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Electron field emission from SiC nanopillars produced by using nanosphere
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Field emitter arrays of silicon carbide based nanopillars with high emitter density were
fabricated by using a combination of nanosphere lithography and inductively coupled plasma
reactive ion etching techniques. The electron field emission characteristics of the produced
nanopillars with two different aspect ratios and geometries were investigated, and the obtained
results were compared with each other. The authors found that unlike the samples containing
low aspect ratio SiC nanopillars with blunt tip apex, the samples comprising high aspect ratio
nanopillars with sharp tip apex generate greater emission currents under lower electric fields.
The nanopillars with sharp tip apex produced field emission currents up to 240 uA/cm? under
17.4 V/um applied electric field, while the nanopillars with blunt tip apex produced an emission
current of 70 uA/cm?. The electric fields required to obtain 10 uA/cm? current density are found
to be 9.1 and 7.2 V/um for the nanopillars with blunt and sharp tip apex, respectively. Time
dependent stability measurements yielded stable electron emission without any abrupt change in

the respective current levels of both samples. © 2017 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4989853]

I. INTRODUCTION

Field emission electron sources have been extensively
studied over the years to be used in numerous applications
including a wide range of vacuum micro/nanoelectronics
devices such as flat panel displays,' sensors,> information
storage,” and high-end surface imaging devices,® given their
unique and desirable properties such as high coherency and
small beam radius of the emitted electrons. The field emis-
sion properties of vast number of materials have yet been
investigated in numerous forms to achieve stable and high
current densities, especially in low electric fields. Its excep-
tional properties make SiC a remarkable candidate for being
used as electronic device component that is meant to work in
harsh environments.”” Electron field emission properties of
both chemically synthesized SiC nanowires'®'" and SiC
micropillars etched on bulk substrates'* have been shown to
produce high emission currents up to a few amperes per cm>
at moderate electric fields and striking field enhancement
factors ranging between 10° and 10*. The main drawback for
large field emitter array out of SiC nanowires is to achieve
perpendicularly aligned structures on the cathode electrode
with respect to the anode, which drastically limit the field
emission current."?

Fabrication of such fine, and well organized nanometer
scale structures on bulk substrates is possible only by a few
methods such as state of the art nanofabrication techniques,
including e-beam lithography (EBL) and nanosphere lithog-
raphy (NSL). NSL has proven itself to be a reliable and
fast technique to acquire highly organized nanostructure
arrays in large areas with relatively low-cost equipment.
With this technique, it is possible to achieve large area
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monolayer self-assembly patterns on the substrate within a
course of minutes. The ease of application also makes this
technique appealing for many research groups in various
areas.

The use of polystyrene (PS) nanospheres have been in the
spotlight of many NSL applications, especially as a mask in
various forms, given its easily modified shape and diame-
ter.'* Although it has proven to be an effective mask for
reactive ion etching (RIE) of field emitter arrays of easy-to-
fabricate materials like Si,'” it is not suitable to use PS nano-
spheres directly as an etch mask for robust materials like SiC
that require aggressive and highly sophisticated etching pro-
cesses, which is conventionally masked by nickel (Ni) struc-
tures defined only by EBL.

Here, we present an easy to produce and an effective
method to print out the nanosphere self-assembly array into an
aggressive reactive ion etching compatible Ni based nanodot
hard mask. We assume that with certain modifications, the
same method could also be applied to other materials that
require different etch masks. We have successfully fabricated
two sets of distinct nanopillar structures on SiC substrates
with different aspect ratios and geometries by using this mask.
Electron field emission characteristics of the produced SiC
nanopillars were investigated under high vacuum conditions.

Il. EXPERIMENT

SiC nanopillars were fabricated using a combination of
NSL and inductively coupled plasma (ICP) RIE techniques.
In the experiments, we used nominally n-type doped single
crystal 6H-SiC wafer. As-received wafer was diced into
4 x 10 mm? rectangular substrates. Prior to the deposition
of PS nanospheres, the substrates were cleaned chemically
by solvents in an ultrasonic bath. Following the cleaning

© 2017 American Vacuum Society 041801-1
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FiG. 1. (Color online) Schematic illustration of the fabrication steps for SiC nanopillar array produced by NSL and ICP-RIE methods. The illustration is not
scaled.

