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We reported the fabrication and the field emission properties of two-tier novel silicon nanostructures.
First, silicon nanopillars with ordered high aspect ratio were achieved by using conventional lithographic
techniques to act as the field emission sources. Second, sharp-edged well-aligned silicon nanograss was
fabricated on top of the nanopillars by means of hydrogen plasma dry etching to induce the field emission

characteristics. The turn-on fields were obtained as 10.5 and 14.4 V/um under current density of
0.01 mA/cm? for two-tier patterns separated by respective 5 um and 2 um spaces. The excellent field
emission property from these novel nanostructures exhibited a great potential as high-performance field
emitter arrays towards future nanoelectronic devices.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Field emission is one of the main features of nanomaterials and
nanostructures, and is of great commercial interest in displays
and other electronic devices. Fowler and Nordheim developed a
general model for electron emission from planar surfaces, and their
model has been widely used for electron emission from large objects
[1]. The main requirements for field emitters are low turn-on field,
high current density, and good current stability. Recent advances in
the fabrication of 1D nanostructures such as nanotubes [2,3], nano-
wires [4,5], and nanorods [6] have been considered to be good field-
emission electron sources because of their high aspect ratios. Silicon
nanostructures are of special interest due to their excellent field
emission properties and process compatibility with Si technology.
Several techniques have been employed to fabricate nanomasks,
e.g., electron beam lithography [7], percolating of substrates before
reactive ion etching [8,9], and ion bombardment with a heteroge-
neous material placing together with the object to be etched [10]
etc. These processes are either expensive or suffered from lack of
uniformity in terms of geometrical shape and distribution.

A one step approach like femtosecond laser processing [11] for
micron sized sharp Si spikes and self masked dry etching [12] to
produce silicon nanotips were also reported. Self-assembled silicon
nanostructures and their field emission were also reported recently
[13,14]. However, the field emission performance depends both on
high aspect ratio and sharp tip of the nanostructures. The needle of
tip shape of the nanowire drastically increases the aspect ratio and
the field-enhancement factor [15], leading to a reduction in the
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turn-on field. This behavior has been related to localized states at
the cap, space-charge effects, and adsorbents, but the reasons for
this behavior are still unclear. Thus, field emission from 1-D mate-
rials requires further data in order to understand their field-emis-
sion mechanism. Here, we firstly report the fabrication of novel
two-tier nanostructure (nanostructure on nanostructure) for the
field emission application. Fig. 1 shows the schematic fabrication
of Si nanograss on nanopillars. In the first step silicon 1.2 x
1.2 cm? nanopillars were fabricated by e-beam lithography and
transformer-coupled plasma (TCP) etching system. In the second
step hydrogen plasma etching was performed to fabricate well-
aligned silicon nanograss on top of the nanopillars [16]. The
turn-on fields are 10.5 and 14.4V/um at 0.01 mA/cm? for the
two-tier patterns with nanopillars separated by 5 pm and 2 pm
distance, respectively.

2. Experimental

The nanopillar patterns were defined through electron beam
lithography (Leica WEPRINT 200) to have dimensions of
100 x 100 nm? and spacing of 2 and 5 um. The depth of nearly
1 wm was etched using a transformer-coupled plasma system
(Lam TCP 9400). The Si nanograss was prepared through hydrogen
plasma etching in an inductively coupled plasma chemical vapor
deposition (ICPCVD) system. The chamber was cleaned with CF,
and O, plasma prior to performing the etching process; it was
evacuated to a base pressure of 5 x 107> torr with a substrate
holder heated at 400°C. After loading the boron doped 1-
10 Q cm p-type 6-in. (1 0 0) Si wafer, H, gas (160 sccm) was intro-
duced and then the reactor pressure (30 mtorr) was maintained.
The radio frequency (RF) power and bias power were 550 and
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Fig. 1. Schematic of the silicon nanostructured fabrication steps: (

(1 00y silicon wafer, (

b) substrate after coating with photoresist, (c) E-beam patterning of photoresist

with a diameter ~100 nm, (d) etching of silicon substrate in TCP chamber with a photore51st mask, (e) removal of photoresist with chemical etching, and (f) finally using

hydrogen plasma to make the nanopillars sharp for field emitters.

280 W, respectively. The morphology and microstructure of silicon
nanostructures were examined by scanning electron microscopy
(SEM, JEOL JSM 6500F). Field emissions are characterized with a
diode type configuration using a Keithley-237 high voltage semi-
conductor parameter analyzer. A schematic diagram of the exper-
imental setup for two-electrode field emission is illustrated in
Fig. 2. A diode Si/Al configuration with the as fabricated silicon
nanostructures was used as the cathode and an ITO substrate as
the anode, at a fixed separation of 60 pm. Field-emission measure-
ments for the novel silicon nanostructures were performed in a
high-vacuum chamber with a base pressure of about
8.0 x 1078 torr at room temperature. A direct-current voltage with
a sweep step of 5V was applied between the anode and cathode to
establish an electric field. The emission current was measured with
a Keithley-237 source-meter unit capable of providing up to
1100V and 10 mA.

3. Results and discussion

SEM images of nanostructures are shown in Fig. 3a and b. These
micrographs reveal a high density of well-aligned nanograss on the
top of the nanopillar as well as the entire substrate. The nanograss
exhibited a diameter ca. 20 nm with typical length of 200 nm after
30 min etching. Fig. 3c shows nanograss on both nanopillar and
substrate and Fig. 3d shows sharp edged nanograss on nanopillar,
which can enhance electron field emission from the emitter. The
diameter of nanopillar is about 100 nm and the height is 1 um.
The average diameter and length of the blades of nanograss were
approx. 20 and 200 nm, respectively — smaller than the typical
dimensions of the nanograss in “black silicon” [17].

