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Stable field emission of ion-sputtering-induced

Si nanocone arrays
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Silicon nanocone arrays with metal silicide (Fe and Cr)-enriched apexes are fabricated on Si (100) substrate
by the Ar+ ion bombardment method. The nanocone arrays show excellent field emission properties. A
high current density (J) of ∼0.33 mA/cm2 under a field of ∼3 V/µm, a very low turn-on field of ∼1.4
V/µm, and a very large enhancement factor of ∼9466 are also obtained. The emission J of Si nanocone
arrays remains extremely stable for long periods of time (24 h).
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Field emission has attracted significant attention over the
last few decades because of the important role it plays in
devices such as X-ray tubes[1−3], electron microscopes,
and flat panel displays[4]. Carbon nanotubes[5,6] have
been demonstrated to be ideal field emission materials
because of their high aspect ratio, excellent conductivity,
and good chemical and thermal stability[7,8]. Silicon field
emission cathodes[9−13] also present unique advantages.
For example, the cathodes can be easily integrated with
a field emission driving circuit and focused into sharp
micro points to achieve higher current densities at lower
fields. Thus, published research work based on the in-
vestigation of field emission properties of Si emitters is
widely available.

Chang et al.
[14] reported that the turn-on fields of Au-

and Pt-coated Si arrays are 2.9 and 3.65 V/µm, respec-
tively. Zhao et al.

[15] reported that the turn-on field of
Au film-coated silicon nanowires (1.95 V/µm) is lower
after annealing because Au-Si nanoparticle decoration
enhances electron transport and reduces the surface po-
tential barrier height of the silicon nanowires. Yang et

al.
[16] found that the enhancement factor of polycrys-

talline diamond-coated silicon emitters is 8330. Besides
the materials mentioned above, other materials may be
formed into silicon points to enhance the field emission
properties of silicon. These materials include carbon[17]

and CoSi2/TaN[18], among others. The added materials
reduce the work function (φ) so that the field emission
properties of the Si emitters can be enhanced. However,
for practical applications, the performance of field emis-
sion devices developed to date must be further improved,
especially in terms of their long-term stability.

To the best of our knowledge, induction of field emis-
sion from Si nanocone arrays with Fe and Cr metal
silicides at their apexes by Ar+ ion bombardment, a
technique that combines metal silicide coatings with
nanocone formation, has yet to be reported. The field
emission properties of Si nanocone arrays with metal sili-
cide (Fe and Cr)-enriched apexes are investigated in this
letter. The nanocone arrays show excellent field emission
properties, and the emission current density (J) remains

ultra-stable for long periods of time.
Si field emitter nanocone arrays, the optical proper-

ties of which are described in detail elsewhere[19,20], were
fabricated on Si (100) by Ar+ ion bombardment at 800
◦C for different time durations. The Si (100) wafers (p-
type; doping level, 2× 1015 cm−3; thickness, 1 mm) were
degreased in a solution of H2SO4:H2O2=1:1 for 30 min,
rinsed with deionized water for 5 min, and supersonically
cleaned in acetone and alcohol for 15 min. The clean Si
sample was then transferred into a high-vacuum cham-
ber equipped with a Kaufmann-type ion source for ion
bombardment. The Kaufmann source (Ar+ ion source;
ion energy, 1.5 keV; J , 1000 µA/cm2) normally faced the
polished side of the Si sample at a distance of 18 cm.
Irradiation was carried out for 25, 35, and 45 min. The
Si sample was fixed by a stainless steel mask consisting
of Fe and Cr with a hole of 8 mm in diameter. Because
the ion beam size (5 cm) was much larger than the mask
hole, both the mask and the Si sample were irradiated
simultaneously.

The Si substrate was fixed to a polished aluminum
plate for field emission property measurements. The cone
arrays were used as cathodes at a distance of 100 µm
from the anode, which was composed of indium-tin-oxide
(ITO) glass, to form a diode structure. The area of the
emitters was ∼0.5 cm2. The field emission properties
of the Si nanocone arrays were measured in a vacuum
chamber under a pressure of ∼2×10−5 Pa. Direct cur-
rent (DC) voltage was swept from 0 to 550 V with an
interval of 50 V to measure the corresponding field emis-
sion currents (ammeter range, 0 to 2×104 µA; sensitivity,
50 Ω/V) at 1-min intervals.

Scanning electron microscope (SEM) images of the ulti-
mate nanocone arrays are shown in Fig. 1. The nanocone
arrays do not completely separate from each other after
bombardment for 25 min. When the time duration in-
creases to 35 min, thoroughly separated nanocone arrays
are formed, but they are short and have a small curva-
ture. As the bombardment time is further increased to
45 min, the nanocones become longer and show a larger
curvature. Each cone has the same crystallographic ori-
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entation on the substrate. Figure 2 shows the X-ray
diffraction (XRD) spectra of a Si nanocone array (mea-
surement spot, surface of the Si substrate; spot diameter,
∼1 mm). Zhou et al.

[19] proved that metallic Fe and Cr
only exist at the apex of a nanocone array and showed
that the rest of the array is metal-free. The atomic per-
centages of Fe and Cr at the apex are 19.6% and 4.5%,
respectively. As only a small amount of Cr exists at the
apex of the array, the Cr content may be expected to be
very low in the entire Si substrate. Few FeSi peaks may
be observed (Fig. 2). The formation of silicides is exten-
sively explained by Qiu et al.

