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Abstract. Aligned tetragonal single crystal boron nanorods have been synthesized by chemical vapor de-
position on silicon substrates without any templates. A thin film of Al was used as catalyst, and the
nanorods were synthesized in a large area. The nanorods have a diameter of 20-50 nm. The SAED and
HRTEM reveal that the nanorods are single crystal in nature and preferentially grew up along [002]. The
optical properties of the nanorods were investigated. The growth mechanism of the boron nanorods has

been discussed.

PACS. 81.07.Vb Quantum wires — 81.15.Gh Chemical vapor deposition (including plasma-enhanced CVD,

MOCVD, etc.)

Introduction

Substantial effort has been placed on synthesizing semi-
conductor nanowires and nanotubes and developing them
as building blocks for electronic devices. Silicon nanowires
and carbon nanotubes have been studied most exten-
sively [1-3]. The elemental boron, near to silicon and car-
bon in the periodic table, occupy a unique place within
chemistry and physics for the complexity of the uncom-
mon structures and many unique properties, such as
high melting temperature, extreme hardness and light-
ness, unique transport and mechanical properties, etc. Re-
cent theoretical studies [4-6] have suggested boron and
carbon appeared to form a set of complementary chemi-
cal systems: whereas bulk carbon in its most stable form
was characterized by a 2D system and carbon cluster were
characterized by 3D cages; bulk boron was characterized
by 3D cage, and boron cluster were characterized by 2D
structures. It is interesting and important to synthesis
boron nanostructures and to investigate their properties.

Recently, various one dimensional boron nanostruc-
tures have been fabricated, including amorphous [7-10]
and crystalline boron nanowires (BNWs) [11-14], crys-
talline boron nanobelts [15], nanoribbons [16] and sin-
gle wall boron nanotubes [17]. The synthesis methods are
chemical vapor deposition (CVD) [10-12,16,17], laser ab-
lation [15,18], vapor-transport method [9,14], and mag-
netron sputtering [7,8] etc. Among these methods, CVD is
especially attractive because of the compatibility of CVD
with conventional semiconductor device fabrication and
also the ease of scaling research to production-size sys-
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tems. And CVD method could allow controlled, selective
growth of nanostructures by patterning metal catalysts on
the substrates. So far Au and some other transition ele-
ments are the dominative catalysts for growing boron and
other semiconductor nanowires in CVD synthesis system.
Unfortunately, these metals trap electrons and holes in Si
and pose a serious contamination problem for Si comple-
mentary metal oxide semiconductor (CMOS) processing.
Especially for boron nanowire growth, the eutectic tem-
perature of the transition metals and boron is generally
high (>1000 °C), which requires high temperature during
the growth. Main-group element aluminum is a standard
metal in silicon process lines and might be an interesting
alternative in order to incorporate nanowires in the front-
end of a silicon IC. Additionally, the eutectic temperature
of Al-B is 659.7 °C, much lower than the eutectic tem-
perature of boron and other metals. From a technological
standpoint, Al would be a much more attractive catalyst
material for growth of boron nanowires. Previous study
has confirmed that Al is an effective catalyst in growing
high crystal aligned Si nanowires [19].

Aligned single crystalline BNWs [12] and MgB,
nanowires [20] have been synthesized by our group by
means of CVD and subsequent process using nanochannel-
Al;O3 as the substrates. In this paper, we report the syn-
thesis of aligned single crystal boron nanorods (BNRs) on
silicon substrates using a thin film of Al as catalyst. The
optical properties of the nanorods were also investigated.

Experiment

The experimental apparatus used in the work consists of
a horizontal tube furnace (75 c¢m in length), a reacting
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chamber made of quartz tube (¢5.5 x 150 c¢cm), a rotary
pump system, and a gas supply and control system. The
ultimate vacuum for this configuration was ~20 Pa. Sev-
eral silicon (100) or (111) substrates were first cleaned in
acetone by ultrasonic. Then, after cleaning the wafers by
RCA and removing the native oxide with dilute HF, a
thin film of Al with the thickness of about 5 nm was de-
posited on the silicon substrates by thermal evaporation
system. The substrates were then placed in the center of
the furnace for collecting the growth products. The react-
ing chamber was pumped down to 20 Pa and heated under
Ar flow. As the temperature reached to the scheduled tem-
perature in the range of 700-950 °C, the mixture gas of
argon, hydrogen and diborane with a flow ratio of 50:20:1
was allowed into the chamber. The pressure in the cham-
ber was kept at 5 x 10* Pa. After deposition for 5 h, the
furnace was cooled down and the products were removed
out and characterized by field emission scanning elec-
tron microscopy (FESEM, Siron, FEI). Then the nanorods
were ultrasonically separated from the silicon substrates
and characterized by transmission electron microscopy
(TEM, CM200/Philips) equipped with energy dispersive
X-ray spectrometer (EDX), selected area electron diffrac-
tion (SAED) and high resolution TEM (HRTEM). The
optical absorbance measurements were performed with a
Hitachi U-4100 UV-vis spectrophotometer. For compari-
son, the nanorods were also fabricated on the other sub-
strates covered by a thin film Al such as silicon wafer with
a thick dry oxide layer, quartz plates and nanochannel alu-
minum (NCA) in the same growth condition.

