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Abstract

We report on a new type of stable field emitter capable of electron emission at levels
comparable to thermal sources. Such an emitter potentially enables significant advances in
several important technologies which currently use thermal electron sources. These include

communications through microwave electronics, and more notably imaging for medicine and
security where new modalities of detection may arise due to variable-geometry x-ray sources.
Stable emission of 6 A cm~? is demonstrated in a macroscopic array, and lifetime
measurements indicate these new emitters are sufficiently robust to be considered for realistic
implementation. The emitter is a monolithic structure, and is made in a room-temperature
process. It is fabricated from a silicon carbide wafer, which is formed into a highly porous
structure resembling an aerogel, and further patterned into an array. The emission properties
may be tuned both through control of the nanoscale morphology and the macroscopic shape of

the emitter array.

Online supplementary data available from stacks.iop.org/Nano/24/065201/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Field emission has been persistently researched for decades,
and continuing advances in the design and synthesis of
new materials have significantly aided the development of
cold electron sources [1-5]. This research is motivated
by the distinct technological advantages offered by the
desirable properties of field-extracted electrons compared
to those that are thermally produced. Attributes such as
reduced beam spread and fast response time would allow
for significant improvements in a broad array of applications
including displays [2], microwave electronics [6] and x-ray
sources [7, 8]. These may respectively lead to increased
energy efficiency, superior communication and radar and new
imaging capabilities for medicine and security. All of these
applications require an emitter that is reliable and capable of
producing the desired emission current; more critically, the
latter two require high emission currents that so far have only
been in the realm of thermal sources. Here we report on a new
type of field emitter with performance which may potentially
enable use in these technologies.

0957-4484/13/0652014+-05$33.00

Whereas in thermionic emission electrons are released
through heat, field emission extracts electrons using an
applied electric field through quantum mechanical tunneling.
Electron field emission is described by the Fowler—Nordheim
model [9] in which the tunneling barrier is distorted by the
large applied electric field. The electron current density J, is

expressed as
ki B2E2 L5
J= 1 exp (—kzd)—>
¢ BE

where k; and k are constants dependent on the properties
of the barrier. The current density is exponentially dependent
on the emitter’s work function ¢, the applied electric field E
and the magnitude of field enhancement caused by the shape
of the emitter 8. For arrays of emitters, B is defined by a
two-level hierarchy: (1) the local electric field enhancement
at the level of the individual emitter, set by the size and
shape of the local nanostructure, and (2) the global electric
field enhancement, set by the larger scale spatial arrangement
of the emitters comprising the array. Numerous technologies
have been pursued to increase field enhancement at the first

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Scanning electron microscopy (SEM) images of various porous SiC emitter structures. (a) Pillar test structure patterned by a
focused ion beam (FIB); scale bar 10 um. (b) Mesa structure fabricated by photolithography and reactive ion etching (RIE); scale bar
50 pum. (c) Magnified view of fin array fabricated by FIB; scale bar 4 pum. (d) Pillar arrays fabricated by FIB; scale bar 50 pm.

(e) Hexagonal mesh arrays fabricated by photolithography and RIE; scale bar 10 pm. (f) Pillar structure demonstrating change in
morphology due to material decomposition. The inset shows the surface prior to testing; scale bar 1 pum.

level, ranging from early conically shaped tip approaches [1]
to more recent efforts focused on carbon nanotubes, with
continuing reports of improved performance [10].

Here we demonstrate control of this two-level field
enhancement hierarchy in these emitters. These structures
are fabricated from highly n-doped silicon carbide wafers
which are electrochemically etched into a continuous and
highly porous structure. These are subsequently formed by
ion etching into a variety of arrays, while maintaining
morphology and porosity, as shown in figure 1 and Movies 1
and 2 (available at stacks.iop.org/Nano/24/065201/mmedia).
At the local level, field enhancement is defined by the shape
of the nanostructure, and varied through electrochemistry
conditions so as to alter relevant features such as porosity
and wall thickness. At the second level, the macroscopic
shape of the emitter array establishes the global field
enhancement across the emission area. The starting material,
silicon carbide, is chosen as it is refractory and capable of
withstanding high current densities. It also possesses a wide
bandgap, and these wafers are heavily n-doped. The two
properties lead to increased emission by reducing the work
function through enhanced electron affinity, as the tunneling
process is dominated by electrons in the upper conduction
band.

