of Si, C, N, and Cu (Figure 2(e)). The Cu signals come
from the copper grid used to support the TEM sample. The
atomic ratio of Si to C, within the experimental limit, is close to
1:1, suggesting the nanostructure is SiC. Figure 2(f) presents
the typical mapping of the N elements within the SiC
nanowires, suggesting their uniform spatial distribution with
an average concentration of 3.01 at.%. On the basis of our
previous work,'>*® the as-synthesized products are n-type SiC
nanowire arrays.

Figure 3(a) shows the emission current density (J) versus the
applied electric field (E) curves (J—E) of the as-synthesized n-
type SiC nanowire arrays with anode—cathode separation
distance (d) fixed at 800 ym under RT. J and E can be
calculated from the total emission current (I) divided by the
effective area (S) and the external voltage applied (V) divided
by the anode—cathode separation distance (d), respectively.
The curve reveals that the dependence of the emission current
density on the applied field is exponential-like after a certain
value. The relatively smooth and consistent curve implies the
stable electron emission. The corresponding F—N curve
(shown as the top left inset, plotted in the In(J/E*) — 1/E
relationship) exhibits an approximately linear relationship,
suggesting that the electron emission from the n-type SiC
nanoarrays follows the conventional field emission mechanism.
Figure 3(b) shows the changes of the FE properties of the n-
type SiC nanoarrays with the distances ranging from 600 to 900
um, suggesting that all curves show a similar tendency. The E,,
and threshold field (E,,, defined to be the electric field required

to produce a current density of 1 mA/cm?) are in the range of
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Figure 3. (a) Typical J—E curve of the n-type SiC nanowire arrays with the anode—cathode separation distance fixed at 800 ym under RT. The inset
is the corresponding F—N plot. (b) Typical J—E curves of the SiC nanoarrays with the distances fixed at 600—900 ym under RT. (c) The variations
of E,, and Ey, with the distances. (d) The corresponding F—N plots under different distances.

1.50—1.95 V/um and 2.65—2.96 V/um (Figure 3(c)),
respectively. While the d is set as 800 pm, the best FE
properties with the E,j and Ey, of 1.50 V/um and 2.65 V/um
could be reached, respectively. The E,, is superior to those of
most reported works for SiC nanostructures with different
morphologies”'*'>'* which always fall in ~2—17 V/um range
and other inorganic semiconductor nanoarrays such as ZnO
nanoarrays (2.4—4.6 V um™"),>" AIN nanorod arrays (E, 3.8 V
pm™"),** and CdS nanowire arrays (12.2 V/um).”> Regardless
of the various d fixed between the cathode and anode, it seems
that the electron emissions from the n-type SiC nanoarrays all
obey the conventional field emission mechanism (Figure 3(d)).
On the basis of the reported work function of SiC (4.0 eV)
under RT* and the slope (m) of the F—N plot at d = 800 um,
the field enhancement factor f can be calculated to be ~4482 at
RT. This high B can be mainly attributed to the special
morphology of nanowires with a high aspect ratio and small
radii of curvature.

The current emission stability of the emitters is another key
parameter to concern their device applications. We employ Jy,o,
(e, J degradation during the testing time) to evaluate the
current emission stability of the as-fabricated nanoarrays,®*
which can be calculated by

]drop = (]ﬁrst - ]last)/]mean (1)

where J;. Jlsw and J, refer to the first, last, and mean emission
current densities, respectively. Figure 4 displays the variation of
the emission current density at a current density of ~693.3 uA/
cm® under the applied electric field of 2.5 V/um with a

monitoring time of 240 min, which are examined by
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Figure 4. FE emission stability of the n-type SiC tower-like nanowire
arrays under RT.
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Figure S. (a) J—E plots of n-type SiC nanowire arrays under different temperatures ranging from RT to 500 °C. (b) The variations of E,, and Ey,
with the changes of the temperatures. (c) The corresponding F—N plots of SiC nanoarrays under different temperatures. (d) The variations of ® and

the current densities at 1.51 V/um with the changes of the temperatures.

automatically recording the emission currents at every 3 s under
RT. A very small current fluctuation <3.8% can be observed,
suggesting the highly stable electron emission of our
synthesized n-type SiC nanoarrays. It is much more stable
than most of the other SiC nanostructures and inorganic
semiconductor nanoarrays.'>** For example, Zhang et al.
reported that the current fluctuation of tungsten oxide
nanowire arrays was ~5%;® Das et al. reported that the
current fluctuation of CuO nanostrucutres was ~5%;>’ and
Yang et al. reported that the current fluctuation of B-doped SiC
nanowires was ~149.>

As compared to the Si semiconductors, the unique and
significant advantage of SiC counterparts is to be serviced in
harsh environments (e.g, high temperatures). However, how
about the work abilities of the SiC emitters under high
temperatures once they fall into micro/nanodimensions? Few
works have focused on this point. To disclose the field emission
behavior of the present n-type SiC nanoarrays under high
temperatures, the FE performances were measured in the
temperature range of RT to 500 °C. Figure S(a) shows the
curves (J—E) of the as-synthesized n-type SiC nanowire arrays
under different temperatures with a fixed d of ~800 ym. All the
relatively smooth and consistent curves indicate their stable
electron emission, suggesting that the present n-type SiC
nanoarrays could be well serviced under the high-temperature
harsh environments up to 500 °C. Figure S(b) presents the

variations of the E, and Ey, with the change of the
temperatures. It suggests that, when increasing the temperature
from RT to 500 °C, the E, and Eg, of the n-type SiC
nanoarrays decrease from 1.50 to 0.94 and 2.65 to 1.33 V/um,
respectively, implying that the electron emission of the present
n-type nanoarrays is sensitive to the temperatures.

