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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 Bokorption edge is characterized by a narrgw
resonance characteristic ef/sp? hybridization followed by a broad™ resonance characteristic s’
hybridization. The C 8 NEXAFS spectrum is dominated by tla@ resonance indicating that C bonding in the
nanowires is predominantlyp® in character. The NEXAFS spectra are equivalent to corresponding spectra of
single-crystal (BC) boron carbide, consistent with the,® 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 cm? have also been observed, which are specific to boron carbide nanowires.
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[. INTRODUCTION tronic properties. An excellent example of this phenomena
was illustrated with carbon nanotubes where it was shown
Over the past decade significant effort has gone into dethat changes in their structure altered their electronic proper-
veloping an understanding of quantum confinement and itsies from graphitic to semiconducting in chara&efhis
effects on electronic transport. This has been driven by sciwork, as well as studies of semiconducting nanopartitles,
entific curiosity, as well as the need to quantify the rolealso demonstrated the feasibility of constructing nanoscale
guantum confinement plays in microprocessor performancdevices using self-assembled nanostructures. The work with
as the architecture of these devices heads towards the nearbon nanotubes has demonstrated the need to explore the
nometer regime. Nanometer sized materials can be artifistructural properties of nanostructured materials, as well as
cially manufactured, as well grown in a self-assembled fashstressed the need to examine their fundamental properties in
ion via novel processes. One of the advantages of exploringrder to develop a global understanding of their electronic
the properties of self-assembled nanostructures is their eag@nsport properties relative to the bulk. In addition to quan-
of construction. Self-assembled nanostructures come in a védm confinement, finite size effects can have a significant
riety of flavors ranging from free standing nanocrystalsimpact on the thermodynamic properties and vibrational den-
grown by colloidal chemisty? to carbon nanotubesto  sity of states of nanostructured materials. Consequently, it is
name a few, and like multilayer quantum well systems theyimportant that finite size effects be thoroughly explored in
have been found to exhibit quantum size effécts. order to gauge the different factors that influence the prop-
In order to develop a full understanding of quantum sizeerties of nanostructured materials.
effects in self-assembled nanostructured materials a detailed In this paper, we have examined the electronic and vibra-
understanding of their fundamental properties needs to b&onal structure of single-crystal boron carbide,(B nano-
determined. Due to their large surface area to volume ratioyires by near-edge x-ray absorption fine struct(xEX-
the fundamental properties of all types of nanostructured maAFS) and Raman spectroscopy, respectively. Boron carbide
terials can be anticipated to deviate from those of the bulk. Inis a refractory semiconductor material, which in addition to
addition, the surfaces of nanostructured materials can vargeing chemically robust, has a very high-melting tempera-
significantly with size, which will inevitably affect their elec- ture in excess of 2400 °C. The mechanical hardness and elec-
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tronic properties of single-crystal and amorphous boron car-
bide make it an attractive material for high temperature
applications in materiafs® and electronic$®~12 The crystal
structure of boron carbide is rhombohedfaR 15; S.G.
R3m) and consists of 12-atom icosahedral units located at
the corners of a rhombohedral unit cell connected by C-B-B
or C-B-C chains lying along the cell diagorar?® This
unique structure may lead to novel quantum transport effects
at reduced dimensions. These studies will assist in the evalu-
ation of the electronic and vibrational properties of boron
carbide nanowires as they compare to bulk boron carbide.

Il. SAMPLE PREPARATION () 1B E.M.CENTER  sppem

The nanowires were grown di00)-oriented silicon sub-
strates. Prior to insertion into the chamber the Si substrates
were cleaned for 5 min in a 5% hydrofluoric acid/deionized
water solution followed by a rinse in deionized water. The
boron carbide nanowires were grown in a custom parallel
plate 13.56-MHz plasma-enhanced chemical-vapor deposi-
tion (PECVD) chamber, which has been discussed in more
detail elsewheré' The substrates were located on the
grounded electrode during deposition. The deposition tem-
perature was typically in the range 1100-1200°C and the
plasma power was 50 W. The source compound cl@so 1,
2-dicarbadodecaborane {&;oH,), which will be referred
to from here on as orthocarborane. Argon was used as the
carrier gas and was allowed to flow through the source bottle
that was held at a temperature of 50 °C during deposition.
The gas mixture consisted of 65 mTorr of A0 sccm and FIG. 1. (@) SEM image of a high-density mesh of boron carbide