2. Experiment

Wafers of 6-H poly-type, with nominal resistivity ranging
from 0.02 to 0.2 Q2 cm were etched into porous structures,
detailed in the Appendix. We have explored a range of
electrochemical conditions, and the resulting structures are
dependent on the specifics of the anodization chemistry. This
difference in nanostructure morphology manifests itself in the

emission characteristics, as it leads to different local field
enhancement. As an example, figures 2(a) and (b) demonstrate
the variation in structure that results from wafers anodized
using electrochemical solutions with different conductivities.
In the first (Condition 1), the etching conditions produce
structures with wide variations in pore size, and pore wall
thickness ranging from 30 to 200 nm, where the thicker
pore walls dominate the structure (figure 2(a)). In the second
(Condition 2), more oriented structures with smaller wall
thickness were produced, with typical pore sizes of 150 nm
and wall thicknesses between 20 and 30 nm (figure 2(b)).
These surface emitters were tested in the large-area
diode configuration described in the Appendix. As field
enhancement requires high aspect ratio structures, the thinner
average pore walls of wafers processed through Condition
2 should ideally lead to higher emission. This is indeed
observed, as shown in figure 2(c), where the emission
characteristics corresponding to the two conditions are
plotted. (For comparison, testing was also performed on an
unprocessed wafer, demonstrating no significant emission.)
Further field enhancement may be achieved through
design of the larger scale structure of the emitting array.
For this goal, a variety of exploratory structures were
fabricated to assess the mechanical robustness and the
limits of the aspect ratio that could be achieved (figure 1).
The anodized structures were initially plasma etched into
macroscopic mesas (figure 1(b)) and formed into shaped
arrays using lithographically defined etch masks, or through
a high resolution focused ion beam (FIB). Compared to the
original mesa, the area is reduced by 85% for the fin array
(figure 1(c)) and 96% for the pillar array (figure 1(d)). The
fin and pillar arrays were formed from a starting square mesa
(figure 1(b)) with a lateral dimension more than 10 times
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Figure 2. Top: SEM images of an electrochemically etched wafer
using two different conditions and the measured current densities
(J) versus applied electric field (E). (a) Condition 1; scale bar 1 pum.
(b) Condition 2; scale bar 1 um. (c) Resulting J versus E curves for
Conditions 1 and 2, and an unprocessed wafer.

the pitch or the height of the emitter, detailed in Appendix.
This relative scaling is important for the measured current
density to accurately represent larger sized arrays, and thus
be macroscopic. Thus all current densities reported here are
calculated using the macroscopic dimensions of the emitter
array, defined by the lateral dimensions of the starting mesa.

3. Results and discussion

In contrast to the surface emitters formed solely by wafer
anodization (figures 2(a) and (b)), electron emission in the
patterned structures occurs at lower electric fields, and is
initially dominated by emission from the array’s perimeter
due to this region’s higher electric field enhancement. In
the test procedure, the field is increased until the current
density from this perimeter region exceeds the material’s
inherent capability (discussed below), at which point the
emission drops as the nanostructure becomes compromised.
Consequently, the perimeter field is diminished, the array
emits more uniformly across the entire structure, and the
current continues to rise with increasing electric field. Since
this emission is now over a larger area, significant stable

emission may be obtained, and the fields required to reach the
material limit in this regime are higher. Figures 3(a)—(d) detail
the perimeter and areal emission characteristics of a mesa
(figure 1(b)) and a pillar array (figure 1(d)), demonstrating this
effect. Post-testing scanning electron microscopy at various
stages of the test indicates that the likely failure mechanism
is a morphology change in the structure (figure 1(f)). It
is manifested as rounding of the nanostructure surface,
suggesting decomposition of the silicon carbide. Our results
indicate that the emission is stable so long as the material’s
inherent limit is not exceeded. Finally, in figure 4 the areal
emission characteristics of the mesa, fin and pillar arrays
(figures 1(b)—(d)) are shown, demonstrating the second-level
field enhancement arising from the global structure of the
array. We note that the pillar array (figure 1(d)) produced
stable emission in excess of 6 A cm~ 2 at 7.5V me’l, a value
that compares favorably with carbon nanotube emitters [10],
and is at the level of standard thermal sources [11].

