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ABSTRACT Patterned growth of AIN nanocones on a Ni-coated Si substrate is demonstrated through the reaction between AlCl; and
NH; at 700 °C with Mo grid as a mask. The AIN nanocones are selectively deposited in the hollow region of the mask with diameters
of ~10 nm at the tips and 50—60 nm at the roots. The field-emission (FE) performance is effectively enhanced by the patterned
growth mainly because of the decreased screening effect, and both turn-on and threshold fields are dramatically decreased, less than
half of the corresponding ones for the unpatterned product with similar sizes. The results indicate that patterned growth is an efficient
and reproducible way to enhance the FE performance of AIN nanocones, which could be applied to optimize the FE properties of

other nanoscale field emitters.
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1. INTRODUCTION
old cathode materials have promising applications

in military and domestic industries, and now the

related researches are focused on application in a
field-emission (FE) flat-panel display (1). The evolution of
cold cathodes started with Spindt-type field-emitter arrays
such as Mo and Si microtips in the late 1960s. The subuli-
form microtips are ideal morphologies for FE because of the
strong local electric field at the tips and the unique direction
of electron emission. Because of the expensive and compli-
cated fabrication technique as well as the large surface work
function of Mo and Si microtips, they have not been suc-
cessfully put into practice. Soon after that, diamond and
diamondlike carbon films received much attention, which
are regarded as good candidates for cold cathodes owing to
the low surface electron affinity, high chemical stability, and
thermal conductivity. However, the field emitters in these
films are randomly oriented and divergence of the emission
electrons is unfavorable for the addressable fabrication,
which limits their applications (1, 2). Currently, one-dimen-
sional (1D) nanostructures, represented by carbon nano-
tubes, have attracted increasing interest for their sharp
apexes and large aspect ratios, which could efficiently
enlarge the enhancement factor for FE. In seeking appropri-
ate materials, low surface work function or electron affinity,
high stability, and excellent thermal conductivity are the
main guidelines.
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AIN is well-known for its small (even negative) electron
affinity, high stability, and superior thermal conductivity
(3, 4). Recently, various 1D AIN nanostructures such as
nanotubes (5—7), nanowires (8), nanobelts (9) and nano-
cones (10—13) have been synthesized. Among them, AIN
nanocone arrays exhibit good FE properties because of their
sharp apexes, large aspect ratios, and good alignment on the
substrate (10—13). To further improve the FE properties, two
means are worth attempting. One is doping other elements
such as Si (14) to increase the electron concentration, and
the other is adjusting the nanocone density to decrease the
screening effect. As experimentally and theoretically con-
firmed by Nilsson et al., an interemitter distance of about 2
times the height of the 1D nanostructures optimizes the
emitted current per unit area (15). Hence, the density of the
AIN nanocones plays a crucial role for their FE properties.
Screening effects would reduce the field enhancement factor
and thus the emission current when the density of the AIN
nanocones is high, just like most cases reported (16). Pat-
terned growth is a good method to control the density of the
nanostructures, and there are mainly two routes. One is to
construct the patterned substrate through selective modifi-
cation of the surface hydrophilic/hydrophobic nature via,
e.g., electron beam lithography, ultraviolet light irradiation,
or etching, which could influence the deposition location.
The other is to construct the patterned catalyst for the
sequential patterned growth of nanostructures (17—19).
Because AIN nanostructures can deposit on various sub-
strates without the assistant of a catalyst (10, 20, 21), these
two routes are impracticable for the patterned growth of 1D
AIN nanostrutures. In this study, patterned growth of AIN
nanocones is realized by introducing Mo grid as a mask,
which could result in the locatable deposition of AIN nano-
cones in the hollow region of the mask. The patterned AIN
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FIGURE 1. Schematic illustration for the patterned growth process
(A) and SEM images of the patterned AIN nanocones synthesized
using two masks with different pore sizes and gaps (B—F). Patterned
sample I: the overview (B), the enlarged region (C), and the part
inside the block (D) and in between the neighboring blocks (E) as
marked by the panes in part C. Patterned sample II: the overview
(F). Compared with pattern I, pattern Il has a smaller block size and
a larger gap between two neighboring blocks.

nanocones show a much better FE performance in compari-
son with the unpatterned sample, indicating potential ap-
plications.