25 mTorr of orthocarborane/AB.5 sccm. A mat of boron  nanowires(b) a SEM image of a low-density boron carbide nanow-
carbide nanowires approximatelyun in thickness was ob- jre film.

tained after two hours of deposition using the aforemen-
tioned experimental conditions.

spectra were acquired in a specular geometry at a beam in-
cidence angle of 45°. The scattered light was dispersed and

analyzed using a double monochromator.
Ill. EXPERIMENTAL DETAILS

The stru_ctural p_roperties of the boron car_bide nanowire_s IV. NANOWIRE STRUCTURE
were examined using an Amray 1830 scanning electron mi-
croscopg SEM) operated at 10—20 kV and a Philips CM200 The boron carbide nanowires grow by a vapor-liquid-
analytical transmission electron microscd&M) operated  solid mechanism, which is described in detail elsewRre.
at 200 kV. NEXAFS spectra where acquired using the im-typical example of a boron carbide nanowire thin film grown
aging photoelectron spectromicroscope MEPHISTO, on Si is displayed in Fig. (), which shows that the film
which was attached to the 10-m TGM beamline at the Syneonsists of a mesh of boron carbide nanowires. Fig(gis
chrotron Radiation Center in Stoughton, WI. Briefly, mono-an SEM image of a low density mat, which gives a clear
chromatic soft x-rays are incident on the sample at 60° offpicture of the high aspect ratio of the nanowires. A closer
the surface normal with the photoelectrons collected over @nspection of the film with a TEMFig. 2) reveals the pres-
27 sterad spherical angle. The B WNEXAFS spectra were ence of smooth walled nanowires and indicates that the wires
normalized to the photon flux, while the & &pectra were grow in a range of diameters from 10 nm up to 75 nm. Some
normalized to a NEXAFS spectrum acquired across the C 1rough walled nanowires and rhombohedral nanocrystals con-
absorption edge obtained from a carbon-free Si surface. Thisected by nanowiregnecklaces which are not shown in
normalization procedure eliminates spurious structure fronfig. 2, have also been observ@dNanowires make up 90%
being introduced into the Cslspectra by carbon contamina- of the film, with the other 10% consisting of rough walled
tion on the beamline optics. The surfaces of the samplewires and necklace structures. Selected-area diffraction of
were found to be relatively free of oxygen upon examinationthe nanowires and the rhomboidal structures indicate that
of the intensity of the C dabsorption edge. The fundamental both structures are monocrystalline with a rhombohedral
mode of operation of the microscope is photoelectron emiserystal structureg hR15; S.G. R3m?3 Due to the identical
sion by x-ray excitation. Raman spectra were excited at &rystal structures and similar lattice parameters gf0B (a
wavelength of 457 nm using an argon ion laser. The Ramar-0.5617,b=0.5617,c=1.2099 nm and B,C (a=0.5600,
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FIG. 2. A bright field TEM image of boron carbide nanowires 285 290 295 300 305
grown by PECVD. Photon Energy (eV)

o . . FIG. 4. NEXAFS spectra across the @ dbsorption edge of a
b=0.5600,c=1.2086 nm it is not possible to unambigu- boron carbide nanowirpe film®) and an amorphm?slike bo?on car-
ously identify with electron diffraction which boron carbide pon alloy(solid line).
phase is present. Energy dispersive spectrostepyp mea-
surements performed at a variety of locations on individual
nanowires indicate that the B:C ratio is close to 4:1, which  |n Figs. 3 and 4 we present NEXAFS spectra of thesB 1
indicates that the nanowires are single-crystaCBather and C & absorption edges, respectively, acquired from the
than B;3C,. The EDS measurements were made using a foboron carbide nanowire film shown in Fig. 1. The Bdb-
cused electron probe that was positioned at various placesorption edge is characterized by an onset of a sharp anti-
along each nanowire. The x-ray spectrum was recorded fdsonding 7* state at 190 eV and™ states from 196 to 208
each location and the B:C ratios determined from the releV. Then* ando* assignments are based on comparisons to
evant integrated peak intensities. single crystal boron carbid® and hexagonal boron
nitride >>%° The full width at half maximum of the Bsl#*
resonance in Fig. 3~1 eV) is consistent with NEXAFS
spectra acquired from polycrystalling®.2*

