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Boron carbides �BxC1−x� in thin film form have been synthesized in a high vacuum by coevaporation of B
and C atoms from independent sources, allowing a study of the whole composition range from pure B films to
pure C films. The relationship between the impinging B /C atomic fluxes and the film composition has been
studied, providing information on the chemical reactivity between the B and C vapors. The composition was
determined with x-ray emission energy dispersion spectroscopy and x-ray absorption near edge spectroscopy
�XANES�. Finally, the bonding structure of the films has been determined by XANES, showing a change from
structures based on B12-icosahedral units for the B-rich samples to hexagonal-like structures for the C-rich
samples. The study shows that the structural transition takes place for x�0.5.
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I. INTRODUCTION

Borides and carbides hold an outstanding position in the
framework of advanced ceramic materials due to their good
mechanical, thermal, and chemical stabilities. A good com-
bination of these three characteristics can be found in the
group of covalent binary BxC1−x compounds, whose main
representative material is stoichiometric boron carbide
�B4C�.

B4C is the third hardest existing material after diamond
and cubic BN, and its collection of unique properties to-
gether with its relatively easy fabrication makes it suitable
for many diverse applications such as bulletproof armor,
rocket propulsion, neutron absorption, or abrasive powder. In
the past decades, a large number of investigations have been
devoted to the elucidation of the structure that is behind the
properties of B4C. Results using x-ray diffraction and ab-
sorption, neutron diffraction, nuclear magnetic resonance,
and infrared and raman spectroscopies have been reported
elsewhere.1–7 Today, it is commonly accepted that its struc-
ture consists of 12-atom icosahedral units placed at the ver-
tices of a rhombohedral unit cell and a linear chain of three
atoms along the crystallographic c axis. This structure is
known to be stable as long as the C incorporated is not
higher than approximately 20%,8 with variations in the com-
position of the icosahedra and the linear chain. Previous
studies indicate that B11C icosahedra linked by CBC chains
are typical of a B4C composition.9 For higher B percentages,
the CBC chains are substituted by CBB chains and the mixed
icosahedra are substituted by B12 units.10 However, some de-
tails of the bonding structure still remain under debate.
Namely, the number and position of C atoms in the icosahe-
drons, as well as in the three atom chain sequence linking
them along the �111� rhombohedral axis, remain unclear.
Therefore, recent studies have started to consider the simul-
taneous existence of several B12−nCn “polytypes” with a ran-
dom number n of C atoms in the polar and/or in the equato-
rial sites of the icosahedra to properly describe the structure
and properties of boron carbide.11

Apart from B4C, other boron carbides with higher C frac-
tions or boron substituted carbon materials have also been
investigated. In general, BxC1−x compounds with composi-
tion in the 0�x�0.25 range draw attention due to the im-
provement in the oxidative resistance.12 In this case, the ba-
sic underlying structure is expected to be hexagonal. For
instance, a graphitelike BC3 material was first synthesized in
the 1980’s �Ref. 13� and has been subjected to theoretical
and experimental research.14–16 Interestingly, very recently,
the existence of a new superhard tetrahedral phase with the
same composition has been predicted.17

Based on the electrical resistivity changes of amorphous
BxC1−x �a-BxC1−x� compounds, it has been suggested that the
B4C-like structure is stable for C contents below 50%, con-
sisting of a network of random icosahedra. When the C per-
centage is higher than 50%, a carbon-based network
predominates.18 Nevertheless, it is not clear if carbon is in-
corporated as part of the a-BxC1−x structure or if carbon seg-
regation takes place.

In general, the investigation of BxC1−x compounds has
been commonly carried out for a fixed composition or a short
compositional range. In this work, we present a wider ap-
proach to understand the BC binary system by covering the
whole compositional range from pure C to pure B. This was
achieved for samples synthesized as thin films by using co-
evaporation in high vacuum with two independent sources
for carbon and boron, which results in a good control of the
growing parameters. In this way, we were able to relate the
interaction of the carbon and boron atomic fluxes to the final
composition of the coatings and its bonding structure.

