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Preparation of patterned boron nanowire films with different widths
of unit-cell and their field emission properties™
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Large-area patterned films of boron nanowires (BNWs) are fabricated at various densities by chemical vapor depo-
sition (CVD). Different widths of unit-cell of Mo masks are used as templates. The widths of unit-cell of Mo masks are
100 pm, 150 pwm, and 200 pm, respectively. The distance between unit cells is 50 pm. The BNWs have an average diameter
of about 20 nm and lengths of 10 pm—-20 pm. High-resolution transmission electron microscopy analysis shows that each
nanowire has a -tetragonal structure with good crystallization. Field emission measurements of the BNW films show that
their turn-on electric fields decrease with width of unit-cell increasing.
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1. Introduction

For flat-panel field emission display devices, the pat-
tern growth of cold cathodes based on quasi-one-dimensional
nanoscale materials is becoming increasingly important be-
cause patterning can dramatically improve field emission (FE)
properties and increase the FE enhancement factor by reducing

1121 Boron

screening effects between units of nanomaterials.
bonds through a unique three-center two-electron bond make it
possible to form the B, icosahedron structural unit. B3] There-
fore, boron possesses chemical stability and many desirable
physical properties, such as low density, high melting point,
and hardness comparable to diamond.*> Moreover, it has a
large tensile strength and high Young’s modulus and a negative
high-temperature electrical resistivity. Boron one-dimensional
(1D) nanostructure, as a cold cathode material, has exhibited
superior FE performances.!®!

The morphology of a boron nanostructured cold mate-
rial, such as aspect ratio and density, can affect its FE proper-
ties. Therefore, preparation of patterned boron 1D nanostruc-
ture is important for improving the FE behavior.!”#! In recent
decades, various patterned 1D nanostructures have been fab-
ricated by different means.[~13] The patterned 1D nanostruc-
tures have also shown superior field emission properties. Com-
pared with random-growth 1D nanostructured film, patterned
structure has a lower turn-on field and threshold field. These
results indicate that the FE property is significantly improved.
In our group, patterned boron nanostructures have been syn-
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thesized by self-assembly of magnetic catalyst nanoparticles
and a pre-manipulation to pattern the catalyst with a grid tem-

14151 In this present work, we use dif-

plate serving as a mask. !
ferent widths of unit-cell of Mo masks as templates to tune the
patterned distribution densities of boron nanowires. The re-
sults of field emission measurements of patterned BNWs with
different unit-cell sizes indicate that their turn-on electric field

decreases with increasing the width of unit-cell in the pattern-
ing.

2. Experiment
2.1. Materials

Boron powder (with purity 99.99%), B,O3; (99.99%),
and carbon powder (99.9%) were purchased from Beijing
Sinopharm Chemical Reagent Co. Argon (99.9%) and Hy/Ar
(Ha, 10 vol%) were purchased from Beijing Praxair Applica-
tion Gas Co., Ltd. Boron powder, B,O3, and carbon powder
with mass ratio of 4:2:1 were mixed together as precursors.

2.2. Preparation of patterned B nanowires

The patterned BNWs were fabricated by the template
method used in our previous reports.[!>-16] A detailed descrip-
tion is as follows: different widths of unit-cell of Mo masks
(100, 150, and 200 pm) were fixed on the surfaces of Si (111)
wafers; then, 100-uL Fe3O4 hexane solution (20 mg/mL) was
dropped on the Mo mask, coating the Si substructure and
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heated at 100 °C for 60 min; finally, the Mo mask was re-
moved from the surface of the Si substrate, uncovering the
patterned catalyst substrate. We used chemical vapor deposi-
tion (CVD) to grow patterned BNWs. The Si wafer patterned
with FezOy4 catalyst nanoparticles was placed in an alumina
boat, lying in front of the precursors. Then, the alumina boat
was transferred into a quartz tube in a horizontal tube furnace.
After the system was pumped below 10 Pa, 50 sccm (standard
cubic centimeters per minute) Hyo/Ar mixed gas (10%, volume
ratio %) was introduced and system pressure was changed to
1x 107 Pa. Then the furnace was heated to 1150 °C at a rate of
8 °C/min and the system pressure was maintained at 1 x 10* Pa.
The reaction was allowed to continue for 2 h at this tempera-
ture. The furnace was cooled down to room temperature at a
rate of 8 °C/min. Brown-black products were found on the Si
substrate.

