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ABSTRACT: An effective method of fabricating vertically
aligned silicon nanopillars (Si-NPs) was realized by using the
self-assembled silver (Ag) nanodots as natural metal-nanomask
during dry etching process. The obtained Si-NPs were
preferentially aligned along the c-axis direction. Ultrathin
ZnO films (∼9 nm) were subsequently deposited on the Si-
NPs by atomic layer deposition (ALD) to enhance the field
emission property. The average diameter of the ZnO/Si-NPs is
in the order of tens of nanometers, which enables efficient field
emission and gives rise to marked improvement in the field
enhancement factor, β. The turn-on field defined by the 10
μA/cm2 current density criterion is ∼0.74 V/μm with an
estimated β ≈ 1.33×104. The low turn-on field and marked enhancement in β were attributed to the small radius of curvature,
high aspect ratio, and perhaps more importantly, proper density distribution of the ZnO/Si-NPs.
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■ INTRODUCTION
Due to a plethora of attractive properties and potential
applications, tremendous efforts have been put forth in
manufacturing the one-dimensional (1D) semiconductor
nanostructures and using them to fabricate high-performance
electronic devices.1−5 However, because of the susceptibility of
forming native oxide even at ambient conditions, using the 1D
Si nanostructures for field emitters has not been considered as
advantageous as those devices mentioned above. One of the
primary reasons is that, in this case, most of the field-emission
electrons will be trapped in the interface between Si and the
native oxide layer. To overcome the important issue of electron
trapping, increasing the driving field appears to be inevitable to
liberate electrons from Si emitters. This approach, unfortu-
nately, will consume considerably more energy and, thus, is
undesirable. To fully realize the application potential of the 1D
Si nanostructures, especially in the area of field emission,
alternative ways of lowering the turn-on field and at the same
time increasing the enhancement factor of the Si nanoemitters
are required. In this study, we report an efficient method of
fabricating ZnO/Si-nanopillar (ZnO/Si-NP) heterostructures,
which exhibited very low threshold field and relatively high field
enhancement factor.

In the present study, self-assembled silver (Ag) nanodots
produced by single-step sputtering were used as the metal-mask
for the subsequent dry etching process carried out to fabricate
the 1D Si-NPs. Briefly, the obtained Si-NPs exhibited the
following three important structural characteristics: (1) small
radius of curvature (typically around 10 nm) at the tip of the
pillars; (2) the Si-NPs are having a high aspect ratio of ∼10;
and (3) the ratio between the pillar spacing and height (R/H)
is close to the optimal value such that the field screen effect is
minimized. High-resolution transmission electron microscopy
(HRTEM) reveals that the Si-NPs obtained by the present
process remain single crystalline. Because the Si-NPs were
manufactured by using the self-assembled Ag nanodots array
created by single-step sputtering as the natural metal-nanomask
and the dry etching process was performed without any
lithography process involved, thus the fabrication cost can be
reduced significantly.
Moreover, to resolve the problem of the native SiOx formed

at the surface of the Si-NPs and, hence, to enhance the their
performance in field emission, a 9-nm-thick ZnO film was
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deposited at 200 °C on the Si-NPs by atomic layer deposition
(ALD) method. It is noted that previously direct growth of
ZnO films on Si substrates has been suffering from severe
degradation of crystalline quality due to the fact that SiOx is
chemically more stable than ZnO and the ZnO films were
virtually grown on SiOx layer instead of the better crystalline Si
substrate. Nevertheless, the ZnO layers obtained in the present
study are all having decent crystalline quality albeit they are
mostly polycrystalline. The HRTEM analyses indicate that,
indeed, no apparent SiOx layer is immediately discernible. This
somewhat surprising feature presumably is resulted from the
low growth temperature practiced in the present ALD process.
Finally, due to proper pitch between the nearest Si-NPs, the
present ZnO/Si-NPs exhibit an unprecedentedly low threshold
field and a relatively large field enhancement factor for electron
emission.