Results and discussion

FESEM images of the as-prepared BNRs on the silicon
(100) substrates are shown in Figure 1. In order to know
the most suitable growth conditions of the BNRs, the
quartz tube were heated to a series of temperature ranged
from 700 °C to 950 °C and kept for 5 h. Figure 1 shows
the top-view FESEM images of the products synthesized
at 700 °C, 800 °C, 900 °C, and 950 °C respectively. It was
found that uniform large area BNR arrays can be fabri-
cated in the temperature ranged from 800 °C to 900 °C.
The density of the nanorods increased with the tempera-
ture increasing. The upper right inset in Figures 1b and 1c
are the side view images of the aligned BNRs. It can be
seen that the nanorods are aligned parallel with each other
and perpendicular to the substrates. Porous boron films
formed when the temperature was lower than 750 °C and
higher than 950 °C. Uneven and very short BNRs could
be observed when the temperature was in the range of
750-800 °C and 900-950 °C. The fluidness of catalyst al-
loy under different temperature might be the main reason
for the difference morphology formed at different temper-
ature. When the temperature was too low, aluminum films
can’t form alloy droplets which act as catalysts to lead the
growth of nanorods. When the temperature was too high,
aluminum films were not stable and could move easily, the
alloy droplets were also unstable to lead the growth of the
nanorods.

Fig. 1. FESEM images of the boron nanorods on the Si (100)
substrates synthesized at different temperature, (a) 700 °C,
(b) 800 °C, (c) 900 °C, and (d) 950 °C, the inset images shown
in Figures 1b and lc are the cross-sectional FESEM images of
the boron nanorods at 800 °C and 900 °C, respectively.

The morphologies of BNRs on different substrates such
as NCA, Si (111), Si substrates with oxide layer and quartz
plates were also investigated. The FESEM images of them
are shown in Figures 2a-2d respectively. The inset images
in Figures 2a—2c are cross-sectional FESEM images of the
BNRs on different substrates. As reported in the previ-
ous paper [12], the nanorods in NCA are aligned parallel
with each other and the alignment of the nanorods on Si
(100) substrates is as good as that in NCA (Figs. 1b, 1c
and 2a). The alignment of the nanorods on Si (111) de-
creased slightly. However, the nanorods on Si substrates
with thick oxide layer and quartz plates couldn’t align in
arrays and grew randomly.

The TEM image of the BNRs on Si (100) (Fig. 3) indi-
cates that the nanorods have a diameter of 20-50 nm. The
inset is SAED pattern of an individual nanorod, which il-
lustrates the nanorod is single crystal tetragonal lattice
structure of elemental boron with the lattice constant of
a=28.73 A and ¢ = 5.06 A, the same structure as that re-
ported in reference [12]. The nanorods in Figure 3 were
also analyzed by EDX (Fig. 3b). Only carbon, copper
and boron were detected. The carbon and copper orig-
inated from the copper grid covered with carbon film.
Thus, the results of EDX also indicate that the fabri-
cated nanorods are pure BNRs. The microstructure of a
boron nanorod was characterized by HRTEM, as shown
in Figures 3c and 3d. The HRTEM images show that the
nanorod is single crystalline without the presence of dis-
locations, and its geometrical shape is uniform. There is
a very thin amorphous oxide layer on the outside shell of
the nanorod. An enlarged atomic image taken from Fig-
ure 3c is shown in Figure 3d. The distance between the
parallel fringes is about 0.44 nm, corresponding to the
spacing of (200) planes of B with P 4 n2 structure, which
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Fig. 2. FESEM images of the BNRs on different substrates,
(a) NCA, (b) Si (111), (c) Si (111) with oxide layer, and (d)
quartz plates, the inset images are cross-sectional view image
of them.