2.3. Characterization of BNWs

The morphology and the structure of the BNWs were
characterized by field emission scanning electron microscopy
(FE-SEM: SFEG, FEI Corp), transmission electron mi-
croscopy (TEM: Tecnai-20, Philips Corp.), and high resolu-
tion transmission electron microscopy (HRTEM: Tecnai F20,
FEI Corp.), respectively. Measurements of the field emission
(FE) properties of patterned BNWs were performed on a high
vacuum FE analysis system (4x 107> Pa).

3. Results and discussion

Figure 1 shows typical SEM images of patterned BNWs
with different widths of unit-cell. From Fig. 1 it can been seen
clearly that large-area, densely patterned BNWs are prepared
using different widths of unit-cell of Mo masks as templates.
The widths of unit-cell are 100 wm, 150 pm, and 200 pum, re-
spectively. The distance between unit cells is 50 pm in all sam-
ples. No BNWs could be found at the bottoms of the channels
between patterned units. The higher magnification SEM im-
ages are shown in Figs. 1(d)-1(f), corresponding to widths of
unit-cell 100 pm, 150 um, and 200 pm, respectively. BNWs
fully cover the surface of the Si (111) substrate. The results
indicate that BNWs are packed densely on each square of the
pattern. These nanowires have about 10 um—-20 pm in length
and a diameter of 20 nm each.

Further structure characterizations of BNWs are per-
formed by transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM), and
selected area electron diffraction (SAED). Figure 2(a) shows
a TEM image of BNWs. Each BNW has a smooth surface
and diameter of 20 nm. This result is consistent with SEM
analysis. The SAED patterns of the BNWs shown in Fig. 2(b)
confirm that each BNW is of single crystal. Figure 2(c) shows

an HRTEM image of a single boron nanowire. It demon-
strates that the BNWs have a single crystalline structure each.
The spacing d between the adjacent growth planes is 4.08 A,
matching well with the d-spacing of the [202] facet of the
B-tetrahedral structure according to the JCPDS database (31-
0206).1"71 The EDX analysis of BNWs demonstrate that as-
prepared nanowires are mainly comprised of boron elements

(Fig. 1(d)).

Fig. 1. SEM images of ((a)—(c)) large-area patterned boron nanowires
prepared on the unit-cells with different widths.  (d)—(f) High-
magnification SEM images of the same boron nanowire patterns. The
widths of the unit-cells are ((a) and (d)) 100 pwm, ((b) and (e)) 150 pm,
and ((c) and (f)) 200 pm.
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Fig. 2. (color online) Morphology and structure of boron nanowires. (a)
TEM image of an individual boron nanowire; (b) SAED pattern and (c)
HRTEM image, indicating single crystal with a f3-tetragonal structure. (d)
EDX pattern of boron nanowires. Both the SAED pattern and the HRTEM
image of a single boron nanowire show that it has a perfectly single-
crystalline fB-tetrahedral structure.

The field emission (FE) properties of different morpholo-
gies of boron nanostructures have been investigated by many
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groups. They have exhibited good FE behavior. In the present
work, we measure the FE properties of boron nanowires pat-
terned prepared on the different-width unit-cells. The FE mea-

surements are carried out at room temperature in a vacuum

Table 1 lists the turn-on and threshold electronic field of pat-
terned BNWs with different-

width unit-cells.