II. EXPERIMENT

Boron carbide films were grown on Si�100� substrates by
electron beam coevaporation of B and C pieces, with the
substrate at room temperature and a working pressure of
�10−6 mbar. Boron lumps of 99.5% purity and average vol-
ume of 0.2 cm3 were fed and premelted in the crucible used
for B evaporation. The carbon source was a 12 mm long
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graphite rod with a diameter of 13 mm and a purity of 99%
placed in the center of a carbon filled crucible. Evaporation
from each source took place from a 9�9 mm2 area irradi-
ated with the e-beam. The substrates were cleaned ex situ in
consecutive ultrasonic baths of acetone and ethanol before
deposition. The two AP&T electron gun evaporators �models
EVM-5 and EV1-8� were installed at 20 cm from each other
and are able to reach electron beam intensities up to 500 mA
for the acceleration voltage employed of 7 kV. The sub-
strates were located at the central point between the evapo-
rators, which is at a distance of 30 cm from the center of
each crucible. The uniformity of the B and C atomic fluxes
impinging the substrate was confirmed by measurement of
the deposition rate at different emission angles. Atomic mix-
ing of the B and C atoms by interdiffusion in the vapor phase
and by surface diffusion at the substrate is expected, consid-
ering that the kinetic energy of the evaporated atoms is
�0.3 eV,19 i.e., higher than the �0.2 eV activation energy
limit for surface diffusion.20 The samples were grown at
room temperature, avoiding intentional annealing that might
break the low stability metastable phases into segregated
graphite and B4C phases.

The thickness of the films was estimated with a Dektak
3030 profilometer with a resolution of �10 nm. The compo-
sition of the samples was determined by x-ray energy disper-
sive spectroscopy �XEDS� analysis with an EDAX® super-
UTW microprobe �energy resolution at B, C, N, and O K
edges of 50 eV� mounted on a Phillips XL30 ESEM scan-
ning electron microscope. For quantification, we used the
relative XEDS sensitivity factors �k factors� of B, C, and O
as determined from the B4C and B2O3 reference samples at
several electron beam energies in the 1–10 keV range, as
described in detail elsewhere.21 Additional compositional in-
formation was obtained by x-ray absorption near edge spec-
troscopy �XANES� by using the height of the absorption
jumps calibrated to the same reference samples. The compo-
sition values determined by both methods were in agreement
within 5 at. %, which is considered as the experimental error
bar. The oxygen contamination in the films was always be-
low 2 at. %. The lateral compositional homogeneity of the
films was confirmed by XEDS from several spots, and the
in-depth homogeneity by XEDS at different electron beam
energies.

The bonding structure of BxC1−x coatings was studied by
XANES at the beamline SA72 of LURE synchrotron in Or-
say, France, and at the beamline PM4 of the BESSY-II facil-
ity in Berlin, Germany. All the spectra were recorded at room
temperature in the total electron yield mode and at the magic
angle with respect to the incident beam. The intensity was
normalized to the signal detected from a gold covered grid.
Reference samples of h-BN, c-BN, B4C, graphite, and dia-
mond were measured in the same conditions to calibrate the
energy and sensitivity.

III. RESULTS AND DISCUSSION

A. Reactivity between B and C vapors in relationship
with the film composition

The number of evaporated B and C atoms that reach the
substrate per unit time and unit area is given by the expres-
sion

�B,C = �NA�/A�Vd �1�

where �B,C represents the flux of B or C, NA is Avogadro’s
number, � is the density of the element considered, A is the
atomic mass, and Vd is the experimental deposition ratio,
which is expressed as the thickness of a B or C layer grown
per unit time.

The proportionality of the deposition rate to the atomic
flux is based on two assumptions. First, the density of the B
and C films is considered independent of their deposition
rate. This is supported by the fact that the B and C films
present an amorphous and dense growth without columnar or
any other anisotropic atomic arrangement, hence allowing us
to use the tabulated density of amorphous B and C for cal-
culations herein.22 Second, the sticking coefficient of the B
and C atoms is considered as 1, i.e., all the impinging atoms
contribute to the growing film. However, as we shall see
along this paper, this assumption has to be revised for the
case of carbon evaporation.

Under these considerations, the nominal impinging
atomic fluxes were determined from the thicknesses of pure
boron and carbon films grown at a fixed deposition time and
different intensities of the electron beam evaporator, as indi-
cated in Fig. 1. The error bars were calculated from the ex-
perimental uncertainty of the profilometer measurements. We
observe that both fluxes of B and C increase with the inten-
sity of the electron beam at a constant acceleration voltage of
7 kV. However, boron is more easily evaporated than carbon
due to their differences in the evaporation temperature and
heat diffusion. These calibration curves enable us to obtain
good control over the final composition of the BxC1−x com-
pounds through a proper selection of the ratio of impinging
B and C fluxes ��B /�C�. The experiments were performed
with a fixed nominal boron flux of �4.5�0.5�
�1015 at. cm−2 s−1 and varying the nominal carbon flux be-
tween �15�0.6��1015 and �0.3�0.1��1015 at. cm−2 s−1 to
obtain flux ratios ��B /�C� between 0.3 and 15.

