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Abstract
Boron carbides fabricated via plasma enhanced chemical vapor deposition
from different isomeric source compounds with the same C2B10H12 closo-icosahedral structure result in materials with very different direct (optical) band gaps.
This provides compelling evidence for the existence of multiple polytypes of
C2B10 boron carbide and is consistent with electron diffraction results.
The electronic structure of the semiconductor material
based on the packing of icosahedra is quite complex [1–
5] and far from completely mapped in detail. Nonetheless, the consensus is that the building block of all these
materials is based on the icosahedron [1–11]. There are
very strong indications from electronic structure studies [5, 12, 13] that there are several polytypes for the
‘C2B10’ material. This is an added complication. The evidence for multiple polytypes of boron carbide has become more compelling with the discovery that weakly
p-type and n-type boron carbide semiconductor materials are formed following plasma enhanced chemical
vapor deposition (PECVD) [13] or synchrotron radiation assisted decomposition [13, 14] of the source compounds ortho-carborane (closo-1,2-dicarbadodecaborane)
and meta-carborane (closo-1,7-dicarbadodecaborane), respectively (whose molecular structures are shown schematically in figure 1). We have extended these studies
to para-carborane (closo-1,12-dicarbadodecaborane) and
have found a significant variation in the direct valence
band edge to conduction band edge gap leading us to
believe that multiple polytypes of boron carbide close to
C2B10 stoichiometry must exist.

We have grown semiconducting boron carbide on a variety of substrates by PECVD in custom 13.56 MHz radio
frequency parallel plate reactors, as described previously
[5, 15]. In order to characterize the optical properties of
the semiconducting boron carbide films, the absorbance
and reflectance of the samples were determined using a
Perkin-Elmer Lambda 900 spectrometer equipped with a
Pella 8006 specular reflectance accessory. This spectrometer is calibrated for direct measurement of absorbance
over the photon energy range of 0.5–5 eV necessary for
this study. We have undertaken absorbance measurements in both transmission and reflectance. The transmission measurements were taken both prior and post
deposition so that the absorbance due to the quartz substrate could be subtracted. For the electron beam diffraction studies, the films were removed from the Si substrates, on which they were grown, and mounted on Cu
mesh grids for transmission electron microscopy (TEM)
study and were left on their substrates for x-ray diffraction characterization [15, 16].
The ground state theoretical model calculations of the
three isomeric carboranes were undertaken with the HyperChem package using PM3-NDO (neglected differen1
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Figure 1. Theoretical calculations of HOMO–LUMO gap as a function
of dehydrogenation for isolated closo-1-phospha-2-carbaundecaborane
(PCB10H11), ortho-carborane, meta-carborane and para-carborane, i.e.
fully hydrogenated (dressed), partially dehydrogenated to only six hydrogens (half dressed) and fully dehydrogenated. The fully hydrogenated molecules are shown as insets. The boron atoms are indicated in
red, the carbon atoms in blue and the phosphorus atom (in the case of
the phosphacarborane) in yellow.