procedures, the samples were exposed to O, plasma in
order to convert the hydrophobic character of the SiC sur-
face into hydrophilic. The hydrophilicity of the surface is
necessary for binding the hydroxyl groups of PS nano-
spheres onto the SiC substrate. A solution of nominally
450 nm diameter PS nanospheres with 10 wt. %/v density in
deionized water is diluted by ethanol to get a volume ratio
of 7:1. The prepared solution of PS nanospheres was spin
coated on the surface of SiC substrate similar to that
depicted in Fig. 1(a). The diameter of the nanospheres was
reduced by O, plasma with the parameters of 30 W power
and 8.5 sccm O, flowrate [Fig. 1(a)]. As the buffer layer
which loosely attach on the SiC surface, a 40 nm thick Au
thin film was thermally deposited on the samples [Fig.
1(b)]. Then, the samples were immersed in isopropyl alco-
hol and sonicated for 2 min to remove the nanospheres with
reduced diameters, leaving behind an array of nanoholes on
the SiC substrate [Fig. 1(c)]. Following the nanosphere
removal process, 10/30nm thick Cr/Ni film was deposited
onto the samples [Fig. 1(d)]. The Cr/Ni regions with soft
Au base were peeled out of the SiC surface simply by a
sticky tape. Thereby cylindrically shaped approximately
162 nm diameter Cr/Ni based nanodots were obtained [Fig.
1(e)]. Each nanodot serves as a local hard-mask to protect
the SiC regions underneath during the ICP-RIE process.
The SiC substrate with Cr/Ni nanodots on its surface was
etched by SFg + O, gas mixture in a ICP-RIE system. By
means of the ICP-RIE process, nanopillars were success-
fully produced on the C-face surface of the SiC substrate
[Fig. 1(f)]. Every step during the SiC nanopillar fabrication
process was verified by scanning electron microscopy
(SEM) measurements. After the SiC based nanopillar fabri-
cation, the samples were immersed into a conventional che-
ric ammonium nitride/perchloric acid based Cr etchant
solution to remove any remaning traces of the Cr/Ni mask.
The SiC substrate with vertically aligned nanopillars on
its surface was bonded on a w =3 mm wide planar tungsten
plate using a silver paste. As the anode electrode, another
tungsten plate was placed at a distance of about d =230 um
above the sample surface that covers approximately 9 mm?
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active emitting area at the middle of the sample. Both elec-
trodes were placed on a home-made vacuum compatible pol-
ytetrafluoroethylene based sample holder in order to ensure
the electrical isolation between the respective electrodes.
The sample stage retaining these two electrodes (Fig. 2) was
inserted to a vacuum chamber which can reach a pressure of
about 5 x 1077 mbar. The field emission characteristics of
the SiC nanopillars were measured inside the vacuum cham-
ber for an applied potential difference ranging between 0
and 4 kV under the above mentioned pressure range. For the
field emission experiments, we used PHYWE 13673-93 high
voltage source that is controlled manually, and the field
emission currents were read through the voltage drop on a
50kQ load resistance by using KEITHLEY 2182A
Nanovoltmeter.
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FiG. 2. (Color online) Schematic illustration of the sample stage for electron
field emission characterization of SiC nanopillar array: (a) top view and (b)
side view. The illustration is not scaled.
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lll. RESULTS AND DISCUSSION

Figures 3(a) and 3(b) display the SEM images of spin-
coated self-assembled monolayer of PS nanospheres on the
SiC surface before and after O, plasma treatment, respec-
tively. A number of SEM analysis, performed prior to the O,
plasma etching process, revealed an average nanosphere
diameter of 453nm and a density of 3.9 x 10’cm ? on the
SiC surface. The reduction in nanosphere size was measured
as a function of the plasma treatment time [Fig. 3(c)], and the
obtained data were taken into account for the production of
SiC nanopillars with desired diameter. In our thermal evapo-
ration system, the evaporation direction of the material has a
certain angle with respect to the rotating sample holder. Due
to the angle and the radius of curvature of the PS nanospheres,
for example, with the reduced diameter of 300 nm, the result-
ing Cr/Ni nanodots were found to have an average diameter
of about 162nm [Figs. 3(b) and 4(a)]. Such a design has
allowed us to create even finer structures than defined by the
initial diameter of the PS nanospheres, which is indeed desir-
able for the fabrication of nanoscale structures.