Table 1. Values of E, and Ey, of patterned BNWs prepared on the

different-width of unit-cells.
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Fig. 3. (a)—(c) Field emission characteristics of patterned BNWs prepared on the different-width unit-cells at working distance 300 um; (d)—(f) corresponding
FN plots; (g)—(i) emission image of patterned BNWs prepared on the different-width unit-cells. The widths of unit cell are ((a), (d), and (g)) 100 pm, ((b),

(e), and (h)) 150 um, and ((c), (f), and (i)) 200 pm.

The relationship curves of patterned BNWs prepared on
the different-width unit-cells between current density J and
applied field E are shown in Fig. 3. From Figs. 3(a) and
3(b), the values of turn-on electric field E;, (at 10 uA/cmz) of
different-width unit-cell B NWs patterned films are 7.1 V/ pum
for 100 pm, 6.1 V/um for 150 pum, and 5.4 V/um for
200 pm, respectively. The values of threshold electric field

( Egqr) (at 1 mA/cm?) with different-width unit-cell patterns
are 11.2 V/um for 100 um and 8.4 V/um for 200 pum, re-
spectively. Comparing the unit size of 100 um with that
of 150 wm, the width of unit-cell of emitter with 200 um
shows low turn-on and threshold field. The threshold field
value of width of unit-cell of these BNWs patterned films is
higher than those of patterned B nanocones (3.8 V/um)[">! and
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B nanocones films (5.3 V/um),!! but it is lower than those
of other reported nanostructures including patterned BNWs
(24.0 V/um),!”]" AIN nanowires pattern (13.1 V/um),!'!l and
In, O3 nanowires arrays (17.7 V/um).!'”! These results demon-
strate that the patterned 1D nanostructure could reduce screen
effects and improve FE properties.

The Fowler—Nordheim (FN) curves of patterned BNWs
prepared on the different-width unit-cell are plotted in
Figs. 3(d)-3(f). The FN plots of all samples show quasilin-
ear relationships. The quasilinearity of the curves implies
that Fowler—Nordheim theory for semiconductors is applica-
ble here. These results are consistent with our previous reports
about boron nanowires. 8]

In order to evaluate the uniformity of field emission for
each sample, we measure their brightness distribution. Fig-
ures 3(g)-3(i) show the emission images of the three sam-
ples, revealing clearly that they show different brightness in
the emission process. When the width of unit-cell is 200 pm,
the patterned BNWs have uniform emission brightness, indi-
cating that the distribution of BNWs in each emitter unit is
very uniform in this pattern. On the other hand, the emission
brightness is nonuniform in each emitter unit when the width
of unit-cell is 100 pm or 150 um. From Figs. 3(h) and 3(i),
it can be found that some center cells and edge cells have no
emission. These results further indicate that a high turn-on
field appears in unit-cell sizes of 100 um and 150 pum.

In order to reduce the screening effect of boron
nanowires, we prepare the boron nanowires (BNWs) by us-
ing different-width unit-cells. The widths and the numbers of

the unit cells for these three Mo templates are quite different
as summarized in Table 2. Therefore, the numbers and areas
of the BNWs are very different when we use Mo masks with
different-width unit-cells. As seen in Table 2, the structure pa-
rameters of three BNW patterns using different Mo masks are
compared to better understand the originations of different FE
behaviors.

The BNW sample using Mo mask with a 200-pm-wide
unit-cell has the largest number of emitters on the Si substrate
with the same area, which leads to the fact that it has the low-
est turn-on and threshold field. It can be illustrated as follows.
From Table 2, it can be found that the total area of the BNW
patterns will increase from 0.1932 cm? to 0.2864 cm? when
the width of unit-cell on Mo mask turns larger. Moreover,
it is obviously seen that the growth density (1.0x10'3/cm?)
of the BNWs using the Mo mask with a 200-pm-wide unit-
cell is nearly 4.2 times bigger than that (2.4x10'%/cm?) of
the BNWs using the Mo mask with a 100-pm-wide unit-cell
on a pattern. So the BNW patterns using the Mo mask with
the biggest-width unit-cell (200 pm) have the largest number
(9.3x10%) of the nanowires on Si substrate in these three sam-
ples, which is almost 6.2 times bigger than that of the BNW
patterns (9.3 x 10%) using the Mo mask with the smallest-width
unit-cell (100 pm). It is suggested that the BNW sample us-
ing the Mo mask with a 200-pum-wide unit-cell has the largest
number of the emitters on the Si substrate with the same area,
and thus it should have the lowest turn-on and threshold field

as seen in experiments.