tial overlap) calculations with the PM3 basis set [17].
These semi-empirical model calculations of the electronic
structure were performed following geometry optimization and the lowest restricted Hartree–Fock (RHF) energy
states. The state symmetries (the irreducible representations) were also determined. As seen in figure 1, the ortho-carborane (closo-1,2-dicarbadodecaborane), meta-carborane (closo-1,7-dicarbadodecaborane) and para-carborane (closo-1,12-dicarbadodecaborane) are isoelectronic
with very similar electronic structure as noted elsewhere
[14, 18]. We have obtained highest occupied (HOMO) to
lowest unoccupied (LUMO) molecular orbital gaps of
10.1 eV, 10.7 eV and 10.0 eV for ortho-carborane, metacarborane and para-carborane, respectively, from our
model calculations, as seen in figure 1. This is very similar to our previous results of a 10.9 eV HOMO–LUMO
gap obtained for ortho-carborane and meta-carborane ob-
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tained from MNDO [7, 18]. While it is widely believed
that the synchrotron radiation or plasma assisted decomposition process forms the boron carbide semiconductor
by dehydrogenation of the icosahedral molecule [14, 15,
19], this does not account for direct and indirect bonding
between adjacent icosahedra, the relative orientation between icosahedra or the packing mode. Even for adsorption of the intact molecule there are clearly solid state interactions that, surprisingly, are sufficient to lead to shifts
in the chemical potential [14, 18] so that a condensed film
of molecular meta-carborane is more ‘n-type’ in appearance than a film of condensed molecular ortho-carborane.
As expected, dehydrogenation results in a closing of
the HOMO–LUMO gap, as seen in figure 1, where we
have plotted the molecular orbitals near the chemical potential for the fully hydrogenated species (12 hydrogens,
except in the case of PCB10H11), the partly dehydrogenated species (6 hydrogens) and the completely dehydrogenated species (no hydrogens). Complete dehydrogenation, although providing a smaller HOMO–LUMO
gap of 6.52 eV, 7.55 eV and 6.56 eV for the symmetry restricted ortho-carborane, meta-carborane and para-carborane, respectively, fails to provide an indication of the direct band gap of the solid semiconducting boron carbide.
Although these molecular calculations suggest that the
relative placement of the carbon atoms within the cage
have little effect on the band gap, some differences are
observed in experiment, as discussed below. Variations
in the experimental band gap, in deposited boron carbide
films, arise through differences in packing of adjacent
icosahedra either through differing relative orientation
of adjacent icosahedra or through differences in direct or
indirect (linkage) bonding. In addition, differences in the
extent of dehydrogenation of the precursor molecule(s)
could clearly affect the resulting boron carbide band gap.
The direct band gap is readily evident from the absorbance of the boron carbide films, obtained in transmission, as well as from plots of (αhv)2 of the transmission, as
indicated in figure 2. These Tauc plots [20], of the transmission optical properties, provide values for the valence
band edge to conduction band edge gap that are similar
to the values we estimate from the reflectivity measurements. By assuming that for small reflectivity the absorbance is proportional to the absorption α, for fixed film
thickness, we have estimated the direct band gap in our
boron carbide samples using the formulation by Moss [21]:
α ∝ (hv – Eg)1/2

(1)

and constructing a Tauc plot [20] of (αhv)2 as a function of
photon energy hv, as shown in figure 3.
The direct band gaps (figures 2 and 3) obtained from
the optical measurements for the boron carbides fabricated from the source compounds of ortho-carborane (1.5
± 0.2 eV) and meta-carborane (1.3 ± 0.2 eV) afford reasonable agreement with values of the direct band gap previ-
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Figure 2. The direct band gaps derived from the transmission optical
properties of ‘C2B10’ boron carbides fabricated by PECVD from orthocarborane, meta-carborane and para-carborane. The absorbance for ortho-carborane and meta-carborane also provide some indications of the
onset of the band gap, in addition to the direct band gap derived from
the appropriate Tauc plots.

ously obtained from the semiconducting boron carbide
formed from the ortho-carborane source compound (1.25
eV [22]) and the B50C boron carbide (2.1 eV [5]). Small
variations in the magnitude of the band gaps due to residual hydrogen in the semiconducting boron carbide
film [5] cannot be excluded, and indeed may be likely.
Nonetheless, it is abundantly clear that the boron carbide formed from para-carborane has a much larger direct band gap of 2.75 ± 0.2 eV, as seen in figures 2 and 3,
than the material formed with either ortho-carborane or
meta-carborane as the source compound.
This value of 2.75 ± 0.2 eV for a direct band gap of a
C2B10 semiconducting boron carbide is very close to the

Figure 3. The direct band gaps derived from the reflectance optical
properties of ‘C2B10’ boron carbides fabricated by PECVD from orthocarborane, meta-carborane and para-carborane.