is consistent with the SAED pattern. From the results of
HRTEM, it can be indicated that the growth direction of
the nanorods is [002]. An interesting thing is that alloy
droplets can’t be observed at the tips of the nanorods.
Furthermore, a large number of nanorods were intensively
investigated by TEM, all the nanorods had clean tips,
and no metal droplet-terminated nanorods were identi-
fied. However, it was found that the aluminum catalyst
was necessary for the growth of the nanorods in the ex-
periment. The nanorods synthesized on other substrates
were also investigated by TEM. Most of the nanorods have
the same growth direction and similar morphology. The
phenomena indicate that the growth mechanism of boron
nanorods catalyzed by Al is complex which needed study-
ing further.

There have been several theoretical calculations on
the electronic structures and optical properties of boron
crystals like a-rhombohedral Bio [21,22] and tetragonal
crystals [21]; however, there is relatively little experimen-
tal measurement on the optical properties of boron crys-
tals [23] especially tetragonal crystals. The optical proper-
ties of the tetragonal BNRs were investigated in the work.
Figure 3e shows the UV-vis absorbance spectra for the
nanorods on quartz plates. Since quartz is transparent in
the 0.50-6.20 eV range, it is believed that the spectra are
from BNRs. The calculation results showed that a—t— B
was a metal with a semiconductor-like band structure near
the Fermi level [21]. The curve here shows a strong peak
at 0.90 eV, an absorption threshold at 1.37 eV, and the
absorption steadily increases until 5.80 eV, and then the
absorption increases very rapidly, reaching a main peak at
6.15 eV. Since the highest frequency of the spectrometer
is 6.20 eV, the peaks beyond it can’t be observed. The ex-
istence of absorption threshold at 1.37 eV indicates that
the boron nanorods synthesized here are semiconductor,
which is different with the calculation results [21], but
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Fig. 3. TEM and optical characterization of the BNRs.
(a) TEM image, the upper right inset image corresponds to the
SAED pattern of a relative boron nanorod. (b) EDX spectrum
of the boron nanorods. (¢c) HRTEM image, and (d) the en-
larged atomic image of an individual boron nanorod revealing
perfect single crystal structure. (e¢) Room-temperature optical
absorbance spectra for BNRs.

agree with the electrical measurement results [24]. Fur-
ther investigation including calculation is needed to un-
derstand optical properties of boron nanostructures.
Binary alloy phase diagram were used to understand
the virtue of Al as catalyst and the growth mechanism
of BNRs. It can be seen that the eutectic temperature of
Al-B is 659.7 °C, lower than the eutectic temperature of
Au-B (1056 °C), Fe-B (1174 °C) and Co-B (1110 °C),
which might be helpful to grow the crystalline BNRs
at low temperature. Since no catalyst droplets (the sup-
porting of a conventional vapor-liquid-solid (VLS) growth
mechanism) were present at the tips of the BNRs, a base-
growth mechanism might be plausible. Aluminum silicide
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Fig. 4. Al-B phase diagram (a), growth schematic diagram of the aligned boron nanorods (b: bl-b4), and geometry of the

catalyst droplets (c: c1, ¢2).

(AlSi,) was observed by cross-sectional FESEM at the sil-
icon aluminum interface (Figs. 1b, 2c, marked by white ar-
rows), which is the react products between aluminum and
silicon. This reaction between the aluminum and silicon
might increase the adhesion between the metal catalyst
and the substrate, which could be one factor which caused
the metal catalyst (Figs. 1b, 2¢, marked by black arrows)
staying at the base during the growth, and so the active
growth surface is at the root of the nanorod, similar to
the base growth of carbon nanotubes catalyst by Co [25].
The growth process of the BNRs might be as follows.

Firstly, when the temperature reached 800 °C, Al
would melt and formed Al/Si interface and melting Al
droplets (Fig. 4b2), since the eutectic temperature of Al-
Si is 577 °C. The aluminum silicides consume a portion
of the metallic aluminum and also serve as anchors or ad-
hesion promoters for the melting Al droplets. Then boron
atoms and/or clusters originated from the decomposition
of diborane diffused into the liquid Al droplets to form
Al/B liquid alloy (Fig. 4b3). Given the constant depo-
sition temperature and a continuous precursor flux, the
supersaturation Al/B liquid alloy could act as catalysts
and directed the growth of BNRs (Fig. 4b4).