Several lifetime and reliability measurements have been
undertaken to ascertain the robustness of these structures. We
have performed both continuous pulse and dc testing, and the
results indicate that (areal) emission is robust so long as the
current densities remain below where material decomposition
occurs. For our experimental configuration, the fields required
to reach this material limit may be readily obtained for the
pillar array (figure 1(d)). As shown in figure 4(c) (inset), the
emission fluctuates and becomes unstable at a current density
above 7 A cm~2, and post-test SEM examination indicated
material decomposition (figure 1(f)).

To assess reliability at high current densities below
the decomposition point, a mesa emitter was repeatedly
subjected to a slow dc ramping of the electric field detailed in
figure 3(b), and showed no changes over an hour’s operational
time. Further, testing has also been performed on mesh arrays
with 30% of the area of the starting mesa (figure 1(e)). This
structure was subjected to sequences of dc pulses of applied
voltage, each being pulse approximately 5 s long, with varying
off times between each pulse (60, 100 and 200 s). As shown
in figure 5(a), the emission does not vary as long as the
emitter is allowed sufficient time (200 s) to cool to its original
temperature, and shows only a slight increase in emission
within the pulse duration (figure 5(a), inset). As the off-time
is decreased to 100 and 60 s and the emitter temperature is
allowed to rise (figures 5(b) and (c)), the overall emission
increases accordingly and the enhancement within a pulse
is more pronounced. The results show that the dc emission
levels consistently exceed 1 A cm™? during this demanding
test protocol. At the highest current densities, local heating
resulted in the emitter exhibiting a faint reddish glow during
the pulse. The emitters recover to initial levels once they are
allowed to cool. This test procedure also resulted in an overall
emission time of approximately an hour.

4. Conclusion

With further optimization of materials and processes, the
promising performance reported in these initial studies raises
the realistic possibility of field emitters as a potential



Nanotechnology 24 (2013) 065201

M-G Kang et al

0.4 Fa Mesainitial F 0.4 kP Mesastable
! .
&03F & 245 B=1640 " 03 g 255} p=936
§ 2 3
T - 270 }
202_525.5 o2k = N
= 265 285
= 9.5E-06 1.3E-05 1.6E-05 6.4E-06 9.4E-06 1.2E-05
0.1F 1IE (cmiV) 01F 1/E (cmiV)
0.0 . 0 : :
0.0 3.0 6.0 9.0 00 30 60 90 120 15.0
1.5 7.0
¢ Pillarinitial d  Pillar stable
e 6.0 | H
— ~ 210 :|s50F .
10 § p=3636 : g s p=1817
g 5 -23.0 H 40 F 5 .23.0
2 £ 250 . § 30| =5
- 05} -27-?-05-05 4.5E-05 6.0E-05 20V 00 tee0s zeres
1/E (cm/V) 1/E (cm/V)
1.0 F
0.0 1 0.0 .
0.0 1.0 2.0 3.0 0.0 20 4.0 6.0 8.0
E (V/pm) E (V/pm)

Figure 3. J versus E and corresponding Fowler—Nordheim (FN) plots (inset) of the mesa and pillar structures. (a) Initial emission tests
dominated by the perimeter of a mesa. (b) Stable areal emission characteristics of the same mesa. For (b) six different J versus E data sets
were measured at various electrode separations ranging from 0.24 to 1.35 mm. In each curve, the voltage was continuously ramped to the
maximum value and then decreased, in increments of 20 V steps every 0.5 s. (¢) Initial tests of a pillar array, dominated by perimeter
emission. (d) Stable areal emission of the same pillar array. The FN inset shows the extracted § values.

replacement for thermal sources. We believe the robustness
is partly due to the monolithic nature of the structures,
as there are no material interfaces that may be potential
failure points. In addition, the porous morphology leads
to a continuous supply of emission points as the emitting
surface wears. Both should prove to be advantageous for
performance and reliability. We are cautiously optimistic
that performance characteristics may be further enhanced
through improvements of electrochemistry conditions and
geometric design, towards realization of an effective cold
cathode technology capable of producing a high current.
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Appendix
A.l. Fabrication

