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Electronic and dynamic studies of boron carbide nanowires
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The electronic and vibrational properties of boron carbide nanowires grown by plasma-enhanced chemical
vapor deposition have been examined with the techniques of near-edge x-ray absorption fine structure
~NEXAFS! spectroscopy and Raman spectroscopy. The B 1s absorption edge is characterized by a narrowp*
resonance characteristic ofsp/sp2 hybridization followed by a broads* resonance characteristic ofsp3

hybridization. The C 1s NEXAFS spectrum is dominated by thes* resonance indicating that C bonding in the
nanowires is predominantlysp3 in character. The NEXAFS spectra are equivalent to corresponding spectra of
single-crystal (B4C) boron carbide, consistent with the B4C structure of the nanowires as determined by
selected area electron diffraction. Four corresponding Raman modes of crystalline boron carbide have been
observed for the boron carbide nanowires. Two previously unobserved Raman modes of boron carbide at 1365
and 1965 cm21 have also been observed, which are specific to boron carbide nanowires.
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I. INTRODUCTION

Over the past decade significant effort has gone into
veloping an understanding of quantum confinement and
effects on electronic transport. This has been driven by
entific curiosity, as well as the need to quantify the ro
quantum confinement plays in microprocessor performa
as the architecture of these devices heads towards the
nometer regime. Nanometer sized materials can be a
cially manufactured, as well grown in a self-assembled fa
ion via novel processes. One of the advantages of explo
the properties of self-assembled nanostructures is their
of construction. Self-assembled nanostructures come in a
riety of flavors ranging from free standing nanocryst
grown by colloidal chemistry1,2 to carbon nanotubes,3 to
name a few, and like multilayer quantum well systems th
have been found to exhibit quantum size effects.4,5

In order to develop a full understanding of quantum s
effects in self-assembled nanostructured materials a det
understanding of their fundamental properties needs to
determined. Due to their large surface area to volume ra
the fundamental properties of all types of nanostructured
terials can be anticipated to deviate from those of the bulk
addition, the surfaces of nanostructured materials can v
significantly with size, which will inevitably affect their elec
PRB 600163-1829/99/60~7!/4874~6!/$15.00
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tronic properties. An excellent example of this phenome
was illustrated with carbon nanotubes where it was sho
that changes in their structure altered their electronic prop
ties from graphitic to semiconducting in character.6 This
work, as well as studies of semiconducting nanoparticle5

also demonstrated the feasibility of constructing nanosc
devices using self-assembled nanostructures. The work
carbon nanotubes has demonstrated the need to explor
structural properties of nanostructured materials, as wel
stressed the need to examine their fundamental propertie
order to develop a global understanding of their electro
transport properties relative to the bulk. In addition to qua
tum confinement, finite size effects can have a signific
impact on the thermodynamic properties and vibrational d
sity of states of nanostructured materials. Consequently,
important that finite size effects be thoroughly explored
order to gauge the different factors that influence the pr
erties of nanostructured materials.

In this paper, we have examined the electronic and vib
tional structure of single-crystal boron carbide (B4C) nano-
wires by near-edge x-ray absorption fine structure~NEX-
AFS! and Raman spectroscopy, respectively. Boron carb
is a refractory semiconductor material, which in addition
being chemically robust, has a very high-melting tempe
ture in excess of 2400 °C. The mechanical hardness and e
4874 ©1999 The American Physical Society
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tronic properties of single-crystal and amorphous boron c
bide make it an attractive material for high temperatu
applications in materials7–9 and electronics.10–12 The crystal
structure of boron carbide is rhombohedral~hR 15; S.G.
R3m! and consists of 12-atom icosahedral units located
the corners of a rhombohedral unit cell connected by C-B
or C-B-C chains lying along the cell diagonal.13–20 This
unique structure may lead to novel quantum transport eff
at reduced dimensions. These studies will assist in the ev
ation of the electronic and vibrational properties of bor
carbide nanowires as they compare to bulk boron carbid