2. EXPERIMENTAL SECTION

Preparation of Patterned AIN Nanocones. Patterned AIN
nanocones were prepared through the reaction between AlCl;
vapor and NH; gas at 700 °C (10) under the restriction of a Mo
mask, as schematically illustrated in Figure 1A. Briefly, a Mo
grid was tightly attached to a Si(111) substrate coated with a
10 nm Ni film. The substrate was placed in the center of an
alumina tube in a horizontal tubular furnace. When the tem-
perature was raised to 700 °C, AlCl; was vaporized upstream
at 135 °C and subsequently transported to the reaction zone
by an Ar flow (300 sccm), where it reacted with NH; gas (20
sccm). AIN nanocones were deposited onto the interspaces of
the Mo grid, and the places covered by the Mo cross-bars were
bare. The reaction lasted for 4 h, and then the system was
cooled down to room temperature under an Ar flow. After
removal of the Mo grid, patterned AIN nanocones were ob-
tained. In this paper, two Mo grids with different dimensions
have been attempted. For comparison, a Si wafer without a Mo
grid was also used as the substrate to deposit AIN products
under a similar growth process.

Characterization of the Product. The as-prepared products
were characterized by X-ray diffraction (XRD; Philips X’pert Pro
X-ray diffractometer) and scanning electron microscopy (SEM,;
Hitachi S-4800). FE measurements were performed by using a
parallel-plate configuration in a vacuum chamber at a pressure
of about 1 x 107* Pa.

3. RESULTS AND DISCUSSION
SEM images of the patterned AIN nanocones synthesized

using two masks with different pore sizes and gaps (patterns
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FIGURE 2. SEM images of unpatterned AIN nanocones. The inset
shows the magnified image.

I and I1) are shown in Figure 1B—F. For the patterned sample
[, the dimension of each deposited unit is about 185 um and
the distance between the two neighboring regions is about
35 um, in good agreement with the pattern of the Mo grid
used. The AIN nanocones inside the block show the quasi-
aligned morphologies (Figure 1D), while no AIN nanocones
could be observed for the place in between the blocks (Figure
1E), which was covered by the grid cross-bar during the
synthesis. Compared with the patterned sample I, the pat-
terned sample Il has smaller dimension of about 100 um
for each block and a larger distance between two neighbor-
ing blocks of about 60 um (Figures 1F and S1 in the
Supporting Information). The patterned products are quite
uniform (Figure 1B,F), which favors application as patterned
pixels for FE. The AIN nanocones vary from submicrometer
to micrometer in length, with diameters of ~10 nm at the
tips and 50—60 nm at the roots (see Figure S2 in the
Supporting Information). The corresponding energy-disper-
sive X-ray analysis (EDX; see Figure S3 in the Supporting
Information) shows that the atomic ratio of Al to N is about
1:0.93, rather near the stoichiometric ratio of AIN.

Figure 2 shows the SEM images of the unpatterned AIN
product without restriction of the Mo grid. The nanocones
are quasi-aligned and uniform with geometrical parameters
similar to those of the patterned AIN nanocones, indicating
the little influence of the Mo mask on the morphology of the
AIN nanocones. The XRD curve is in agreement with that of
hexagonal AIN (see Figure S4 in the Supporting Information).
The growth of the AIN nanocones could be understood as
the vapor—solid epitaxial mechanism, as proposed in our
previous report (10).

In comparison with the unpatterned AIN nanocones,
there exists a larger marginal area for the patterned samples
and a better FE performance could be expected because of
the enhanced field strength at the marginal region (22).
Figure 3A depicts the FE curves of the current density versus
the applied field (J—E) for the two patterned and one
unpatterned AIN nanocones with a cathode—anode spacing
of 100 um. The turn-on electric field E,, (the electric field to
generate an emission current density of 10 uA/cm?) and the
threshold field Eg, (the electric field to generate an emission
current density of 1 mA/cm? (23), which could satisfy the
primary requirement for application in conventional flat-
panel displays) are listed in Table 1. It is seen that both E,,
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FIGURE 3. (A) J—E curves of the patterned and unpatterned AIN
nanocones with an electrode distance of 100 um. (B) F—N plots
corresponding to the J—E curves in part A.