Circumstantiation about the reason why the catalysts
stay at the bottom of the nanorods must combine the
surface energy, atom diffusion and contact angle. At the
NR/NW nucleation stage, there are two competitive pro-
cesses, which is important for the selection of the NR/NW
growth mode. One is the atom diffusion including sur-
face and bulk diffusion from the top of the catalyst to the
substrates. It is suggested that the mass transport rate
of surface diffusion defined by the diffusion time 7y; is
more important with decreasing whisker diameter [26]. So

we just consider mass transport by the surface diffusion
in the diffusion process. The other is the surface satura-
tion and precipitation which can be defined by the satu-
ration time 7g,. It is easy understood that if 74; > 7, the
catalyst droplet surface saturates with boron much faster
than boron penetrates to the substrates, therefore, B pre-
cipitates at the droplet surface and the NR/NW growth
mechanism is base growth. In contrast, if 74; < 75, B pen-
etrates to the substrate faster than the catalyst droplet
saturates, B precipitate at the bottom and the NR/NW
growth mechanism is tip VLS growth, the catalyst droplet
maintain on the tip of the NR/NW.

As shown in Figure 4c, if the adhesion between the
substrate and catalyst is strong, contact angle 6 is small
(Fig. 4cl), contrarily, 6 is large (Fig. 4c2). And the contact
angle dominates the morphology of catalyst droplets. The
angle « represents the angle between the line L1 (from
any position on the catalyst to the center of the circle)
and the line L2 (through the center of the circle parallel
to the substrate surface). We can assume the boron atoms
deposited vertically from the ambient atmosphere to the
substrates. The boron atoms density distribution on the
catalyst droplet can be expressed as:
2[cos?

7r?[cos? a — cos?(a + dar)]

C=Cy = K(Cysina.

27r * rda cos a
Here Cj represents the atoms density with a flat surface,
K is a constant, and r is the radius of curvature of the
droplet. According to Fick’s first law, the material flux
of surface diffusion Jg (quantity per unit time per unit
length) represented by:

dCy

s = dl

—Dy = K'D,Cycosa = K" cos a.
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Fig. 5. FESEM images of the Au catalysts (a) and Al catalysts
(c) annealed at 900 °C in vacuum for 20 min and removed for
FESEM characterization. TEM images of the Au catalyzed
boron nanowires (b), and Al catalyzed boron nanorods (d),
boron nanowires and nanorods were synthesized by CVD at
900 °C seeded using the annealed Al and Au as catalysts.

It can be seen that « in Figure 4c1 is large and J, is small
or negative. In most area of the droplet in Figure 4c2,
« is small and J; is large. Therefore, if the droplet con-
tact angle 6 is small, the droplet surface easily saturates
with boron and the NR/NW nucleate at the top of the
droplet and the growth mechanism may be base growth.
In contrast, if the droplet contact angle 6 is large, the
growth mechanism might be tip VLS growth. In order to
validate the deduction, some other metals were used to
growth BNR/BNW on silicon substrates. It is found that
when the catalyst is Au and Ni, BNWs grew by tip VLS
growth mechanism (Fig. 5b). Boron NR/NWs grew by
base growth mechanism when the catalyst is Al and Ti
(Fig. 5d). The morphology of the catalyst droplets were
also investigated, we find that the contact angle of Au and
Ni catalysts after high temperature annealing on silicon
substrates is larger than that of Al and Ti (Figs. 5a, 5¢):
O(au, Niy > 90°% 0(ar, iy < 90°. Further calculation and
experiments are needed to understand the relation be-
tween the growth mechanism of NR/NWs and the catalyst
droplet morphology.

Conclusions

In summary, single crystal BNRs have been synthesized by
CVD on silicon substrates using a thin film of Al as cata-
lyst without any templates. The nanorods were tetragonal
phase and grew aligned in arrays. No metal nanoparti-
cles were present at the tips of the nanorods. It is con-
sidered the growth mechanism of the nanorods is base-
growth mechanism. The growth process and mechanism
were deduced based on the analysis of the surface diffu-

sion with different catalyst droplet morphology. The UV-
vis spectrum shows a semiconductor band gap threshold
at 1.37 eV and strong absorption at high frequency.

This work is financially supported by the National Natu-
ral Science Foundation of China (Project Nos. 50272057 and
60225010), and the key project of the Education Department
of China.
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