The porous silicon carbide structures tested were produced
by electrochemical etching using two processing conditions,
and are similar to a previous report [12]. In Condition 1, the
anodizing solution consisted of 10% HF and 5% ethanol (by
mass) with the balance distilled water. In Condition 2, the

anodization solution consisted of 20% HF and 5% ethanol (by
mass) with the balance de-ionized water. Ohmic contact to
the backside (silicon face) of the wafer was formed using Ni
(50 nm), annealed at 300 °C in Ar. The etched side (carbon
face) was subsequently anodized at 20 V using a Pt mesh
counter-electrode, at a nominal rate of 4 um min~—!. The use
of de-ionized water in Condition 2 resulted in a dense top
layer approximately 2 pum thick with low porosity. This top
layer was subsequently removed by reactive ion etching (RIE)
using 90% SF¢ and 10% O, plasma etching, exposing an
underlying structure with more uniform porosity and smaller
wall thickness than wafers anodized using Condition 1.

The structure shown in figure 1(b) is a square mesa
210 pm per side. It was fabricated through the formation of
the nanoporous structure on a SiC wafer, and subsequently
patterned with a metal etch mask through conventional
photolithography, and RIE etched as before. This mesa
fabrication procedure was also used for fabrication of the fin
and pillar arrays shown in figures 1(c) and (d). Here, the mesas
were further patterned by FIB etching (Ga+ ions, 30 keV
beam energy, 2.5 nA beam current, 50 nm nominal beam
diameter) assisted by XeF, gas. Compared to FIB milling
without gas, the use of gas-assisted etching (GAE) in shaping
emitters in porous SiC leads to a significant increase in the
material removal rate (by a factor of ~6). In figure 1(c), the
fins comprising the array are 1.5 um wide and 20 pm high,
with 10 um pitch. In figure 1(d), the square pillars are 2 um
per side and 20 pm high, with the same pitch. In figure 1(e),
the mesh structure array is 0.5 mm per side, and has hexagonal
sides 10 um long, 2.3 um wide and 20 um high, fabricated
by the RIE process outlined above.
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Figure 4. J versus E plots of patterned structures showing emission
enhancement through macroscopic geometric design of the emitter
array for a mesa (figure 1(b)), fin (figure 1(c)) and pillar

(figure 1(d)) array. The turn on fields, defined for a current of

10 uA, are 4.4V um=", 6.5V um~! and 9.6 V um™" for the pillar,
fin and mesa structures respectively. Inset to (c): J versus E
extended to the failure point of the pillar array, demonstrating
emission instability (red) as the material limit is reached.

A.2. Testing and analysis

The test apparatus has parallel-plate geometry and is in a
vacuum chamber with a base pressure of 1.3 x 10~/ Pa; testing
was typically initiated at 1 x 10~ Pa. The anode and cathode
are 1 cm in diameter. The electrode separation is controlled
precisely as it determines the electric field value, and is
typically 1.000 mm =+ 0.002 mm. The measurements were
performed either in sequential dc or pulse mode, with pulse
widths ranging from 0.2 to 10 ms and a typical frequency
of 1 Hz. The emission results were independent of the pulse
widths. The pulse data shown in figures 2(c), 3(a), (c), (d)
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Figure 5. Emission versus pulse number for testing of the mesh
structure shown in figure 1(e). Each pulse is 5 s in duration. The off
times in the pulse sequence are not shown to ease comparison
between results. The off times are 200, 100 and 60 s for (a), (b) and
(c), respectively. The insets show the emission profile during a
pulse, at the end of the pulse sequence (denoted by “*’); time
intervals in the insets are 1 s.

and 4(b), (c) were obtained using a 0.2 ms square pulse
at a frequency of 1 Hz. The uncertainty in electric field
is 0.2% (1o) and is determined by the uncertainties in the
electrode separation and output of the high voltage apparatus.
The uncertainty in the emission current is 0.1% (lo) and
is determined by the precision of the current measurement
apparatus. For the extraction of B through FN data analysis,
the values used for the constant of integration and work
function are k» = 6.83 x 107 eV=3/2 vV em~! and ¢ =4.2¢eV,
respectively.
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