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Abstract
The excitons in boron carbide recently independently proved to be present
by luminescence measurements (by Schmechel and co-workers) and by x-ray
Raman scattering investigations in connection with ab initio calculations (by
Feng and co-workers) are discussed, taking the actual structure of boron carbide
within the homogeneity range (B4.3C–B∼11C) into account. The excitonic levels
at 1.560 and 1.5695 eV obtained from the luminescence spectrum are attributed
to the central B atom in the C–B–C and the C–B–B chains respectively.
Considering the transition energies related to the different gap states obtained by
optical and electrical measurements for energies below the interband transition
of 2.09 eV, an actualized energy band scheme of boron carbide is presented.

1. Introduction

Boron carbide, often incorrectly denoted as B4C, belongs to the structure group of α-
rhombohedral boron within the icosahedral boron-rich solids. Its homogeneity range extends
from B4.3C at the carbon-rich limit to B∼11C at the boron-rich limit. The compound B4C does
not exist. This was proved by Schwetz and Karduck [1] for the first time, and has been since
confirmed by numerous other experimental investigations (see [2], and references therein).
If this chemical composition is obtained, it consists of the compound B4.3C and precipitated
graphitic free carbon. Therefore, in particular close to the carbon-rich limit of the homogeneity
range, for a reliable chemical analysis of boron carbide the separate analysis of bonded and free
carbon in the structure is indispensable [3].

In boron carbide, there is no unit cell representing the whole structure like in common
crystalline solids. Within the whole homogeneity range, the structure is characterized by
elementary cells, which are nearly isomorphous only. They are composed of 12-atomic, by the
Jahn–Teller effect slightly distorted B12 or B11C icosahedra residing at each vertex, and mostly
three-atomic linear chains on the main cell diagonal, which is parallel to the crystallographic
c-axis. B12 and B11C icosahedra, C–B–C, C–B–B, B � B (�, vacancy), and sometimes C–C–C
chains in very low concentrations only, form differently composed elementary cells that are
statistically distributed over the whole structure (see [2] and references therein, [4, 5]). This
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Table 1. Concentration of structural elements in the elementary cell of boron carbide at some
selected chemical compositions within the homogeneity range (see [2], [4, 5, 14, 15]).

B4.3C B13C2 B8C

B12 icosahedra 0 42 26
B11C icosahedra 100 58 74
C–B–C 81 62 7
C–B–B 19 19 77
B �B (�, vacancy) 0 19 16

statistical occupation of specific atomic sites together with the very similar scattering cross
sections of boron and carbon atoms for x-rays explains the failing of such investigations to
determine the structural details of boron carbide.

According to theoretical calculations [6–8], the compound B13C2 with the hypothetical
structure formula B12 (C–B–C), which is metallic in contrast to the real semiconducting boron
carbide, is the energetically most favourable structure. Related to this theoretical structure
model, the actual structures exhibit high concentrations of defects (order of magnitude, 0.1
to 1 per elementary cell corresponding to about 1021 cm−3), which essentially determine the
electronic properties by generating gap states of corresponding density. The resulting electronic
structure of real boron carbide is a completely filled valence band and high density gap states
partly filled by electrons coming from donors generated by C atoms substituting for B sites. The
Fermi level is pinned within these split-off valence states up to very high temperatures, hence
essentially determining the p-type semiconducting behaviour [9, 10]. Moreover, this extremely
high concentration of defects, which is exceptional for a crystalline solid, easily explains many
unusual properties of boron carbide, for example the glass-like thermal conductivity (see [2]
and references therein).

Recently, the existence of excitons in boron carbide was proved in two independent studies:
Photoluminescence spectra showed the existence of a stronger excitonic level at 1.56 eV and a
weaker one near 1.57 eV in the 2.1 eV band gap of boron carbide [11]. X-ray Raman scattering
(XRS) in combination with site-specific ab initio calculations identified a near-edge peak as a
p-type exciton due to dominant boron occupation in the centre of the elementary cell [12]. On
the basis of both papers and considering other results, in particular the actual structure of boron
carbide, several further conclusions on the excitons are presented below.

Taking the transition energies derived from optical absorption and high temperature
electrical conductivity additionally into account, the energy band scheme of boron carbide can
be compiled allowing consistency in describing largely all available experimental results.