Table 2. Comparisons of structure parameters among three BNW patterns using Mo masks with different-width unit-cells.

The width of unit-cell ~ The mean aspect ~ The number of BNW The total area of The growth density of ~ The total number of
on Mo ratio of patterns on BNW patterns on the BNWs BNWs on Si
mask/pum the BNWs Si substrate Si substrate/cm? on a pattern/cm?® substrate
100 250 1932 0.1932 2.4x10'2 1.49x 108
150 300 1128 0.2538 4.4x10'2 3.5x108
200 500 716 0.2864 1.0x10"3 9.3x108

Figure 4 shows the SEM images of BNWs prepared on
different-deposition-width unit-cells. From this figure it can
be seen that the uniformity of nanowire morphology in each
pattern will turn higher with the increase of the unit-cell size
on Mo mask. It also follows that the BNW patterns using a
largest-width unit-cell (200 um) have the lowest turn-on and
threshold field. It can be explained in the following. The as-
pect ratio of the nanowires will increase with increasing the
width of unit-cell of the Mo mask, which reveals that the BNW
sample using the Mo mask with the largest-width unit-cell
(200 um) should have the highest field emission enhancement
factor. Therefore, the actual number of the cathode emitters
involved in field emission will correspondingly turn smaller if

the nanowire uniformity is worse. Combining the morphology

uniformity, the nanowire numbers of Si substrate, the aspect
ratio of the nanowires, we can draw a conclusion that the turn-
on and threshold field of the BNW patterns with better uni-
formity and higher aspect ratio will become lower. In other
words, the BNW sample using the Mo mask with a 200-pum-
wide unit-cell should have the best field emission properties,
which is in good agreement with our measurement results.
Now a question arises: why can the 100-pm-wide unit
cell not produce such a good aspect ratio nor uniformity like
the 200-pm unit cell. The reason of uniformity and aspect ra-
tio of nanowires affected by the unit-cell size can be derived
from the preparation process of the patterned catalysts. In ex-
periment, we use Fe3O4 nanoparticles (NPs) hexane solution

to drop on the surface of the Mo mask to pattern the catalyst
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NPs. In this process, the soakage between the hollow region of
the Mo mask and the catalyst NPs solution is insufficient due
to the effect of the surface tensile force in the small space sizes
of 100 um and 150 pum unit. It might result in non-uniform
distribution of NPs catalysts after removing the hexane sol-

vent. Some parts of the surface of unit-cell are not covered by
catalyst NPs. The concentrations of catalyst NPs decrease in
the 100 pm and 150 pwm unit. Therefore, they affect the growth
of nanowires, which leads to the relative non-uniformity and
reduction of length of nanowires (Figs. 4(a) and 4(b)).

Fig. 4. SEM images of BNWs prepared on unit-cells with widths of (a) 100 pm, (b) 150 pm, and (c) 200 pm.

4. Conclusions

Large-area films of boron nanowires (BNWs) patterned
with different-width unit-cells (100, 150, and 200 pwm) are
fabricated using the Mo mask as templates by the chemi-
cal vapor deposition (CVD) method. The BNWs have an
average diameter of about 20 nm and lengths of 10 pum-
20 pum. The high-resolution transmission electron microscopy
and select area electron diffraction results show that the boron
nanocones have a f-tetragonal structure with good crystal-
lization. Field emission measurements of BNW films pat-
terned with different-width unit-cells show that their turn-on
and threshold electric field decrease with increasing the width
of unit-cell. The results indicate that the patterned growth
method is also applicable to optimizing the FE properties of
other field emitter nanostructures.
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