[20].
According to Fowler et al.[21], the J versus applied elec-

trical field (E) curve is given by

J = A
β2E2

Φ
exp

(

−

BΦ
3/2

βE

)

, (1)

where A = 1.54× 10−6 AeV/V2, B = 6.83× 103 (V/µm)
eV−3/2, β is the field enhancement factor, Φ is the work
function (eV), and E (V/µm) is the applied electric field,
which is the nominal field and not the local field at
the apexes. Equation (1) can be simplified to a lin-
ear form from which Fowler-Nordheim (FN) plots can
be drawn. Figures 3(a) and (b) show the J versus E
curves of Si nanocone arrays bombarded for different
times as well as their corresponding FN plots. The turn-
on field, which is defined as the E corresponding to a
J of ∼10 µA/cm2, was estimated from the J − E curve.

Fig. 1. SEM images of the Si nanocone arrays induced by
Ar+ ion bombardment for (a) 25, (b) 35, and (c) 45 min, re-
spectively, and (d) cross-sectional SEM image of the sample
bombarded for 45 min.

Fig. 2. XRD spectrum of a Si nanocone array.

Fig. 3. (Color online) (a) Field emission J −E curve and (b)
corresponding FN plot of the Si nanocone arrays.

The turn-on fields of the Si nanocone arrays bombarded
for 25, 35, and 45 min are 1.8, 1.7, and 1.4 V/µm, re-
spectively. The formation of metal silicides appears to
reduce the barrier height[15], which results in reductions
in the turn-on field.

Figure 3(b) shows the FN plots of the Si nanocone ar-
rays. The linearization degree indicates that emission
does not originate from thermal electrons but from the
field. β was calculated from the slope of the FN plot.
By assuming that the Φ is ∼4.15 eV for Si nanocone
arrays[17], the calculated β values of the Si nanocone ar-
rays bombarded for 25, 35, and 45 min are about 5110,
6750, and 9466, respectively. The large β observed is re-
lated to the geometric structure of the nanocone arrays.

Figure 1 shows that cones with an average height of
∼460 nm, an average width of ∼220 nm, and apex angles
of ∼24◦ are distributed all over the surface of the arrays.
The cones have a very large curvature and length-to-
diameter ratio, both of which can lead to large β. How-
ever, large β values are not absolutely dominated by the
geometric structure of an array. Metal silicides formed at
the apexes increase the electron density of states at the
Fermi level[22]. Furthermore, the silicides contribute to
decreases in the Φ

[23], which is excellent for field emis-
sion. Thus, the field emission characteristics of nanocone
arrays on Si substrates can be improved substantially.

Field emission J stability is an important parameter to
investigate because of its vital role in field emission de-
vices. The field emission stability of nanocone arrays is
time-dependent, as shown in Fig. 4. The J was measured
from 0 to 550 V at 50-V increments and 1-min intervals
for a total time of 45 min. The time intervals between
the forward and backward traces are 1, 5, 10, 30 s, and
1 min. One trace and retrace is shown in each plot in
Fig. 4. When the interval is short (1 s), fluctuations in
the field emission J are significant. Variations in the J
are observed under certain E values between the forward
and backward traces. At a time interval of 1 min, how-
ever, these variations become negligible, and the current
densities of the forward and backward trace are nearly
identical. This result could be attributed to the balance
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gained between adsorption and desorption when the time
interval is longer[24], which induces a more stable J .

Figure 5 shows the stability of the J of the Si nanocone
array obtained by bombardment for 45 min. The J was
tested under different E (0.5, 3, and 5.5 V/µm) at 1-min
intervals. No fluctuations in the J under 0.5 V/µm are
observed because of the absence of an emission current.
Maximum fluctuations in J of about 6% and 6.2% are
observed at E of 3 and 5.5 V/µm, respectively. This re-
sult demonstrates that the emission J stability fluctuates
slightly and remains excellent over operational times of 24
h. Each cone presents good crystallinity[19,20], with the
same crystallographic orientation on the substrate, and
their structures rarely change, as indicated in the SEM
image (nearly identical to Fig. 1(c)) after field emission

Fig. 4. J−E curves of the Si nanocone arrays measured under
different time intervals (1, 5, 10, 30 s, and 1 min).

Fig. 5. (Color online) Current density stability of the Si
nanocone array determined for 24 h under applied electric
fields of 0.5, 3.0, and 5.5 V/µm.

for 24 h. Thus, the excellent stability of the structure of
the Si nanocone array contributes to the excellent stabil-
ity of the sample.

The presence of metal (Fe, Cr) silicides at the cone apex
shows the following advantages: hardness close to that
of diamond, high melting point (higher than 1200 ◦C),
and high chemical stability, including anti-oxidation, no
decomposition, and very little residual gas absorption.
These characteristics contribute to the ultra-stable field
emission current of Si nanocone arrays with metal sili-
cides at their apexes.

In conclusion, the field emission properties of Si
nanocone arrays with metal silicide (Fe and Cr)-enriched
apexes are reported letter. A low turn-on field of ∼1.4
V/µm and large β of ∼9466 are found. Furthermore,
the emission J of the array remains extremely stable for
long periods of time. These excellent field emission prop-
erties suggest that the Si nanocone arrays described in
this letter may be effective and reliable electron emitting
sources.
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