For the fabrication of nanopillars with two distinct geom-
etries and aspect ratios, two sets of samples were etched for
the ICP-RIE treatment durations of 1 and 2 min. SEM meas-
urements showed that these two different etching periods
yield forests of vertically aligned SiC nanopillars with low
(for 1 min) and high (for 2min) aspect ratios (height to
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Fic. 3. (Color online) SEM images of (a) self-assembled monolayer pattern
of 450nm PS nanospheres on SiC acquired by spin coating (scale bar
1.5 um) (b) PS nanospheres after 300s O, plasma treatment. Nanosphere
diameter reduced to 300 nm (scale bar 1 um). (c) The change in the PS nano-
sphere diameter as a function of O, plasma treatment time.
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Fic. 4. SEM images (a) and (b) of Cr/Ni etch mask on SiC [scalebars (a)
5 pum (b) 1.2 um] (c) of low aspect ratio nanopillars (NPL) after 1 min ICP-
RIE (scalebar 240 nm, angle 70°) (d) of high aspect ratio nanopillars (NPH)
after 2 min ICP-RIE (scalebar 240 nm, angle 70°).

width ratios). Depending on the nanopillar aspect ratios and
geometries, the samples were denoted as nanopillar low
(NPL) and nanopillar high (NPH). The NPL samples contain
low aspect ratio (~3.3) nanopillars with blunt tip apex
whereas NPH samples comprise high aspect ratio (~4.9)
nanopillars with sharp tip apex with an estimated apex radius
of 18 =4nm, as displayed in Figs. 4(c) and 4(d), respec-
tively. The sharp end geometry of the nanopillars on NPH
samples suggests that the shadow mask was completely
etched away during the RIE process, resulting in a shorter
pillar and a lower aspect ratio than initially expected for
2 min etching time.

As shown in Fig. 5, the field emission characteristics of
both NPL and NPH samples were measured as a function of
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Fic. 5. (Color online) Change in field emission current density with respect
to applied electric field for NPL and NPH samples. NPH sample has lower
turn-on electric field (3.4 V/um) compared to NPL sample (4.2 V/um). (The
data show a representative sweep-up measurement for each sample.)
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the applied electric field for a constant electrode spacing
of 230 um from an active emitting area of about 9 mm?
which is limited by the width (w) of the tungsten electrodes.
The turn-on electric fields, defined as the electric field
required to obtain an electric current density of 1 uA/cm?,
are found to be 4.2 and 3.4 V/um for the NPL and NPH sam-
ples, respectively. In addition, for the NPH sample, the elec-
tric field required to reach a current density of 10 uA/cm? is
determined to be 7.2 V/um which is smaller than the one
measured for the NPL sample (9.1 V/um) due to its sharp
geometry and smaller radius of curvature at the tip apex. The
measured total current for NPL is 6.3 uA and for NPH is
21.6 uA. Considering the active emitting area of the samples,
the current densities are determined. At the maximum
applied electric field of 17.4 V/um, which is limited by our
voltage—current measurement set-up, the field emission cur-
rent densities were found as 70 and 240 puA/cm? for the NPL
and NPH samples, respectively.

The emission current due to the tunneling of electrons
under an applied electric field follows the Fowler—-Nordheim
(FN) equation given as

212 3/2
J:A’Bd)E exp(—Bf;E ) (1)

where J is the current density, ¢ is the work function of the
emitter material, E is the applied electric field, A=1.546
x 107° AV_ZeV, and B=6.83 x 10’eV>Vcem ™! are the
FN constants'® and f is the field enhancement factor. For a
metallic single emitter, f§ is in agreement with the height to
apex radius ratio of the emitter.'” "'’ However, for large area
field emitter arrays, experimentally acquired values of the f8
factors are observed to have a twofold hierarchy:12 (1) the
local field enhancement that arise from the individual shape
of the emitter structures’® and (2) the global electric field
enhancement which is related to the spatial arrangement of
the field emitters on the sample surface.”’** In the case of
semiconductor based field emitters, 5 values calculated from
the slopes of the FN plot is observed to deviate from the
actual field enhancement of the structure due to the field pen-
etration effect, presence of shallow states arising from the
doping of the semiconductor material'***%* and the crystal-
linity>® of the sample. The combination of these effects may
give rise to drastic variations in the experimentally obtained
p values for large area semiconductor based field emitter
arrays. It should be noted that, in this work, we have investi-
gated only the effect of aspect ratio and the geometry of the
individual nanoscale emitters in a large area electron field
emitter array.