II. SAMPLE PREPARATION

The nanowires were grown on~100!-oriented silicon sub-
strates. Prior to insertion into the chamber the Si substr
were cleaned for 5 min in a 5% hydrofluoric acid/deioniz
water solution followed by a rinse in deionized water. T
boron carbide nanowires were grown in a custom para
plate 13.56-MHz plasma-enhanced chemical-vapor dep
tion ~PECVD! chamber, which has been discussed in m
detail elsewhere.21 The substrates were located on t
grounded electrode during deposition. The deposition te
perature was typically in the range 1100–1200 °C and
plasma power was 50 W. The source compound wascloso-1,
2-dicarbadodecaborane (C2B10H12), which will be referred
to from here on as orthocarborane. Argon was used as
carrier gas and was allowed to flow through the source bo
that was held at a temperature of 50 °C during deposit
The gas mixture consisted of 65 mTorr of Ar~10 sccm! and
25 mTorr of orthocarborane/Ar~3.5 sccm!. A mat of boron
carbide nanowires approximately 1mm in thickness was ob
tained after two hours of deposition using the aforem
tioned experimental conditions.

III. EXPERIMENTAL DETAILS

The structural properties of the boron carbide nanow
were examined using an Amray 1830 scanning electron
croscope~SEM! operated at 10–20 kV and a Philips CM20
analytical transmission electron microscope~TEM! operated
at 200 kV. NEXAFS spectra where acquired using the i
aging photoelectron spectromicroscope MEPHISTO22

which was attached to the 10-m TGM beamline at the S
chrotron Radiation Center in Stoughton, WI. Briefly, mon
chromatic soft x-rays are incident on the sample at 60°
the surface normal with the photoelectrons collected ove
2p sterad spherical angle. The B 1s NEXAFS spectra were
normalized to the photon flux, while the C 1s spectra were
normalized to a NEXAFS spectrum acquired across the Cs
absorption edge obtained from a carbon-free Si surface.
normalization procedure eliminates spurious structure fr
being introduced into the C 1s spectra by carbon contamina
tion on the beamline optics. The surfaces of the samp
were found to be relatively free of oxygen upon examinat
of the intensity of the C 1s absorption edge. The fundament
mode of operation of the microscope is photoelectron em
sion by x-ray excitation. Raman spectra were excited a
wavelength of 457 nm using an argon ion laser. The Ram
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spectra were acquired in a specular geometry at a beam
cidence angle of 45°. The scattered light was dispersed
analyzed using a double monochromator.

IV. NANOWIRE STRUCTURE

The boron carbide nanowires grow by a vapor-liqu
solid mechanism, which is described in detail elsewhere.23 A
typical example of a boron carbide nanowire thin film grow
on Si is displayed in Fig. 1~a!, which shows that the film
consists of a mesh of boron carbide nanowires. Figure 1~b! is
an SEM image of a low density mat, which gives a cle
picture of the high aspect ratio of the nanowires. A clos
inspection of the film with a TEM~Fig. 2! reveals the pres-
ence of smooth walled nanowires and indicates that the w
grow in a range of diameters from 10 nm up to 75 nm. So
rough walled nanowires and rhombohedral nanocrystals c
nected by nanowires~necklaces!, which are not shown in
Fig. 2, have also been observed.23 Nanowires make up 90%
of the film, with the other 10% consisting of rough walle
wires and necklace structures. Selected-area diffraction
the nanowires and the rhomboidal structures indicate
both structures are monocrystalline with a rhombohed
crystal structure~hR15; S.G. R3m!.23 Due to the identical
crystal structures and similar lattice parameters of B13C2 ~a
50.5617,b50.5617,c51.2099 nm! and B4C ~a50.5600,

FIG. 1. ~a! SEM image of a high-density mesh of boron carbi
nanowires,~b! a SEM image of a low-density boron carbide nano
ire film.
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4876 PRB 60D. N. McILROY et al.
b50.5600,c51.2086 nm! it is not possible to unambigu
ously identify with electron diffraction which boron carbid
phase is present. Energy dispersive spectroscopy~EDS! mea-
surements performed at a variety of locations on individ
nanowires indicate that the B:C ratio is close to 4:1, wh
indicates that the nanowires are single-crystal B4C rather
than B13C2. The EDS measurements were made using a
cused electron probe that was positioned at various pla
along each nanowire. The x-ray spectrum was recorded
each location and the B:C ratios determined from the
evant integrated peak intensities.

FIG. 2. A bright field TEM image of boron carbide nanowire
grown by PECVD.