■ MATERIALS AND METHODS
The Ag nanodots grown on Si substrates were obtained by rf-
sputtering from an Ag target (Eastern Sharp EPS01) for 5 seconds
with an input power of 150 W in 25 sccm argon (Ar) gas atmosphere.
The Si-NPs array was obtained by subsequent dry etching performed
in a metal etcher system (Canon 4100). Prior to etching, the chamber
was evacuated to a base pressure of 3 × 10−5 Torr while the system
temperature was kept at 60 °C. After loading the prepared Ag
nanodots covered Si substrate, Cl2 gas of 90 sccm and N2 gas of 10
sccm were introduced. The system was operated with a fixed input
power of 1900 W and the etching time was 5 minutes. The Si substrate
with Si-NPs was etched using a standard buffered oxide etch (BOE)
for 5 minutes to ensure complete removal of the native oxides prior to
carrying out the ZnO deposition. Ultrathin ZnO films were deposited
onto the nanopillars-covered Si substrate at 200 °C by atomic layer
deposition (ALD). For ALD process, briefly, the pulse durations of
water and diethylzinc (DEZn) were 100 ms and 50 ms, respectively.
The purge and pumping periods were 15 s and N2 was used as the
purge gas with the pressure being set to 5 × 10−2 Torr. The above
deposition procedures were used for depositing ultrathin ZnO films on
the surface of Si-NPs for 30 ALD cycles.
A field-emission scanning electron microscopy (FESEM, JEOL

JSM-6700F) was used to examine the morphology of the Si-NPs. For
cross-sectional transmission electron microscopy (XTEM) investiga-
tions specimens cut from the stacked wafers of ZnO/Si-NPs were
mechanical polished down to 20−30 μm-thick, followed by Ar ion
milling to finally obtain electron transparency. TEM (JEOL JEM-
2010F) with an operating voltage of 200 kV was employed to observe
the ZnO/Si-NPs heterostructures.
The photoluminescence (PL) measurements were carried out at

room temperature using a He−Cd laser (325 nm, IK3252R-E,
Kimmon) for excitation and a CCD (80 K, Spec-10, Princeton
Instruments) with a monochromator (0.5 m, SP-2558A, Acton) for
detection. Moreover, the samples were loaded into a vacuum chamber
to measure the field-emission current. The phosphor (P22), which was
applied in the cathode-ray tube displays, was deposited on a
transparent conductive material (indium−tin-oxide), to serve as the
anode electrode in the vacuum system and the cathode voltage was
applied to the Si substrates. The schematic diagram for the setup of the
field-emission measurements is shown in Figure 1. The distance
between the sample and electrode is 350 μm and the chamber pressure
being kept at 2 × 10−6 Torr during all the field-emission
measurements.

■ RESULTS AND DISCUSSION
Figure 2a reveals the SEM image showing the typical
morphology and distribution of the Ag nanodots, which were
obtained with a sputtering time of 5 s. The density of the Ag
nanodots (with diameter >30 nm) is estimated to be around
6.4 × 109 cm−2. Furthermore, it is evident from the SEM image

that, although the size of the isolated islands does display a
distributed characteristic, there appears no apparent coales-
cence between Ag islands, presumably due to the very short
sputtering time of only 5 s. The characteristic is believed to
arise from the film growth mechanism inherent to the current
system and can be understood as follows. Because the surface
energies for Ag and SiO2 are about 923 and 200−260 ergs/cm2,
respectively,6,7 one expects that the deposited Ag layer would
follow the Volmer-Weber growth mode and grow into island-
like morphology during the processes of sputtering. The
nucleation and growth of the individual islands, thus, is
prevailed predominantly by surface diffusion of the impinge-
ment of condensate monomers, rather than the thermal-
induced dewetting and subsequent agglomeration of an existing
thin layer frequently observed in processes involving post-
deposition annealing.8−10