2.6 eV indirect band gap obtained for the C2B10 semiconducting boron carbide containing less than 3% phosphorus formed by PECVD from the single source compound
dimeric phosphorus bridged ortho-carborane (C2B10H10PCl)2 [12], as seen in figure 4. This latter boron carbide
has a direct band gap of about 3.75 eV. This large band
gap material is also nominally C2B10 but contains small
amounts of hydrogen and phosphorus [12]. The position
of the phosphorus is uncertain, but clearly the large band
gap cannot be explained by simple phosphorus inclusion
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Figure 4. The optical properties of ‘C2B10’ boron carbide containing
3% phosphorus formed from the decomposition of dimeric chlorophospha(III)-carborane, shown as an inset. The indirect band gap (a)
and direct band gap (b) are derived from the appropriate Tauc plots.

in the icosahedral cage alone. First, the phosphorus content is far too small (<3% phosphorus) [12] and second,
even if there were sufficient phosphorus for inclusion
in every icosahedral cage, the dehydrogenated isolated
closo-1-phospha-2-carbaundecaborane (PCB10H11) shows
a HOMO–LUMO gap that differs little from the other molecular dehydrogenated carboranes (6.83 eV), as seen in figure 1. Indeed this phosphacarborane molecule exhibits a
HOMO–LUMO gap that is smaller than the other carboranes in the fully hydrogenated molecule (8.27 eV) (figure 1).
There is other evidence of multiple polytypes, of the
C2B10 boron carbides, from electron beam diffraction, as
seen in figure 5. The material grown from closo-1,2-dicarbadodecaborane (ortho-carborane) is routinely nanocrystalline or amorphous with small areas of crystallinity, as
evidenced by peaks in x-ray diffraction patterns [5, 16]
and by spots and fringes in electron diffraction patterns
and images [23]. The structure of the films is quite stable
under annealing at 800°C and under argon ion bombardment when the films are still attached to their substrates.
However, we have found that the microstructure of TEM
grid-mounted boron carbide films bombarded by 5.4
keV argon ions does change considerably. The high energy argon ion bombardment results in substantial grain
growth, at the very least, as evidenced by the narrowing of the ring widths (figure 5). The rings of diffraction
spots in the selected area diffraction pattern in figure 5(b)
are well defined, corresponding to crystal grain sizes of
order 10 nm and larger. Upon bombardment, it may well
be that there is also change in the cross-linking of icosahedra. These samples may not comprise a simple stacking of identically repeating units, but do give rise to coherent elastic electron scattering (diffraction) from regions at least 10 nm in size in the case of figure 5(b).
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Figure 5. Selected area transmission electron diffraction pattern of boron
carbide film, formed by PECVD and detached from its Si substrate then
transferred to a Cu grid: (a) unprocessed, and (b) bombarded by 5.4 keV
Ar ions, with (c) and (d) the corresponding fits to the rings in (a) and
(b). Cu transfer by the Ar ions resulted in some additional rings in (d).