The C 5 NEXAFS spectrum in Fig. 4 for the Cskdge is

V. EXPERIMENTAL RESULTS

B 1s ¥ Nanowires (B,C) characterized by a weak* state resonance at 285.5 eV and
s . PN broado* states which onset at 287.5 eV and extend beyond
) A i 300 eV. These assignments are consistent with previous
o K studies of BC by Jimeezet al?* This earlier study of poly-

crystalline boron carbidé observed a higher level of fine

w . e
= structure in the C 4 NEXAFS spectrum than in this study,
2 . which we attribute to the higher resolution of the monochro-
2 mator used in that study.
E Amorphous
@ Boron Carbide % | B4CNanowires '’ 1065
o = R 1590 |
£ - 360 1365 :
| &
o* z
oy
'z
=
2
=
T Ll T l T L T T I T T T T ] T T T T I T T T -. .
190 195 200 205 210 N R T T T T T
Photon Energy (eV) 400 800 1200 1600 2000 2400

) Raman Shift (cm'l)
FIG. 3. NEXAFS spectra across the B dbsorption edge of a

boron carbide nanowire filn®) and an amorphouslike boron car- FIG. 5. Background corrected Raman spectrum of a boron car-
bon alloy (solid line). bide nanowire film excited a wavelength of 457 nm.
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TABLE I. Raman modes of boron carbide.

Peak positior{cm™%)

B,C Nanowires %8, .C 8, 5Symmetry
(single crystal (polycrystalling
* 270 275 Ag
360 320 326 Ay
* 420 430 Ay
* 449 Eq
477 489 Eq
532 551 Eq
560 599 Eq
591 637 =
652 671 =
705 725 748 Eq
* 797 821 A
* 869 895 Aq
925 928 958 Ag
* 990 1009
1070 1065 1108 Agg
1365
1590 1590 1598
1965

*Appear as shoulders in the spectrum.

In Fig. 5 we present a Raman spectrum obtained from the Examination of the C 4 NEXAFS spectra of the boron
sample shown in Fig. 1. The spectrum is dominated primaearbide nanowires and the a-BC film in Fig. 4 shows similar
rily by B,C modes based on comparisons with Raman studbroadening effects with increased disorder. The intensity of
ies of single-crystal boron carbide!®?"These modes are at the C #* state relative to the”* states gives a qualitative
360, 705, 925, 1070, and 1590 ¢t The mode at 2175 measure of ratio osp/sp® hybridization tosp® hybridiza-
cm ! is attributed to a second-order excitation of the line attion and indicates that C bonding is predominargiy® in
1070 cm* (~2x1070cm}) and the line at 2315 citis  character. Due to the inequivalence of the C bonding sites,
likely due to a combination of the second-order excitation ofsp® character is attributed to C atoms occupying CBC or
the line at 360 cm' and the line at 1590 cit (~2x360  CBB chains andsp? character to C atoms located in sites
+1590 cmY). Previously unobserved Raman modes gEB  within the icosahedral structuré$. The boron carbide
are observed at 1345 and 1975 ¢nin Fig. 5. nanowire C $ NEXAFS in Fig. 4 is qualitatively similar to

NEXAFS studies of polycrystalline boron carbide by Jime
VI. DISCUSSION nezet al,?* with the exception of more detailed fine structure
) _ in the region of ther* resonance. Again, this is attributed to
A. NEXAFS spectroscopy of boran carbide nanowires the higher resolution of their experimental setup.