FIG. 3. NEXAFS spectra across the B 1s absorption edge of a
boron carbide nanowire film~d! and an amorphouslike boron ca
bon alloy ~solid line!.
l
h

-
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V. EXPERIMENTAL RESULTS

In Figs. 3 and 4 we present NEXAFS spectra of the Bs
and C 1s absorption edges, respectively, acquired from
boron carbide nanowire film shown in Fig. 1. The B 1s ab-
sorption edge is characterized by an onset of a sharp a
bondingp* state at 190 eV ands* states from 196 to 208
eV. Thep* ands* assignments are based on comparison
single crystal boron carbide24 and hexagonal boron
nitride.25,26 The full width at half maximum of the B 1s p*
resonance in Fig. 3~;1 eV! is consistent with NEXAFS
spectra acquired from polycrystalline B4C.24

The C 1s NEXAFS spectrum in Fig. 4 for the C 1s edge is
characterized by a weakp* state resonance at 285.5 eV an
broads* states which onset at 287.5 eV and extend beyo
300 eV. These assignments are consistent with prev
studies of B4C by Jiménezet al.24 This earlier study of poly-
crystalline boron carbide24 observed a higher level of fine
structure in the C 1s NEXAFS spectrum than in this study
which we attribute to the higher resolution of the monoch
mator used in that study.

FIG. 4. NEXAFS spectra across the C 1s absorption edge of a
boron carbide nanowire film~d! and an amorphouslike boron ca
bon alloy ~solid line!.

FIG. 5. Background corrected Raman spectrum of a boron
bide nanowire film excited a wavelength of 457 nm.
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TABLE I. Raman modes of boron carbide.

Peak position~cm21!

B4C Nanowires 15B4.3C
~single crystal!

18B4.3C
~polycrystalline!

15Symmetry

* 270 275 Alg

360 320 326 Alg

* 420 430 Alg

* 449 Eg

477 489 Eg

532 551 Eg

560 599 Eg

591 637 Eg

652 671 Eg

705 725 748 Eg

* 797 821 A1g

* 869 895 A1g

925 928 958 A1g

* 990 1009
1070 1065 1108 A1g

1365
1590 1590 1598
1965

*Appear as shoulders in the spectrum.
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In Fig. 5 we present a Raman spectrum obtained from
sample shown in Fig. 1. The spectrum is dominated prim
rily by B4C modes based on comparisons with Raman s
ies of single-crystal boron carbide.15,18,27These modes are a
360, 705, 925, 1070, and 1590 cm21. The mode at 2175
cm21 is attributed to a second-order excitation of the line
1070 cm21 (;231070 cm21) and the line at 2315 cm21 is
likely due to a combination of the second-order excitation
the line at 360 cm21 and the line at 1590 cm21 (;23360
11590 cm21). Previously unobserved Raman modes of B4C
are observed at 1345 and 1975 cm21 in Fig. 5.

VI. DISCUSSION

A. NEXAFS spectroscopy of boron carbide nanowires

The sharpness of the B 1s p* resonance can be used as
relative measure of the degree of short-range order of bo
carbide materials. In Fig. 3, a NEXAFS spectrum of
amorphouslike boron-carbon~a-BC! alloy film grown by
PECVD has been included to illustrate the broadening of
p* resonance, which occurs with increasing disorder. Up
comparison of the two spectra in Fig. 3 it is obvious that
degree of local order in the boron carbide nanowires is
cellent. An increase in disorder diminishes the degree of
structure in thes* region of the B 1s absorption in Fig. 3.
The intensity of the Bp* state relative to thes* states gives
a qualitative measure of ratio ofsp/sp2 hybridization tosp3

