Boron nanobelts grown under intensive ion bombardment
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High-quality a-tetragonal crystalline boron nanobelts with [001] growth axis were synthesized
using a novel method combining e-beam evaporation and plasma ion bombardment techniques.
Intensive ion bombardment of the growing boron nanobelts at a high substrate temperature
(~1200 °C) was found to be effective in increasing the atomic density, reducing the crystal

disorder, and improving the yield of the nanobelts. © 2008 American Vacuum Society.

[DOLI: 10.1116/1.2827498]

I. INTRODUCTION

Boron nanowires are of special interest, because boron
has the smallest atomic weight among nonmetal solid ele-
ments, its hardness is close to diamond, and it has very high
melting temperature (~2300 °C), excellent chemical inert-
ness, and adjustable energy band gap.lf4 These unusual fea-
tures make boron nanowires attractive for various applica-
tions such as high-temperature nanoelectronic devices. Both
amorphous and crystalline boron nanowires have been syn-
thesized using different methods.' Due to high melting
point and structural complexity, crystalline boron nanowires
of high quality are very difficult to produce under ordinary
growth conditions—high defect densities or significant dis-
order can be found in the crystalline boron nanowires, and
the yield of the nanowires is very low.

We report a novel approach to synthesize «-tetragonal
crystalline boron nanobelts (BNBs). This approach combines
e-beam heating and plasma ion bombardment techniques.
Both solid boron evaporant and the substrate for the BNB
growth were heated by e-beam, so that the required high
temperatures for the both were easily achieved. The crystal-
line structure and the yield of the BNBs were found to be
improved greatly by applying plasma ion bombardment to
the substrate.

Il. EXPERIMENT

In our growth apparatus (Fig. 1), an e-beam emitted from
an e-gun is divided into two sub-beams: one is launched into
a carbon crucible to evaporate high-purity (99.99%) solid
boron; another is directed to heat the substrate for the growth
of the BNBs. The substrate was a thermally oxidized silicon
wafer (SiO,~35 wm thick) that was coated with a gold layer
~40 nm thick to act as a catalyst. For BNB growth, the
substrate was heated up to ~1200 °C, and was negatively
charged by the e-beam, leading to bombardment by high-
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density Ar ions diffused from the helicon plasma source lo-
cated over the substrate. The helicon plasma was generated
with Ar gas at a pressure of 1 mTorr.”

The general morphology of the as-grown samples was
investigated using field emission scanning electronic micros-
copy (FESEM). The chemical composition of the BNBs was
analyzed by using an energy dispersive x-ray (EDX) spec-
trometer attached in the FESEM. The spectra were collected
from the deposited layer scraped off the original substrate
onto a carbon or silicon substrate. The BNBs were also stud-
ied with a Philips CM-300 transmission electron microscope
(TEM). The belts were reoriented using the TEM tilting
stage to make their smallest dimension perpendicular to the
electron beam, so that very clear lattice-fringe images of the
belts could be obtained. The crystalline structure of the
BNBs was also examined using a Philips x-ray diffraction
(XRD) spectrometer (cobalt radiation A=1.788 97 A).

lll. RESULTS AND DISCUSSION

Figure 2 shows the SEM and TEM images of the boron
belts produced with or without helicon plasma power P. As
seen from Fig. 2(a), the sample produced at P=0 W contains
very wide boron belts or sheets (width of ~0.1-1 um,
thickness of ~50-100 nm), and the amount of truly
nanometer-sized belts (width <100 nm, thickness <100 nm)
is very small. However, the sample shown in Fig. 2(b), that
was prepared at P=600 W, contains large amounts of very
narrow belts with a width of 30—100 nm, thickness of
~10-50 nm, and length from a few um to over 15 um.
These are the real boron “nanobelts.” The whole deposited
mattresslike layer of the nanobelts on the substrate reached
thicknesses of 1-2 mm during a deposition time of 30 min.
The general yield of the BNBs at P=600 W was much
higher than that at P=0 W.

Figures 2(c) and 2(e) show the low-magnification and
lattice-fringe images, respectively, of a BNB typical of those
prepared at P=0 W. This BNB has a 5—15 nm thick irregu-
lar amorphous sheath layer and a crystalline core showing
stacking disorder. This kind of disorder was also observed in
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FiG. 1. Schematic of the apparatus for boron nanobelt growth.

the BNBs produced by laser ablation.” In comparison, as
illustrated in Figs. 2(d) and 2(f), the BNBs grown at
P=600 W have smoother surfaces; their cores are well crys-
tallized with uniform lattice spacing and their amorphous
sheaths are only 1-3 nm thick. The lattice-fringe spacing in
Fig. 2(f) is 0.44+0.01 nm, which coincides well with the
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FIG. 2. (a) and (b) are SEM images of the boron deposit at helicon plasma
power P=0 and 600 W, respectively; (c) and (d) are low-magnification
TEM images of the boron belts produced at P=0 and 600 W, respectively;
(e) and (f) are lattice-fringe TEM images of the belts produced at P=0 and
600 W, respectively. The substrate temperature was ~1200 °C for all these
samples.
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FIG. 3. Energy dispersive x-ray (EDX) spectra of the boron layer deposited
at P=600 W and 7~ 1200 °C. For the main spectrum, the substrate sup-
porting the boron layer was carbon, and for the inset spectrum, it was
silicon.