Table 1. E,, Euy, and 3 of the Patterned and
Unpatterned AIN Nanocones

pattern | pattern Il unpatterned
E (VIum) 7.7 4.8 15.2
Eipe (VIum) 13.1 1.2 29.5
p 9771552 1561 436

and Eg, of the two patterned AIN nanocones are lower than
half of the corresponding ones of the unpatterned AIN
nanocones. Moreover, for the two patterned samples, E,
and Eu, for the patterned sample Il are smaller than the
corresponding ones for the patterned sample I. Taking into
account the fact that pattern I has a smaller block size and
a larger gap between two neighboring blocks than pattern I
does, it could be deduced that the enhanced FE of the
patterned sample is mainly attributed to the decreased
screening effect at the edge of the blocks. This is also
supported by the FE images of the patterned AIN array (see
Figure S5 in the Supporting Information). Although some
other factors such as the shape, defect, impurity, or surface
property of the nanocones near the edges could also influ-
ence the FE performance of AIN patterns, they could not be
the main reason responsible for such a significant increase
of the FE properties because all of the samples were syn-
thesized under the same experimental conditions except for
the pattern sizes. Hence, the most obvious difference for the
three samples is the degree of the screening effect, which
should be the dominant factor responsible for their different
FE performances. It is seen that the Ey, values are still higher
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than those of carbon nanotubes (24); they are comparable
to those of ZnO (25) and B (26) nanowire arrays. These
results clearly indicate that patterned growth is an efficient
and reproducible method (see Figure S6 in the Supporting
Information) to enhance the FE of AIN nanocones mainly
because of the decreased screening effect.

The Fowler—Nordheim (F—N) plots of the J—E curves, i.e.,
In(J/E?) vs 1/E, are shown in Figure 3B. According to the F—N
theory, the slope of the F—N plots is equal to —6830¢°2/8,
where ¢ is the work function and  the enhancement factor.
Taking ¢ = 3.7 eV for AIN (6), 5 is estimated to be 430 for
the unpatterned AIN nanocones. As shown in Table 1, the
enhancement factors of the two patterned AIN nanocones
are increased because of the decreased screening effect. For
the patterned sample I, the F—N plots show a two-sectional
feature, and f is calculated to be ~950 and ~600 at high
and low electric fields, respectively. The two-sectional fea-
ture of the F—N plot may result from the space charge effect
(27). As is deduced from Figure 3A, at least a 5 times larger
current density was obtained for the patterned sample I than
that for the unpatterned sample at high electric field. The
high current density may generate the space charge by
ionizing the trace gas molecules existing in the gap, which
include the residual gases, the gases desorbed from the
anode due to the electron bombardment, and those from
the cathode due to local heating. With the positive ions
forced to the AIN emitter, the local electric field on the
surface of the emitter would be further enhanced, resulting
in a larger B value at high electric field. For the patterned
sample I, the F—N plot is close to linear and the 3 value is
as high as 1561. This may result from the appearance of the
space charge effect even at low electric field because of the
fast increase of the current density, as seen in Figure 3A.
Hence, the space charge effect functions almost in the whole
range of the applied field, different from the case for the
patterned sample I, leading to the linear feature of the F—N
plot. More direct experimental evidence seems to be needed
to clarify this point, e.g., by monitoring the evolution of the
space charge distribution with the applied field.

After FE measurements, no obvious morphological change
could be observed for the AIN nanocones, which is much
different from the case for ZnO nanowire arrays (see Figure
S7 in the Supporting Information) (16). This could be at-
tributed to the good flexibility and high stability of AIN
nanocones (28), which facilitates the FE application of AIN
nanocones.

4. CONCLUSIONS
In summary, a simple route has been developed to

prepare patterned AIN nanocones on a Ni-coated Si substrate
through the reaction of AICl; and NH; at 700 °C with Mo
grid as a mask. The AIN nanocones have diameters of ~10
nm at the tips and 50—60 nm at the roots. The patterned
growth could effectively decrease the screening effect be-
cause of the increased marginal region. As a result, both E;,
and Ey, for the patterned AIN nanocones are dramatically
decreased, less than half of the corresponding ones for the
unpatterned AIN nanocones. The results indicate that pat-
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terned growth is an efficient approach to enhancing the FE
properties of AIN nanocones, which should be applicable to
optimization of the FE properties of other nanoscale field
emitters.
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