The sharpness of the BsIr* resonance can be used as a
relative measure of the degree of short-range order of boron
carbide materials. In Fig. 3, a NEXAFS spectrum of an
amorphouslike boron-carbofa-BC) alloy film grown by The Raman modes of the boron carbides wires are sum-
PECVD has been included to illustrate the broadening of thenarized in Table I. Also included in Table | are the Raman
7* resonance, which occurs with increasing disorder. Upormodes of polycrystallin® and single-crysta? boron car-
comparison of the two spectra in Fig. 3 it is obvious that thebide. Due to finite size effects which can broaden Raman
degree of local order in the boron carbide nanowires is exspectral feature€ we were unable to resolve all of the Ra-
cellent. An increase in disorder diminishes the degree of finenan modes of polycrystallife and single-crystaf boron
structure in thes™ region of the B % absorption in Fig. 3. carbide. However, the dominant Raman modes of polycrys-
The intensity of the Br* state relative to the™ states gives talline and single-crystal boron carbide are observed in the
a qualitative measure of ratio sfysp? hybridization tosp>  nanowire spectrum in Fig. 5 at 360, 705, 925, 1070, and
hybridization. A comparison of the two spectra in Fig. 31590 cm*. Examination of Fig. 5 reveals that the majority
indicates that disorder is accompanied by a reduction iof the unresolved modes of boron carbide can be accounted
sp/sp? bonding of boron. Jireez et al?* observed similar for in the broad shoulders of the primary Raman modes of
effects in annealing experiments of boron carbide where ithe nanowires.
was observed that C segregation occurred at an annealing Also included in Table | are the symmetry assignments of
temperature of 1900 °C. This was accompanied by a corrghe Raman-allowed modes. These assignments have been de-
sponding decrease in the B° resonance. termined from group theofy based on th® ;4 symmetry of

B. Raman spectroscopy of boron carbide nanowires
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idealized boron carbide and yield 11 Raman-active modesnan active mode specific to the boron carbide nanowires.
5A,4 and 4. Based on the assignments of Ref. 20, theDue to the unique curvature of the surface of the nanowires,
modes centered around 360 and 925 tman be attributed as well as the large surface area to volume ratio, we suggest
to Ayg-type fundamental modes of equatorial pentagons ofhat the Raman mode at 1365 choriginates from surface
three icosahedra as opposed to the assignment of thet®minations unique to the nanowires. A detailed understand-
modes to C-B-C chain structur&SExamination of Fig. lb) ing of the surface structure of these nanowires, as well as
reveals that many of the boron carbide nanowires bend back@lculations of the Raman active modes, will need to be per-
on themselves and suggests that they are under significaf@rmed in order to accurately determine the origin of the
strain. The boron carbide nanowire Raman mode centered dRode at 1365 ¢, as well as to conclusively demonstrate
360 cm ! is shifted upward in energy by approximately 40 that it originates from the boron carbide nanowires rather
cm ! relative to the corresponding modes of polycrystallinethan pockets of amorphous or graphitic carbon.

and single crystal boron carbide in Table I. This upward shift In addition to the mode at 1365 ¢rh a strong mode at
may be a strain induced effect that shifts the vibrationall965 cni™* is observed in the Raman spectrum in Fig. 5. This
modes to higher wave numbers, as opposed to finite siz&ode could originate from a combination of the modes at
effects that typically shift Raman modes downw#tdf the ~ 270 and 1590 cnt', although the intensity of the mode at
modes at 360 and 925 crh are either exclusively chain 1965 cm ! relative to the aforementioned modes would tend

modes or intericosahedral modes, we would anticipate thdp preclude this assignment. In addition, no corresponding
they would exhibit similar shifts. Note that the nanowire Ra-modes at this wave number have been observed for bulk
man mode at 925 citt is in excellent agreement with the samples of boron carbidfe'® or microcrystalline graphitic
corresponding mode of polycrystalline boron carbide. Concarbon®®* Consequently, we have concluded that this mode
sequently, we suggest that one of these modes is associatsdalso specific to boron carbide nanowires. Until detailed
with chain modes and the other with intericosahedral modes:alculations of the vibrational properties of these boron car-
By accounting for strain in theoretical models of the vibra-bide nanowires can be performed, the origin of the modes at
tional density of states of the boron carbide nanowires ifL365 and 1965 cit can only be speculated. Some potential
should be possible to resolve this issue. assignments are that these modes arise from collective exci-
The modes at 705 and 1070 chhave a symmetry as- tations of the nanowires in the form of transverse, longitudi-
signment of A;, and are attributed either to icosahedralnal, or breathing modes. Assignments of these types have

breathing modé$ or two-center B-B vibrations between beetr) mr;mr(]jet {ﬂr %arbon natr;%tuﬁés\thll_e we 3re n(t)tlgtégS— q
covalently bonded polar atoms of neighboring icosahédra. gesting that the boron carbide nanowire modes & an