Figure 2b displays the Si-NPs obtained by performing the dry
etching process for 5 minutes directly on the Si substrate
partially covered with the Ag nanodots shown in Figure 2a. The
Si-NPs obtained under this condition are having an average
height of 350−450 nm with an average inter-pillar spacing of
150−250 nm and an aspect ratio of ∼10. Additionally, it is
noted that the diameter of the Si-NPs’ tip can be as small as
only ∼17 nm, as marked on one of the Si-NPs shown in Figure
2b. Obviously, the Ag nanodots have played an important role
as effective metal-nanomask during the early stage of dry
etching performed on the Si substrate. They provided effective
protection to prevent the areas underneath from ion bombard-
ment during dry etching process while significant anisotropic
etching was prevailing on the exposed areas of the Si substrate.
We found that within an etching time of about 5 minutes the
Ag nanodots appeared to vanish completely. As displayed in
Figure 2b, the Si-NPs are aligned vertically along the [001]
crystallographic orientation. The spacing between the Si-NPs is
about 150−250 nm, which in fact, agrees very well with the
distance between the Ag nanodots with diameter larger than 30
nm (as shown in Figure 2a), indicating the effectiveness of
using them as etching masks. It is also worthwhile to note that,
unlike observed in many other 1-D nanostructures (like carbon
nanotubes) where the proximity of individual tips has resulted
in significant field screening effects,11 the current Si-NPs
appears to have a very favorite ratio between the inter-pillar
spacing and the pillar height (∼1/2) for field emission.12,13

However, as will be shown below, the pristine Si-NPs do not

Figure 1. Schematic diagram of the field-emission measurement.
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exhibit practically feasible field emission properties, presumably
because of the formation of native silicon oxide and/or intrinsic
electronic structure of silicon.
To harvest the potentially favorable field-emission implied by

the unique morphological features of the present Si-NPs, we
intentionally deposited an ultrathin layer of ZnO (∼9 nm) on
the Si-NPs at 200 °C by ALD. The purpose was to replace the
insulating native SiOx surface layer with potentially conductive
oxide which is presumably immune to oxidation while keeping
the favorable geometric morphology for field emission. The
grazing incidence XRD results (not shown here) indicate that
the deposited ZnO layer is of polycrystalline characteristic. This
is further confirmed by the detailed structural information
obtained from TEM examinations. Figure 3a displays the TEM
image of some of the Si-NPs coated with a layer of 9 nm-thick
ZnO film. It is evident that the deposition of the ZnO films

does not result in noticeable changes on the morphological
features of the original Si-NPs. Moreover, as displayed in the
HRTEM image shown in Figure 3b for the area marked by the
small square shown in Figure 3a, there are several features
about the interface of the ZnO/Si-NPs to be noted.
Firstly, a layer of 9-nm-thick polycrystalline ZnO film with

reasonable crystalline quality is uniformly deposited on the Si-
NPs. Secondly, the single crystalline characteristics of the Si-
NPs is essentially intact up to the very top surface layer, albeit
being subjected etching processes and subsequent ALD at 200
°C. Thirdly, although there is trace suggesting the existence of a
few atomic layer of SiOx, the interface between the 9-nm-thick
ZnO layer and Si-NPs appears to be fairly sharp. It is indicative
that the deposition of the ZnO layer has effectively suppressed
the formation of insulating SiOx and hence may account for the
improvement of field-emission effects to be discussed below.
Figure 4 shows the typical room temperature PL spectra

obtained for the ZnO/Si-NPs. It can be observed from the
spectra that the ZnO/Si-NP heterostructures exhibit a strong
UV emission (3.26 eV) with a full-width-at-the-half-maximum

Figure 2. SEM images of (a) Ag nanodots array and (b) Si-NPs array.