The much smaller size of crystals found in as-deposited boron carbide results in the diffuse rings of the corresponding pattern in figure 5(a). The distances of the
diffraction spots or rings from the centre of such patterns
correspond to the interplanar spacings within each crystal. While there is close agreement with interplanar spacings in known boron–carbon polytypes and between the
fitted radii of boron carbide rings (figures 5(c) and (d))
[23], these diffraction data do not match completely with
known polytypes [5–11]. We cannot at this point directly
relate the different structural polytypes of the C2B10 boron carbides with the those polytypes identified by electronic structure. Electron and x-ray diffraction identification of exact crystal structures is a challenging problem
given that carbon and boron have adjacent atomic numbers and low Z values. The structures of the two most well
known boron carbide polytypes, based on the icosahedron, contain both direct and bridged links between adjacent icosahedra [6–8, 10]. The possible existence of such
bridging links adds a number of opportunities for different carbon atom placement in the lattice, though these
bridging links are not compellingly evident in our data.
Modelling studies [9, 11] are insufficiently advanced to
completely take into account the statistical (or non-statistical) variation of atomic identity within the solid state.
Nonetheless, it has been experimentally shown that at
least for B11+nCn (n = 1–3) there is significant variation in
the location and number of carbon atoms depending on
the method of production. Given the difficulties in obtaining the exact physical structure of the various boron
carbides, spectroscopies can be used to identify differences in polytype, as indicated in this work.
It is clear that the nominally C2B10 boron carbides comes
in several polytypes, much like silicon carbide (a mate-
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rial well known for multiple polytypes). Generally these
different polytypes have been associated with changing
composition such as increasing the boron concentration
[3, 4, 6, 10, 24–34] or replacing carbon with other main
group elements such as phosphorus [35, 36], aluminium
[37–41] and other main group elements.
We have identified different polytypes of the semiconducting boron carbides with large direct band gaps (materials formed from para-carborane and dimeric phosphorus bridged ortho-carborane (C2B10H10PCl)2) and
those with smaller band gaps (materials formed from ortho-carborane and meta-carborane). All of these materials have the same nominal boron to carbon ratio (C2B10).
Furthermore, the materials can be either p-type (materials formed from ortho-carborane) or n-type (materials
formed from meta-carborane) without the necessity of
transition metal doping [13, 14]. All the boron carbide
samples studied here are based upon C2B10, so that impurities cannot completely be used to explain the differences in polytype except in the case of phosphorus. It
may well be (and this does seem the likely explanation)
that phosphorus, even small amount, stabilizes a wider
band gap boron carbide material.
What remains to be addressed is how the differing nature of the electronically different semiconducting boron
carbides, as determined by optical properties and electrical characterization, is related to their solid state structures. This matter continues to be unresolved in spite of
decades of effort [1–5, 9, 11]. Establishing this relationship between electronic structure and the different possible structural polytypes present a great challenge because of the complexities inherent in a material in which
the two constituents are essentially interchangeable [9,
11] and which use icosahedra as basic building blocks.
The complexity is enhanced by the very small differences in scattering cross-section between boron and carbon [6–8, 10] and it is clear that a great deal of ingenuity
will be required to solve this problem.
Acknowledgments
This research was supported by the National Science Foundation
through grants #ECS-0300018 and #EPS0091909, and the Office of Naval Research. The authors are grateful to A. N. Caruso and Ravi Billa
for their comments and assistance.
References
[1] Bullett, D. M. 1982 J. Phys. C 15: 415.
[2] Lee, S., Bylander, D. M. and Kleinman, L. 1990 Phys. Rev. B 42:
1,316.
[3] Bylander, D. M., Kleinman, L. and Lee, S. 1990 Phys. Rev. B 42: 1,394.
Bylander, D. M., Kleinman, L. and Lee, S. 1991 Phys. Rev. B 43:
1,487.
[4] Lee, S., Bylander, D. M., Kim, S. W. and Kleinman, L. 1992 Phys.
Rev. B 45: 3,248.
[5] Lee, S., Mazurowski, J., Ramseyer, G. and Dowben, P. A. 1992 J.
Appl. Phys. 72: 4,925.
[6] Kuhlmann, U. and Werheit, H. 1992 Solid State Commun. 83: 849–
852.