hybridization. A comparison of the two spectra in Fig.
indicates that disorder is accompanied by a reduction
sp/sp2 bonding of boron. Jime´nez et al.24 observed similar
effects in annealing experiments of boron carbide wher
was observed that C segregation occurred at an anne
temperature of 1900 °C. This was accompanied by a co
sponding decrease in the Bp* resonance.
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Examination of the C 1s NEXAFS spectra of the boron
carbide nanowires and the a-BC film in Fig. 4 shows simi
broadening effects with increased disorder. The intensity
the C p* state relative to thes* states gives a qualitative
measure of ratio ofsp/sp2 hybridization tosp3 hybridiza-
tion and indicates that C bonding is predominantlysp3 in
character. Due to the inequivalence of the C bonding si
sp3 character is attributed to C atoms occupying CBC
CBB chains andsp2 character to C atoms located in site
within the icosahedral structures.24 The boron carbide
nanowire C 1s NEXAFS in Fig. 4 is qualitatively similar to
NEXAFS studies of polycrystalline boron carbide by Jim´-
nezet al.,24 with the exception of more detailed fine structu
in the region of thep* resonance. Again, this is attributed
the higher resolution of their experimental setup.

B. Raman spectroscopy of boron carbide nanowires

The Raman modes of the boron carbides wires are s
marized in Table I. Also included in Table I are the Ram
modes of polycrystalline15 and single-crystal18 boron car-
bide. Due to finite size effects which can broaden Ram
spectral features,28 we were unable to resolve all of the Ra
man modes of polycrystalline15 and single-crystal18 boron
carbide. However, the dominant Raman modes of polycr
talline and single-crystal boron carbide are observed in
nanowire spectrum in Fig. 5 at 360, 705, 925, 1070, a
1590 cm21. Examination of Fig. 5 reveals that the majori
of the unresolved modes of boron carbide can be accou
for in the broad shoulders of the primary Raman modes
the nanowires.

Also included in Table I are the symmetry assignments
the Raman-allowed modes. These assignments have bee
termined from group theory29 based on theD3d symmetry of
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4878 PRB 60D. N. McILROY et al.
idealized boron carbide and yield 11 Raman-active mod
5A1g and 6Eg . Based on the assignments of Ref. 20, t
modes centered around 360 and 925 cm21 can be attributed
to A1g-type fundamental modes of equatorial pentagons
three icosahedra as opposed to the assignment of t
modes to C-B-C chain structures.18 Examination of Fig. 1~b!
reveals that many of the boron carbide nanowires bend b
on themselves and suggests that they are under signifi
strain. The boron carbide nanowire Raman mode centere
360 cm21 is shifted upward in energy by approximately 4
cm21 relative to the corresponding modes of polycrystalli
and single crystal boron carbide in Table I. This upward s
may be a strain induced effect that shifts the vibratio
modes to higher wave numbers, as opposed to finite
effects that typically shift Raman modes downward.28 If the
modes at 360 and 925 cm21 are either exclusively chain
modes or intericosahedral modes, we would anticipate
they would exhibit similar shifts. Note that the nanowire R
man mode at 925 cm21 is in excellent agreement with th
corresponding mode of polycrystalline boron carbide. C
sequently, we suggest that one of these modes is assoc
with chain modes and the other with intericosahedral mod
By accounting for strain in theoretical models of the vibr
tional density of states of the boron carbide nanowires
should be possible to resolve this issue.

The modes at 705 and 1070 cm21 have a symmetry as
signment of A1g and are attributed either to icosahed

breathing modes18 or two-center B-B vibrations betwee
covalently bonded polar atoms of neighboring icosahedr15

The mode at 1590 cm21 has been attributed to C-B-B cha
modes.15 The previously unobserved mode at 1365 cm21 has
a number of possible origins. The first is that this mode a
the mode at 1590 cm21 are signatures of amorphous carbo
While double peaks at 1365 and 1590 cm21 have been ob-
served for amorphous carbon, they have been attribute
the presence of microcrystalline graphitic carbon.30,31Similar
Raman peaks have been observed for films of aligned ca
nanotubes,32 yet high-resolution TEM measurements of t
nanotube samples found no evidence for microcrystal
graphitic carbon. These modes instead have been attrib
to defects in the carbon nanotubes. Electron diffraction p
terns recorded for these boron carbide nanowire sam
showed no evidence of the broad diffusion rings typical
amorphous carbon. TEM analysis of the boron carb
nanowire films exclude the presence of amorphous carbo
microcrystalline graphitic carbon. Furthermore, it has be
demonstrated that amorphous and graphitic carbon have
distinct signatures in NEXAFS spectra across the Cs
edge.24 These studies by Jime´nez et al.24 showed that the
signatures of amorphous carbon or graphitic carbon in Cs
NEXAFS spectra of boron carbide are an extremely sharpp*
resonance in conjunction with a sharp onset of thes* states,
where the intensity of thep* resonance is significantly large
than that of thes* states. The lack of these signatures
amorphous or graphitic carbon in the C 1s NEXAFS spec-
trum of the boron carbide nanowires in Fig. 4 further su
ports the conclusion that neither of these phases of ca
are present in the samples used in this study. It is also w
noting that the VLS growth mechanism procludes the inc
sion of amorphous or graphitic carbon into the nanowir
Consequently, we attribute the mode at 1365 cm21 to a Ra-
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man active mode specific to the boron carbide nanowi
Due to the unique curvature of the surface of the nanowi
as well as the large surface area to volume ratio, we sug
that the Raman mode at 1365 cm21 originates from surface
terminations unique to the nanowires. A detailed understa
ing of the surface structure of these nanowires, as wel
calculations of the Raman active modes, will need to be p
formed in order to accurately determine the origin of t
mode at 1365 cm21, as well as to conclusively demonstra
that it originates from the boron carbide nanowires rat
than pockets of amorphous or graphitic carbon.