2. Excitons

The summarizing interpretation of experimental luminescence [11], optical absorption [20, 21],
XRS [12] results, and site-specific ab initio calculations [12] yields a consistent and rather
detailed picture of the excitons in boron carbide, which according to [12] are to be attributed
to p-type core excitons from the central B atoms in the three-atomic chain in the elementary
cell. The reinterpretation is based on the actual distribution of structural elements in the boron
carbide structure, which was determined by the evaluation of phonon spectra (IR and Raman)
and in parts confirmed by neutron scattering [13]. For some boron carbide compounds the
actual concentration of structural elements is listed in table 1 (see [2]; [4, 5, 14, 15]).

The photoluminescence spectrum presented in [11] is refitted considering the attribution to
a p-type core exciton at the central B atom [12] in the elementary cell, and accordingly taking
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Figure 1. B4.3C, photoluminescence spectrum at 290 K [11]. Excitation with the 514.5 nm (2.4 eV)
line of an Ar laser; intensity 280 mW mm−2. Squares, experimental results; thin lines, averaged
experimental results, before and after subtracting the 1.56 eV model fit respectively; thick lines,
recombination models of free excitons (1.560 and 1.5695 eV respectively).

into account that a certain difference for the exciton bond energy in C–B–C and in C–B–B
chains should be expected. Indeed, the main luminescence maximum can be well fitted by two
transition processes representing the indirect allowed recombination of free excitons [16]:

I (ω) ∝ √
h̄ω − E0 · exp[(h̄ω − E0)/kBTe]

with E01 = 1.560 eV and E02 = 1.5695 eV respectively, and the exciton temperatures
Te = 46 K as the only additional parameter for fitting (figure 1). The relation of the integrals
of the fits E01/E02 is 4.1 in good agreement with the relation of the chain concentrations
C–B–C/C–B–B = 4.26 (see table 1). This suggests attributing the 1.560 eV excitons to the
central B atom in the C–B–C and the 1.5695 eV excitons to the central B atom in the C–B–B
chains.

As worked out in [11] in some detail, the experimentally determined indirect band gap
of 2.09 eV for boron carbide [20] yields the exciton bond energy of about 500 meV. Using
the dielectric constant εr ≈ 10 (see [2]), a carrier effective mass of the order of 10 m0 is
obtained, which agrees quite well with the evaluation of the dynamical conductivity of boron
carbide [17, 18], EPR [19], and several other experimental and theoretical investigations (see
[2] and references therein).

The high resolution optical absorption spectrum of polycrystalline boron carbide and the
XRS spectrum, compared in figure 2, agree quite well; in particular, if the relatively low
resolution of the monochromatic beam used in the XRS spectrometer (1.3 eV according to
[12]) is taken into account. The isotherms of the optical absorption show that the excitonic
level is stable at temperatures below ∼540 K only.

The excitonic level at 1.560 eV easily explains the much higher optical absorption of the
high quality boron carbide single crystal in this spectral range [21] compared with the spectra
of polycrystalline material [20] (see figure 2). Obviously, the probability of exciton generation
is considerably reduced by extrinsic structural distortions in polycrystalline boron carbide.
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Figure 2. B4.3C. (a) X-ray Raman scattering (XRS) spectrum [12]. Symbols, selected experimental

data for q = 1.05 Å
−1

(the bandwidth of the monochromatic beam is marked as horizontal
error bar); line, site-specific ab initio calculation for the background of icosahedral B atoms. We
assume that the composition of this boron carbide corresponds to B4.3C, the carbon-rich limit
of the homogeneity range; the composition B4C claimed by the authors does not exist (see the
introduction). (b) Optical absorption edge [20, 21]. Symbols, polycrystalline material (solid
triangle, 80 K, sample not in thermal equilibrium; open triangle, 300 K; solid square, 300 K; open
square, 360 K; solid circle, 540 K; open circle, 590 K); full line, high quality single crystal. In the
590 K spectrum a systematic error in the original publication resulting from the thermal emission
of the sample is corrected.

3. Transition energies

The evaluation of the optical absorption edge yields precise transition energies of electrons in
semiconductors. Reliable theoretical models [22, 23] allow fitting the experimental data, and
the different energy dependences allow deciding about the type of transition.

Several low energy transitions in boron carbide were at first attributed to indirect allowed
interband transitions [20]. However, the evidence of high density localized states in the band
gap of boron carbide required a reinterpretation [9, 10], though the energy dependences of
the optical absorption coefficient α for indirect allowed interband transitions and nondirect
transitions between band-type and localized states

(α ∼ (h̄ω ± k� − �E)2/h̄ω)

are the same apart from the fitting parameter k� having no influence on the energy dependence.
The accordingly newly attributed optical transitions up to the interband transition energy �E =
2.09(1) eV between valence and conduction band are listed in table 2. The energy of transition
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Table 2. Electron transition energies of boron carbide, experimentally determined by optical
absorption, photoabsorption, electrical conductivity, Hall effect.