(200) d spacing of a-tetragonal boron (a-#-B).%” The crystal
c axis is always parallel to the long axis of the nanobelt.

The observed differences between the two samples depos-
ited at P=0 and 600 W appear to be caused by the ion bom-
bardment. The average substrate bias voltage (V,) was
-300 V at P=0 W, as measured using a tungsten probe
touching the substrate surface. In this case, a weak plasma
was generated around the substrate due to the e-beam ioniz-
ing the background Ar gas, and thus the substrate was sub-
jected to a weak ion bombardment. When a 600 W helicon
plasma power was applied, high-density Ar* ions were gen-
erated and transported to the substrate resulting in the V,
changing immediately from —300 to —80 V due to faster
neutralization of the electrons with ions. This indicated that
the total ion flux increased dramatically although the average
ion bombardment energy decreased due to the substrate bias
drop. The ion bombardment is sufficiently energetic to in-
crease the mobility of the depositing species and may also
sputter away some atoms that are loosely bonded with the
BNBs. These effects would be beneficial to the growth of
high-quality crystalline nanobelts.

The whole deposited layer is very pure boron, except for
minor oxygen contamination, as seen from the EDX spec-
trum in Fig. 3 of a sample deposited at P=600 W. The oxy-
gen contamination may come from the surface oxidation of
the BNBs, due to postdeposition exposure to air. The carbon
peak in this spectrum comes from the carbon substrate, since
it is not present for the Si substrate, as shown in the inset of
Fig. 3. There was no Au detected in the EDX spectra of any
samples, suggesting the Au catalyst might have been fully
evaporated or sputtered away by the end of the deposition.

Figure 4 illustrates the typical XRD spectrum of the
BNBs grown at P=600 W. All the major diffraction peaks
can be indexed to the a--B in the JCPDS database (No.
75-0218: a=8.73 A, ¢=5.03 A; No. 75-0511: a=8.75 A,
¢=5.06 A).® It was found that the characteristic (200) peak
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FIG. 4. Typical XRD spectrum of the boron deposit at P=600 W. The inset
shows broadening and splitting of the (200) peak associated with applied P
increase from O to 600 W. The two subpeaks, A and B, in the inset corre-
spond to lattice constant @ of 8.83+0.01 A and 8.74+0.01 A, respectively.
The x-ray wavelength is 1.788 97 A (cobalt radiation).

of the deposited layer shifted toward larger diffraction angle
(0) and split, if P was increased from 0 to 600 W during the
BNB growth, as shown in the inset of Fig. 4. This effect is
most likely caused by the generation of higher-density, less
disordered boron belts under intensified ion bombardment.
Low- and high-density belts may grow on the same sub-
strate, because the ion bombardment to all the belts is not
uniform due to overlapping of the belts and different orien-
tations or locations of the belts. Therefore, the (200) peak not
only broadened but also split when P was increased from
0 to 600 W.

The lattice constants of the boron belts can be determined
through the well-known Bragg’s equation

N =2dyy sin(6), (1)

where \ is the wavelength of the x ray and d,,; is the space
of the (hkl) planes. The resulting lattice constants for the
sample deposited at P=0 W where a=8.83+0.01 A, and
¢=5.00+0.01 A. For the sample deposited at P=600 W, the
lattice constants of its low-density BNBs are nearly the same
as the sample deposited at P=0 W. Higher-density BNBs
have different constants of a=874+0.01 A and
¢=0.503+0.01 A, which are very near the typical values of
the reported large a-7-B crystals (of sizes in the micrometer
to millimeter 1range).6’7 It is seen here that the lattice constant
a is compressed from 8.83 to 8.74 A and thus the packing
density of the boron atoms was improved when P was in-
creased from O to 600 W; and the compression is mainly
along the [200] direction of the BNBs, not along their growth
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direction [001]. (Note that such a small compression would
be very difficult to directly observe in TEM lattice-fringe
images.)

A tetragonal cell in the a-t-B crystals is generally be-
lieved to contain four B;, icosahedrons and two isolated
four-coordinate B atoms, resulting in a a-1-Bs, cell based
structure.” The formation of such a-1-Bsg crystals could be
more complex and difficult than for other crystals whose
basic units are the isotropic spherical atoms or ions. To form
the a-1-Bs crystal, B, icosahedra units may grow first; then,
the By, units organize with linking B atoms to form the
a-t-Bsq cells and, subsequently, bulk crystal. Formation of
the B, icosahedrons could be very easy, since they were
found to be the basic units in all amorphous and crystalline
boron.*” The assembly of the B, units into the a-7-Bs, unit
cells and into bulk crystal are probably relatively difficult
processes, due to the relatively large dimension of the B,
units and their anisotropic nature. Stacking disorder or faults
are thus easily generated in the a-7-Bs, crystals, as com-
monly observed in the micrometer-to millimeter-sized
a-t-Bs, crystalls,6 and in our BNBs deposited at P=0 W.
Similar to diamond, the growth of perfect a-#-Bs, crystals
may require very high temperature and high pressure or suit-
able ion bombardment, as demonstrated by the growth of the
BNBs under high-power ion bombardment.

IV. CONCLUSIONS

In summary, a-#-B nanobelts were synthesized using a
novel method combing e-beam evaporation and plasma ion
bombardment techniques. It was shown that ion bombard-
ment plays a key role in increasing the atomic density, re-
ducing defects and disorder, thinning the amorphous sheath
layers, and improving the yield of the boron nanobelts.
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