Figure 3. Structural analysis of the (9 nm) ZnO/Si-NPs
heterostructure. (a) TEM image; and (b) the HRTEM of the area
marked by the rectangle indicated in a.
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(FWHM) approximately equal to 140 meV (see the inset of
Figure 4) and a faded broad emission peak covering almost
entire visible range. The former presumably is due to the
recombination of free excitons through exciton−exciton
collision processes and its relatively narrow FWHM is
indicative of decent crystalline quality of the ZnO layer.14−19

The latter, on the other hand, is generally conceived to result
primarily from oxygen-vacancy related or Zn-interstitial defects
residing near the surface of the ZnO layer.20−25 More
specifically, the green-yellow emission ubiquitously observed
in most defective ZnO samples has been attributed to donor−
acceptor pair transition involving oxygen vacancies.26,27 Thus,
for the present case, the dominant free-exciton UV-emission
accompanied by a diminishingly weak broad visible emission
peak seen in the PL spectrum indicates that the ZnO film is of
high crystalline quality with relatively low concentration of
oxygen vacancies. This is, in fact, quite consistent with that
displayed in the HRTEM results shown in Figure 3b. A
comparison of the PL characteristics displayed in the present
ultrathin ZnO films to that of various ZnO nanostructures
reported previously28−30 also leads to similar conclusions.
However, since the diameter of ZnO nanocrystals obtained in
this work (see Figure 3b) is too large compared to the quantum
dots obtained previously,28,29 the size-confinement effect, thus,
should not be considered. On the other hand, it is remarkable
to note that excellent single-crystal-like PL properties can be
still obtained albeit the significant lower growth temperature
(200 °C) practiced in this study as compared to that used in the
multistep buffering process reported previously.30

The next questions of interest will be how the coated ZnO
thin layer affects the electronic properties of the Si-NPs and the
associated field-emission performance for these nanopillar
structures. Figure 5 shows the emission current density as a
function of the applied electrical field (J−E curves) for both the
Si-NPs and ZnO/Si-NPs. The electric field was determined by
dividing the applied voltage with the apparent cathode−anode
separation. Thus, it is an averaged global field instead of local
field at the tips of the nanostructures. Steady field emission was
obtained by keeping the distance between the electrodes at 350
μm and the chamber pressure at 2 × 10−6 Torr during
measurements. It is evident from Figure 5 that for the bare Si-
NPs, only diminishingly small field-emission current was
detected up the maximum applied field (∼1.7 V/μm) of the
current setup. This is presumably due to the existence of the

native oxide layer which forms an insurmountable barrier for
electron emission. On the other hand, for the ZnO/Si-NPs, the
turn-on field, which was defined as the applied field required for
drawing an emission current of 10 μA/cm2, is as low as 0.74 V/
μm. The turn-on field for the present ZnO/Si-NPs is much
lower than most of the results obtained from various ZnO
nanostructures reported previously, where the turn-on field
defined by the same 10 μA/cm2 criterion ranges from 3−15 V/
μm.31−36 It is noted that the emission current density reaches
∼0.2 mA/cm2 at the maximum bias field of our current setup
(∼1.7 V/μm), which also outperforms most of the ZnO
nanostructures previously reported, where the current density
reaches only 0−0.1 mA/cm2 at an applied field of 1.7 V/
μm.31−36 Thus, it is indeed somewhat surprising that by merely
depositing a 9-nm-thick ZnO film on the same Si
nanostructures would lead to such drastic changes in the
field-emission properties.
According to the classical Fowler−Nordheim (F−N) theory

for field emission, the relation between the emission current
density and the applied field can be expressed by the following
F−N equation36

= β
ϕ

− ϕ
β

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟J

A E B
E

exp
2 2 3/2

(1)

where J is the current density (A/m2), E is the applied field (V/
μm), ϕ is the work function (eV), β is the field enhancement
factor, A and B are constants with A = 1.56 × 10−10 (A eV/V2)
and B = 6.83 × 103 (V/μm eV3/2), respectively. From eq 1, it is
clear that the two primary parameters determining the emission
characteristics of a particular structure are ϕ and β, which can
be obtained experimentally by plotting ln(J/E2) vs 1/E, the so-
called F−N plot. Inset (a) in Figure 5 shows the F−N plot for
the ZnO/Si-NPs heterostructure, and inset (b) displays the
light excited by the emitted electrons seen on the anode
phosphor screen. By plotting ln(J/E2) against 1/E, a nearly
straight line was obtained for the ZnO/Si-NPs. The quasi-linear
behavior of the plot indicates that the field emission behavior of
these heterostructures may have deviated from the F−N
description slightly. It should be noted that the original F−N