The mode at 1590 cnit has been attributed to C-B-B chain 1965 Cmil. are equivalent to those carbon nanotubes, we QO
modest® The previously unobserved mode at 1365 ¢ras suggest S|m|Ia_r modes of these type should be Raman active
a number of possible origins. The first is that this mode anciOr poron ca_rb|de NANOWIrEs. .

the mode at 1590 cit are signatures of amorphous carbon. Finally, given th_e_small d'a”.‘e.tef Qf the nanow!r(eSZS .
While double peaks at 1365 and 1590 cnhave been ob- nm), we would anticipate that finite size effects will be sig-
served for amorphous carbon, they have been attributed
the presence of microcrystalline graphitic carB®at Similar
Raman peaks have been observed for films of aligned carb
nanotubes? yet high-resolution TEM measurements of the
nanotube samples found no evidence for microcrystallin
graphitic carbon. These modes instead have been attribut
to defects in the carbon nanotubes. Electron diffraction pat
terns recorded for these boron carbide nanowire sampl
showed no evidence of the broad diffusion rings typical o
amorphous carbon. TEM analysis of the boron carbid
nanowire films exclude the presence of amorphous carbon
microcrystalline graphitic carbon. Furthermore, it has bee
demonstrated that amorphous and graphitic carbon have ve
distinct signatures in NEXAFS spectra across the € 1
edge®* These studies by Jimez et al?* showed that the
signatures of amorphous carbon or graphitic carbon irsC 1
NEXAFS spectra of boron carbide are an extremely shérp
resonance_in cor_1juncti0n with a sharp_on_set_qfctﬁestates, VIl. CONCLUSIONS

where the intensity of the* resonance is significantly larger

than that of thec* states. The lack of these signatures of The electronic structure of boron carbide nanowires, as
amorphous or graphitic carbon in the G NEXAFS spec- determined with NEXAFS spectroscopy, is very similar to
trum of the boron carbide nanowires in Fig. 4 further sup-that of bulk boron carbide. The onset of the Babsorption
ports the conclusion that neither of these phases of carboedge of the nanowires is dominated by a strarig reso-

are present in the samples used in this study. It is also worthance, which is expected for well-ordered boron carbide. The
noting that the VLS growth mechanism procludes the inclu-C 1s edge is predominantlyp® in character and is consistent
sion of amorphous or graphitic carbon into the nanowireswith bulk boron carbide. These results are also consistent
Consequently, we attribute the mode at 1365 tiiw a Ra-  with structural studies that indicate that the composition of

d?f’;mowires relative to the bulk modes of boron carbide, which
suggests that the influences of finite size effects are minimal.
This is surprising since theoretical calculations of metallic
e DU D : ;
@@nocrysta&“ indicate that finite size effects will have a sig-
nificant impact on the vibrational density of states. However,
ue to the complicated crystal structure of boron carbide,
f inite size effects may manifest themselves in ways unique to
éhis system. Given the lack of obvious finite size effects,
Eese results suggest that the thermodynamic properties of
e boron carbide nanowires will be equivalent to those of
Ik boron carbide. Again, these results may be expected
Iven the unique structure of boron carbide. Further experi-
mental and theoretical studies will need to be conducted in
order to resolve this issue.
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these nanowires is &, the most stable form of boron car- finite size effects as they pertain to the vibrational density of
bide. The predominargp® character of these nanowires fur- states.

ther suggests that they are extremely hard and should have

excellent mechanical properties. Congruent with the NEX-

AFS measurements, the Raman spectrum of the nanowires is ACKNOWLEDGMENTS
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