Fig. 4 shows a typical variation of the emission current density
(J) with the electric field (E) measured at an anode-sample separa-
tion of 60 pm. The turn-on fields measured are 10.5 and 14.4 V/pum
at 0.01 mA/cm? for two-tier patterns with nanopillars separated by
5 um and 2 pm distance, respectively, and no turn-on fields were
observed in nanograss and nanopillar samples alone.
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Fig. 2. Schematic diagram of the experimental setup for two-electrode field
emission.

The field emission current-voltage characteristics can be ex-
pressed by a simplified Fowler-Nordheim (FN) [1] equation:

J = (AP’E*/@)exp(~B®** / BE) (1)
or

In(J/E*) = In(AB*/®) —

where ] is the current density, A and B are constants (A = 1.546 x
107°AV—2eV,B=6.83 x 10> eV~32V um™"), & is the work function
of the emitting material, which is 4.3 eV, E is the electric field, and g
is the field-enhancement factor. For emitters following the Fowler—
Nordheim (F-N) theory [1] in Eq. (1), the plot of In(J/E?) versus 1/E
gives a straight line and its slope, —(B®'/), determines the surface
local field-enhancement factor p (also called the geometric
enhancement factor). Fig. 5 showing the F-N plots at high bias volt-
ages can be fitted well to the linear relationship which confirmed
the measured data is truly from field emission.
Moreover, the FN slope in our current case can be written as

S=-6.83 x 10°0*?/p. (3)

B®*/?/BE (2)

The field-enhancement factor § may be used to demonstrate the
degrees of field emission enhancement of tips of any shape on pla-
nar surfaces. Many researchers have demonstrated [18-20] that
the field-enhancement factor 8 is an important parameter of the
emission properties; it depends on the geometry of the nanostruc-
tures, their crystal structure, and the distance between the emitter
and anode. As the effective emission area and the work function for
the samples are usually difficult to determine,  can only be esti-
mated from the slope of the fitting curve. Fig. 5 a and b are FN plot
of two-tier nanostructure arrays, which fits well the linear rela-
tionship, as given by Eq. (2) and the slope S of the linear part
was obtained and, using the work function @&, the field-enhance-
ment factor § was calculated to be 1.62 x 10° and 1.32 x 10> for
5um and 2 pm distance samples respectively. This observation
suggests the field-enhancement factors g for both are nearly the
same.

According to the Egs. (1)-(3), the emission current (I) is strongly
dependent on the following three factors [21]: (i) the work func-
tion of an emitter surface, (ii) the radius of curvature of the emitter
apex and (iii) the emission area. In our present experiment the area
(for calculating the current density, (J)) taken as 0.5 x 0.5 cm? with
a hole in the cover slip for all the measurements. A variation in the
emitter tip apex changes the magnitude of the field emission and
excellent field emission performance was obtained for the two-tier
nanostructures. The observed increase in field-enhancement factor
B of two-tier nanostructures can easily be understood as follows.
The field-enhancement factor g is generally related to emitter
geometry and proportional to h/r, where h is the height and r is
the curvature radius of an emitting center. As radius of curvature
of the emitter apex decreases, the effective diameter of an
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Fig. 3. SEM images of silicon nanostructures: (a) cross-sectional SEM image showing nanograss on Si wafer, (b) a side view of nanopillars separated by a distance 5 pum, (c) 30°
tilt angle view of nanograss on nanopillar, and (d) cross-sectional image of emitter area.
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Fig. 4. Field emission current density-electric field (J-E) curves measured for
nanostructures. The turn-on fields are 10.5 and 14.4 V/um at 0.01 mA/cm? for two-
tier patterns separated by 5 um and 2 pm, respectively.
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individual nanostructure and a curvature radius r would decrease,
resulting in an increase of g. Since it is the local electric field at the
emission site that governs the emission, the distance between the
nanostructures remains a crucial parameter to optimize the field
emission. The low field emission performance of the two-tier nano-
structures separated by a 2 um distance apart are explainable by
an electrostatic screening effect provoked by the proximity of
neighboring nanostructures. As the density of nanostructures in-
creases the charge per unit area increases and the charge reduces
the potential drop perpendicular into the sample. The limit of zero
distance between the nanostructures would correspond to a flat
surface without field penetration. The sample of 2 pm spaced
nanostructures is approaching to towards this limit with high den-
sity. Samples of two-tier nanostructures separated by a distance
5 um are an optimum distance sufficient to reach substantial local
fields with maximal emission current. Emission from the high den-
sity samples is poor because of reductions in the reductions in the
field-enhancement factor due to screening effects. For the sample
with low density there is an ideal compromise between the emitter
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Fig. 5. In(J/E?) versus 1/E from Fig. 4. For 1/E (a) between 0 and 0.67 and (b) between 0.054 and 0.09.
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density and the inter distance of nanostructures, which is suffi-
ciently large to avoid screening effects.

4. Conclusion

We have successfully developed a simple and an efficient meth-
od to fabricate the two-tier silicon nanostructures using the e-
beam lithography in together with hydrogen plasma dry etching.
The turn-on fields are estimated to be 10.5 and 14.4V/um at
0.01 mA/cm? for two-tier patterns with nanopillars separated by
5 wm and 2 pm respectively. The emission from high density nano-
structures remains low because of screening effects between den-
sely packed neighboring nanostructures; and the emission fields
for low density nanostructures are high because the height and
the distance between neighboring emitters are both sufficient to
reach a high field-enhancement factor to avoid screening effects.
The observation demonstrates a great potential toward high-per-
formance field emitters for future nanoelectronic devices.
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