Figure 4. Room-temperature PL emission spectrum, showing a strong
emission at 380 nm (3.26 eV). Figure 5. Field-emission J−E curve from the Si-NPs (blue triangles)

and ZnO/Si-NPs heterostructure array (red circles) at working
distance of 350 μm over an effective emitting area of 1 × 1 cm2.
The Fowler−Nordheim plot [ln(J/E2) vs (1/E)] is shown in inset a;
inset b shows a green luminescence from a phosphor obtained at an
electric filed of 1.7 V/μm.
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theory was derived specifically for flat, metallic surfaces with
work function on the order of 2−5 eV.37 Thus, it might not be
as exact when applied to other materials or to structures with
different morphologies. It is nevertheless still an instructive
practice to make some quantitative estimates using the F−N
theory. The field enhancement factor β was calculated from the
slope of the F−N plot34

β = − × ϕ( 2.97 10 ) /slope3 3/2
(2)

By assuming the work function of ϕ = 5.3 eV for ZnO,38 the β
value of 1.33 × 104 was obtained. This β value is much larger
than most field emitters reported and may need further
discussions.
In order to check the validity of the obtained high β value in

the present case, an independent estimate for the enhancement
factor based on geometrical conditions of the emitter structure
was performed. According to Zhao et al.,39 the enhancement
factor can be defined as

β ≈ + s d r1 ( / ) (3)

Where s is the screening effect parameter, d and r are anode-to-
cathode spacing and radius of curvature for the emitter,
respectively. For the typical Si-NPs shown in Figures 2 and 3,
the averaged r is taken to be 15 nm and d is 350 μm in our
measurement setup. Thus, by assuming s ≈ 1 (i.e., no field
screening effect from the presence of neighboring emitters),
one obtains β ≈ 2.33 × 104 from eq 3. It is interesting to
observe that the β values respectively derived from eq 2 and eq
3 suggest a corresponding screening effect parameter of ∼0.6,
which, in fact, is consistent with the Utsumi’s relative figure of
merit for pillar-shape emitters.40,41

Finally, we noted that because of the slight differences in
electron affinity χ and work function ϕ between Si and ZnO,
there may also be some effects on the emission properties of
the present ZnO/Si-NPs nanostructures. Taking χSi = 4.01
eV,42 χZnO = 4.35 eV,43 ϕSi = 4.60-4.85 eV,44 and ϕZnO = 5.3
eV,38 one would expect band edge discontinuity on order of 0.5
eV between the two semiconductors. Thus, further inves-
tigations are needed to clarify how this band edge discontinuity
together with the inevitable charge accumulation/depletion at
the interface would modify the actual work function of the
resultant emitters, and hence modify the exact values of the
estimated β values. Nevertheless, we believe that the ultralow
turn-on field obtained from the combined effects of the unique
morphological features and the surface modification resulted
from coating a thin layer of ZnO film on the Si-NPs should
have significant implications for various field emission-derived
applications.

■ CONCLUSION
In summary, we have demonstrated an effective method for
obtaining well-aligned Si-NPs with favorable morphological
features for field emission by combining a single-step Ag
sputtering with subsequent dry etching process. An ultralow
threshold field of 0.74 V/μm and an extremely high field
enhancement factor β ≈ 1.33 ×104 were obtained by depositing
a 9 nm-thick of ZnO film on the Si-NPs. Comparing with most
of the previous techniques employed to obtain similar 1D ZnO
or Si nanostructures, the ZnO/Si-NPs demonstrated in the
present study not only can be obtained by a simple and
lithography-free process but also exhibit field-emission perform-
ances comparable to the best results reported. The present

study, thus, has evidently provided significant potentials for
various field-emission-derived applications.
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