To understand the FE behaviors of the n-type SiC
nanoarrays working under different temperatures, the field
emission J—E characteristics were analyzed using the Fowler—
Nordheim (F—N) equation24

J = (AB*E*/®)exp[—BD* *(BE) '] )

where E is the applied electric field; A = 1.54 X 107° A eV V%
B =683 %10’ eV>2V ym™}; ® is the work function of the
emitter material; and f is the field-enhanced factor. The
corresponding F—N curves, plotted as In(J/E*) — 1/E, are
presented in Figure 5(c). The slopes of all F—N plots show the
approximately linear relationships, indicating that the FE of the
n-type SiC nanoarrays from RT to 500 °C obeys the F—N rule.
With respect to the fact that there is no significant influence of
temperature (RT to S00 °C) on the crystal structure of SiC
nanostructures,®® the # should be determined only by the
emitter geometry and thus can be considered as a constant
regardless of the temperature variations. Determining of the ®
can trace the F—N plots, whose slope k can be calculated by

530 DOI: 10.1021/am506678x

ACS Appl. Mater. Interfaces 2015, 7, 526—533


http://dx.doi.org/10.1021/am506678x

ACS Applied Materials & Interfaces

Research Article

k= —-B®*?/p (3)

Then the work functions of n-type SiC nanonarray emitters
under different temperatures can be calculated out,®” which
show a decrease from 4.0 to 3.1 eV with the temperature
increased from RT to 500 °C (shown as the red plot in Figure
5(d)). The reduced @ is responsible for the observed thermo-
enhanced FE behaviors.*>*' The inherent mechanism can be
ascribed to the increase of the electron—hole pairs induced by
the rise of the temperatures.”*~** For n-type semiconductors,
the electrons at the top of the valence band can transit to the
bottom of the conduction band with a higher energy and larger
probability caused by the increased temperatures, leading to the
generation of more electron—hole pairs. The increased
electrons could take part in the current transport, which
consequently results in the decreased resistance and a better FE
performance.*>*® It can be confirmed that the electron
emission could be enhanced significantly from 40.0 to 506.7
uA/cm?* (at 1.51 V/um) upon the temperatures increase from
RT to 400 °C, as shown by the blue plot in Figure 5(d).
The excellent FE properties of the as-synthesized n-type SiC
tower-like nanowire arrays can be mainly ascribed to the
following issues: (i) The well-aligned and tapered structures
with clear and shar7p tips of the as-grown nanowires (Figure 1
(d and e)).*""*M*7731 These sharp tips with small curvature
radius could facilitate the electron emission significantly due to
the local field enhancement effect.>* The clear tips of our wires
(the top right inset in Figure 2(b)) also benefit from the
electron emission because the alloy drops covered on the
emitter tips could bring an additional energy barrier to limit the
electron emission.”**>™>° (ii) The unique tower-like morphol-
ogy of the as-fabricated SiC nanowires, which could offer the
wires with numerous sharp corners around the bodies.’**
These sharp corners could also act as the efficient electron
emission sites due to the local field enhancement effect.'"’
That is to say, the unique tower-like structure could
significantly increase the density of the emitting sites and
thus makes a profound improvement on the FE of the
nanostructures. (iii) The incorporated N dopants within the
SiC nanowires.'>*>**® The N dopants could favor a more
localized impurity state near the conduction band edge, which
thus could make the Fermi level be shifted toward the vacuum
and lead to the reduction of @. (iv) The outstanding intrinsic
properties of SiC materials with high mechanical strength and
chemical stability, which allow the SiC nanoarray emitters to be
well-serviced under high temperatures up to 500 °C.°~” In
brief, these unique features as mentioned above suggest that
our well-aligned n-type SiC tower-like nanowire arrays could
meet nearly any stringent requirement for an ideal FE emitter
with excellent FE performances, making their very promising
applications in displays and other electronic nanodevices.

4. CONCLUSIONS

In summary, we have demonstrated the large-scale and well-
aligned growth of n-type SiC nanowire arrays on the 6H-SiC
wafer substrates via pyrolysis of polymeric precursors with Au
as the catalysts. The obtained SiC nanowires are highly
qualified with sharp tips and numerous sharp corners around
the wire bodies as well as 3.01 at. % incorporated N dopants.
The FE characteristics show that E,, and Eg, of the as-
synthesized n-type SiC tower-like nanowire arrays are 1.50—
1.95 and 2.65—2.96 V/um with the changes of the anode—
cathode separation distances from 600 to 900 ym, respectively,
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showing that the n-type SiC nanoarray emitters possess very
excellent FE properties. Their current emission fluctuation
under RT is measured to be of 3.8%, suggesting they have a
high electron emission stability. The field enhancement factor is
calculated to be ~4482 at RT. The investigation on the FE
performance under high temperatures discloses that the E, is
reduced from 1.50 to 0.94 V/um with the temperature raised
from RT to 500 °C, implying that the as-synthesized n-type SiC
nanoarray emitters could be serviced under harsh environments
up to 500 °C. The temperature-enhanced FE behaviors could
be attributed to the reduction of the work function induced by
the rise of temperatures and the incorporated N dopants.
Current work suggests our n-type SiC tower-like nanowire
arrays could be an excellent candidate for field emitters.
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