In addition to the mode at 1365 cm21, a strong mode at
1965 cm21 is observed in the Raman spectrum in Fig. 5. T
mode could originate from a combination of the modes
270 and 1590 cm21, although the intensity of the mode a
1965 cm21 relative to the aforementioned modes would te
to preclude this assignment. In addition, no correspond
modes at this wave number have been observed for b
samples of boron carbide15,18 or microcrystalline graphitic
carbon.30,31Consequently, we have concluded that this mo
is also specific to boron carbide nanowires. Until detai
calculations of the vibrational properties of these boron c
bide nanowires can be performed, the origin of the mode
1365 and 1965 cm21 can only be speculated. Some potent
assignments are that these modes arise from collective e
tations of the nanowires in the form of transverse, longitu
nal, or breathing modes. Assignments of these types h
been made for carbon nanotubes.33 While we are not sug-
gesting that the boron carbide nanowire modes at 1365
1965 cm21 are equivalent to those carbon nanotubes, we
suggest similar modes of these type should be Raman a
for boron carbide nanowires.

Finally, given the small diameter of the nanowires~;25
nm!, we would anticipate that finite size effects will be si
nificant. Yet with the exception of the modes at 360 and 7
cm21, there are no apparent shifts of the Raman modes of
nanowires relative to the bulk modes of boron carbide, wh
suggests that the influences of finite size effects are minim
This is surprising since theoretical calculations of meta
nanocrystals34 indicate that finite size effects will have a sig
nificant impact on the vibrational density of states. Howev
due to the complicated crystal structure of boron carbi
finite size effects may manifest themselves in ways uniqu
this system. Given the lack of obvious finite size effec
these results suggest that the thermodynamic propertie
the boron carbide nanowires will be equivalent to those
bulk boron carbide. Again, these results may be expec
given the unique structure of boron carbide. Further exp
mental and theoretical studies will need to be conducted
order to resolve this issue.

VII. CONCLUSIONS

The electronic structure of boron carbide nanowires,
determined with NEXAFS spectroscopy, is very similar
that of bulk boron carbide. The onset of the B 1s absorption
edge of the nanowires is dominated by a strongp* reso-
nance, which is expected for well-ordered boron carbide. T
C 1s edge is predominantlysp3 in character and is consisten
with bulk boron carbide. These results are also consis
with structural studies that indicate that the composition
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these nanowires is B4C, the most stable form of boron ca
bide. The predominantsp3 character of these nanowires fu
ther suggests that they are extremely hard and should
excellent mechanical properties. Congruent with the NE
AFS measurements, the Raman spectrum of the nanowir
equivalent to that of single-crystal and polycrystalline bor
carbide, with the exception of two previously unobserv
modes at 1365 and 1965 cm21. TEM studies rule out the
presence of graphitic or amorphous carbon and therefo
has been concluded that these two modes are a conseq
of the novel shape and size of the boron carbide nanow
Furthermore, we have suggested that they arise from tr
verse, longitudinal, and or breathing modes of the nanowi
These initial Raman studies tend to preclude the influenc
. J
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finite size effects as they pertain to the vibrational density
states.
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