According to the FN theory, the plot of In (J/E?) versus
1/E should give a straight line with a slope of S = —B¢>%/p.
The linear behavior of the ln(J/Ez) to 1/E plot for our sam-
ples shows a good agreement with the FN tunneling phe-
nomenon at the tip apex of the SiC nanopillar emitters (Fig.
6). Two distinct slopes were observed with a switch at the
electric field values between 8.7 and 9.1 V/um for both sam-
ples (inset of Fig. 6). This steplike behavior was attributed to
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Fig. 6. (Color online) Fowler—Nordheim characteristics of the NPL and
NPH samples. (Inset) Step like change observed between the electric field
values 8.7 and 9.1 V/um.

the sudden change in the work function of the samples at rel-
atively high electric fields.”>*® The emitted electrons at low
fields are more likely to be arising from the surface states
where the work function is inherently lower, whereas the
main contribution to the field emission current at higher
fields is supplied by the bulk. The f values were denoted
as f“F and BMF for low electric field and high electric
field regions, respectively. For the NPL samples, the f§ val-
ues were determined as fiys = 7828 and fip; =4466 and
for the NPH samples as fixpy = 7251 and fxpy = 5639, for
¢=4.2eV at the C-terminated face of 6H-SiC wafer.'? For
the low electric field values, the i parameters have similar
results given to presence of surface states, and the aspect
ratio does not seem to have an effect on the field emission
current due to over-prediction of the experimentally obtained
p values, whereas at high electric fields, both the aspect ratio
and the geometry seem to play an important role. It is clear
from the calculated values that the experimentally obtained
p factors for low electric fields may lead to misinterpretation
of the field enhancement phenomena at the emitter tips. It is
known that at low electric field values, unintentional contri-
butions from the surface states of the two samples, which
were produced for two different ICP-RIE durations, may
give rise to such deviations in the calculated field enhance-
ment factors.”” Such large field enhancement factor for n-
type 6H-SiC micropillar structure was previously reported.'?
However, the field enhancement factors obtained in our
study are much higher. It is most likely that the nanoscale
roughness'® on the nanopillars for the NPL sample, and
sharp tip apex with an average radius low as 18 nm (Refs. 25
and 28) for the NPH sample have acted as effective emission
sites which yield higher field enhancement than initially
expected from the geometry of the resulting structures. It
should be noted that the field enhancement values for NPL
(PRE, =4466) and NPH (B = 5639) do not correspond to
the theoretically obtained field enhancement factors at the
emitter tips, and thus further investigations are required to
better understand the possible mechanisms behind this pecu-
liar phenomenon. Our measurements explicitly showed that
the field enhancement can be further boosted with denser
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Fic. 7. (Color online) Time dependent measurements of the field emission
current stability for NPL (=8.1%) and for NPH (%£8.3%) aquired under an
applied electric field of 8.7 V/um.

and finer structured SiC pillars with adequate spacing to
avoid the screening effects. As seen in Fig. 6, the FN plot of
the NPH sample shows a deviation from the linearity at high
electric fields above 15 V/um. This behavior is attributed to
the joule heating of the sample and thus to the generation of
hot electrons. This effect was also observed as a slight
increase in the pressure level of our vacuum system.

The stability measurements (Fig. 7) that were conducted
for a duration of 3 h under 8.7 V/um electric field revealed
reasonably stable electron emission current densities of
8.8 uA/cm? for NPL and 18.5 uA/cm?® for NPH, with fluctua-
tions that are calculated from the minimum and maximum
currents recorded during the measurements, in the range of
*8.1% and *£8.3%, respectively. The control measurements
taken after 3 h revealed a similarly stable current levels with
congruent fluctuations. No abrupt changes or cut-off in the
emission currents were observed for both samples.

IV. CONCLUSION

We have demonstrated a fast and simple method to pro-
duce Cr/Ni based nanoscale shadow mask patterns that are
capable of resisting to aggressive dry etching processes. A
dense array of SiC based nanopillars, with two different
aspect ratios (3.3 and 4.9) and distinct geometries (blunt and
sharp tip apex), was fabricated on the C-terminated face of
two sets of 6H-SiC substrates by using a combination of
NSL and ICP-RIE techniques. The field emission character-
istics of the produced samples were measured under the
influence of the electric fields generated in a voltage range
between 0 and 4kV. The turn-on electric field and the elec-
tric field required to obtain a current density of 10 uA/cm?
for low aspect ratio samples with blunt tip apex (NPL) were
found to be 4.2 and 9.1 V/um, respectively. These values are
observed to be lowered down to 3.4 and 7.2 V/um for the
high aspect ratio samples with sharp tip apex (NPH). Both
samples yielded stable current densities over a 3 h of period.
Further stability measurements carried out for longer time of
periods did not reveal any cut-offs or abrupt changes in the
SiC nanopillar emission currents.
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