Opt. abs. Opt. abs. Opt. abs. Opt. abs. Photoab- Electr. Hall
[20] [24] [21] [18] sorption conduct. effect
polycryst. polycryst. monocryst. polycryst. [24] [26] (see [25]) Type of transition

0.065(5) 0.068(5) 0.061(7) Valence band—acceptor
0.18(1) 0.15(3) Deep level to band

0.27(1) El.-trap—conduction band
0.47(1) 0.48(3) 0.46(3) Nondirect
0.77(1) 0.76(1) Nondirect
0.92(1) 0.93(1) Nondirect
1.20(1) Nondirect
2.09(1) Indirect allowed interband

between an electron trapping level and the conduction band obtained from photoabsorption
measurements at 113 K [24] is given as well. However, the donor level predicted in [9, 10]
to result from antisite defects in boron carbide is not marked because it has not yet been
experimentally verified.

Concerning the determination of transition energies, the electrical conductivity has hitherto
not been sufficiently taken into account. While at lower temperatures the electrical conductivity
follows Mott’s law of variable-range hopping in a large range (see [2], and references therein),
at high temperatures it is obviously thermally activated in different processes depending on
temperature. In figure 3 the conductivity data reported by Wood [26, 27] are displayed,
which are well compatible with measurements of other groups (see [2] and references therein).
The activation energies obtained by fitting the experimental data are listed in table 2 as well.
Obviously, up to about 400 K the Fermi level is positioned within the acceptor level, 0.065 eV
above the valence band edge. When the thermal activation energy is sufficiently high, it is
shifted to the 0.18 eV level, where it remains between 400 and 580 K. Between 1150 and
1800 K it is pinned in the 0.47 eV level. In these ranges the conductivity increases because
of the thermal generation of further free holes by the thermal excitation of electrons into the
particular gap states. In the intermediate ranges the electrical conductivity only weakly depends
on temperature because the thermal energy is not sufficient to excite electrons remarkably
into the next level. Such an intermediate range is also indicated at the high temperature end
of the range of measurements between 2000 and 2400 K. This makes clear that below the
melting point of about 2600 K in boron carbide no intrinsic conductivity with thermal excitation
across the band gap is possible. There seem to be no essential differences for boron carbides
of different compositions within the homogeneity range. This is not surprising because not
the kind but only the concentration of structural defects (see table 1) depends on the actual
compound.

The determination of the excitonic level allows completing the energy band scheme of
boron carbide (figure 4). The deep levels split off from the valence band were determined
by analysing the optical absorption edge [20]. Those at lower energies were satisfactorily
confirmed by the activation energies obtained from the electrical conductivity at high
temperatures [2] as shown in figure 3. The attribution of the 0.47 eV transition determined
by optical absorption to a deep level associated to the valence band, and not to the separation
of the excitons (∼0.5 eV) is strongly supported by the electrical conductivity confirming this
thermal activation energy in a high temperature range, where the excitons are no more stable
according to the optical absorption spectra in figure 2.
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Figure 3. Boron carbide. High temperature electrical conductivity; selected results [26, 27]. The
data represent B13C2, and the different symbols show the results on one specific, but nevertheless
representative sample and were obtained in several heating and cooling cycles before and after
annealing at 750 ◦C. For other compositions of boron carbide the electrical conductivity exhibits
qualitatively similar and only quantitatively differing results. The thermal activation energies only
weakly depend on the composition (see [37]). The results presented are compatible with those
published by other authors (see [2] and references therein, [28, 29]).

Figure 4. Boron carbide. Energy band scheme based on optical absorption, luminescence, XRS,
and transport properties. Left ordinate, energies related to the valence band edge; right ordinate,
energies relative to the conduction band edge. Arrows indicate the direction of the measured optical
transition.

The attribution of the absorption band with maximum close to 1.5 eV to the excitons
completes the absorption processes within the absorption edge of boron carbide.

This conventional band scheme for boron carbide is in contrast to the bipolaronic hopping
picture proposed by Emin et al [30–36], which is critically discussed in a separate paper [37].

4. Conclusion

On the basis of the energy of the excitons in boron carbide and the different transition energies
derived from optical absorption, photoabsorption and temperature-dependent electronic
transport, the energy band scheme displayed in figure 4 is obtained. As shown, the band scheme
allows consistency in describing at least most of experimental results hitherto obtained.
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For electronic transitions at higher photon energies derived from optical absorption and
interband critical points between 2.5 and 9.5 eV determined by measurements with a VUV
ellipsometer the reader is referred to [20] and [38] respectively.
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