from

Electronic Structure

5

[7] Werheit, H., Kulhmann, U., Shirai, K. and Kumashiro, Y. 1997 J.
Solid State Chem. 133: 140–144.
[8] Kumashiro, Y., Yoshizawa, H. and Yokayama, T. 1997 J. Solid State
Chem. 133: 104–122.
[9] Mauri, F., Vast, N. and Pickard, C. J. 2001 Phys. Rev. Lett. 87:
085506.
[10] Kwei, G. H. and Morosin, B. 1996 J. Phys. Chem. 100: 8,031.
[11] Lazzari, R., Vast, N., Besson, J. M., Baroni, S. and Dal Corso, A.
1999 Phys. Rev. Lett. 83: 3,230.
[12] McIlroy, D. N., Hwang, S.-D., Yang, K., Remmes, N., Dowben, P.
A., Ahmad, A. A., Ianno, N. J., Li, J. Z., Lin, J. Y. and Jiang, H. X.
1998 Appl. Phys. A 67: 335–342.
[13] Caruso, A. N., Billa, R. B., Balaz, S., Brand, J. I. and Dowben, P. A.
2004 J. Phys. Condens. Matter 16: L139–146.
[14] Caruso, A. N., Balaz, S., Xu, Bo, Dowben, P. A., McMullen-Gunn,
A. S., Brand, J. I., Losovyj, Ya. B. and McIlroy, D. N. 2004 Appl.
Phys. Lett. 84: 1,302–1,304.
[15] Lee, S. and Dowben, P. A. 1994 Appl. Phys. A 58: 223.
[16] Adenwalla, S., Welsch, P., Harken, A., Brand, J. I., Sezer, A. and
Robertson, B. W. 2001 Appl. Phys. Lett. 79: 4,357.
[17] Stewart, J. J. P. 1989 J. Comput. Chem. 10 209 Stewart, J. J. P. 1989 J.
Comput. Chem. 10: 221.
[18] Caruso, A. N., Bernard, L., Xu, Bo and Dowben, P. A. 2003 J. Phys.
Chem. B 107: 9,620–9,623.
[19] Byun, D., Hwang, S.-D., Dowben, P. A., Perkins, F. K., Filips, F. and
Ianno, N. J. 1994 Appl. Phys. Lett. 64: 1,968–1,970.
[20] Tauc, J. and Meneth, A. 1972 J. Non-Cryst. Solids 126: 569.
[21] Moss, T. S. 1959 Optical Properties of Semi-Conductors (London: Butterworths), p. 36.
[22] Ahmad, A. A., Ianno, N. J., Snyder, P. G., Welipitiya, D., Byun, D.
and Dowben, P. A. 1996 J. Appl. Phys. 79: 8,643–8,647.
[23] Bai, M., Harken, A. and Robertson, B. W. Mater. Lett. submitted.
[24] Aselage, T. L., Tallant, D. R. and Emin, D. 1997 Phys. Rev. B 56:
3,122–3,129.
[25] Kuhlmann, U., Werheit, H. and Schwetz, K. A, 1992 J. Alloys Compounds 189: 249–258.
[26] (AIP Conf. Proc., vol. 231) Boron Rich Solids, ed. Emin, D., Aselage, T. L., Sitendick, A. C., Morosin, B., Beckel, C. L. 1991 (New
York: AIP).
[27] Schmechel, R. and Werheit, H. 1999 J. Phys. Condens. Matter. 11:
6,803–6,813.
[28] Werheit, H., Kühlmann, U. and Lundstrøm, T. 1996 Mater. Sci. Eng.
B 36: 204–208.
[29] Werheit, H., Kühlmann, U. and Lundstrøm, T. 1994 J. Alloys Compounds 204: 197–208.
[30] Werheit, H., Kühlmann, U., Laux, M. and Lundstrøm, T. 1993 Phys.
Status Solidi b 179: 489–511.
[31] Aselage, T. L., Vandeusen, S. B. and Morosin, B. 1990 J. Less-Common Met. 166: 29–44.
[32] Aselage, T. L. and Tissot, R. G. 1992 J. Am. Ceram. Soc. 75: 2,207–
2,212.
[33] Kirfel, A., Gupta, A. and Will, G. 1979 Acta Crystallogr. B 35: 2,291–
2,300.
[34] Kirfel, A., Gupta, A. and Will, G. 1979 Acta Crystallogr. B 35: 1,052–
1,059.
[35] Aselage, T. L., Emin, D., Samara, G. A., Tallant, D. R., Vandeusen,
S. B., Eatough, M. O., Tardy, T. L., Venturini, E. L. and Johnson,
S. M. 1993 Phys. Rev. B 48: 11,759–11,766.
[36] Schmechel, R. and Werheit, H. 2000 J. Solid State Chem. 154: 61–67.
[37] Werheit, H., Schmechel, R., Meyer, F. D. and Hillebrecht, H. 2000 J.
Solid State Chem. 154: 75–78.
[38] Werheit, H., Kühlmann, U., Shirai, K. and Kumashiro, Y. 1996 J. Alloys Compounds 233: 121–128.
[39] Schmechel, R., Werheit, H., Robberding, K., Lundstrøm, T. and
Bolmgren, H. 1997 J. Solid State Chem. 133: 254–259.
[40] Liu, C. H. 2000 Mater. Sci. Eng. B 72: 23–26.
[41] Ivanovskii, A. L. 1997 Usp. Khim. 66: 511–536.