Figure 2 shows the composition of the binary BxC1−x
coatings measured by XEDS corresponding to several ratios
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FIG. 1. Incident flux of evaporated boron and carbon atoms as a
function of the electron beam intensity of the evaporators for a fixed
electron acceleration voltage of 7 kV.
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of evaporated fluxes. The compositional error indicated
stems from the uncertainties in the XEDS intensities and
sensitivity factors21 and from the uncertainty in the deposi-
tion rate. The dashed line represents the 1:1 ratio of the rela-
tive film composition to the relative impinging fluxes. The
experimental data show that such a situation is only found
for pure carbon films �i.e., �B / ��B+�C�=0� and pure boron
films �i.e., �B / ��B+�C�=1�, with loss of boron in the films
compared to the impinging fluxes in the intermediate situa-
tions. The maximum deviations between the flux ratios and
the composition ratios are found when the films show �i� a
BC5 composition and �ii� a BC composition, the latter requir-
ing using a boron flux �B that is four times larger than �C.

To fully understand this behavior, we need to take into
account the reactivity of the species, that is, the physical and
chemical mechanisms that occur at the deposition surface,
and will determine the final stoichiometry of the binary BC
compounds. The interaction between the boron and carbon
atoms during the growth of boron carbides was studied by
comparing the experimental deposition rate �Vd

expt� with the
theoretical deposition rate �Vd

theor�, the latter considered as the
superposition of the individual atomic fluxes of each species.
According to this, we define the normalized deposition rate
��� as follows:

� = Vd
expt/Vd

theor. �2�

Substitution of Vd from Eq. �1� into Eq. �2� for an arbitrary
number of n evaporated species gives

� = � Ki�i�i = 1, . . . ,n� , �3�

where Ki=Ai�i
inc /�Ai�i

inc and �i is the rate of adsorption of
the evaporated atom i striking the substrate or sticking coef-
ficient. The superscript “inc” refers to incident and Ai refers
to the atomic mass of the i atom.

In accordance with this result, we can determine � for
each BC compound and the � coefficient of each atom par-
ticipating in the deposit by just knowing the growth rate, the
incident fluxes, the density of the material, and its composi-
tion. The density is the only parameter that has not been

experimentally measured. We have considered the density
of the BxC1−x coatings ��BC� as a linear combination
of the boron ��B� and carbon ��C� densities: �BC
= ��BC / ��BC+1���B+ �1 / ��BC+1���C, where �BC represents
the relative XEDS composition B /C. Since the densities of
the reference materials graphite �2.25 g cm−3�, boron
�2.45 g cm−3�, and B4C �2.5 g cm−3� are rather similar22 and
both parameters � and �i are proportional to �, the errors due
to changes in the density of the BxC1−x coatings are minor.

The parameters � and �i �i=B,C� are represented in Figs.
3�a� and 3�b�, respectively, as a function of the composition
ratio B / �B+C� of the films. As it is expected, both � and �i
�i=B,C� tend to 1 in the limits of pure B and pure C
samples.

We observe that � is greater than 1 when the carbon con-
centration in the films is high �B / �B+C��0.4�, indicating
that the experimental deposition rate is higher than the one
expected from the superposition of the incident atomic
fluxes. In fact, according to the �C values in the lower panel,
the number of carbon atoms incorporated is always larger
than the number of incident atoms calculated from graphite
evaporation. Since by definition the sticking coefficient can-
not be higher than 1, this means that the above stated as-
sumption of a sticking coefficient equal to 1 for the determi-
nation of the C incident flux was incorrect. Of course, this
result poses the question of what is the actual sticking coef-
ficient of carbon on Si substrates, which is beyond the scope
of this paper. A possible explanation for the higher sticking
of C atoms in BxC1−x with respect to pure C films for x
�0.5 can be related to the higher reactivity of the B-C bonds
with respect to C-C.

Also, it has been determined by ab initio calculations that
the B-C bond lengths are slightly larger than the C-C bond
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FIG. 2. Dependence of the film composition with the ratio of
impinging atomic fluxes.
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lengths in hexagonal BC3.14 As we shall see in the next sec-
tion, a hexagonal structure is present in the coatings when
�	1, corresponding to composition values between BC6
and BC2 Therefore, we might expect a different bonding
distance in the hexagonal BC systems with respect to that of
pure C. This could induce a compressive stress in the hex-
agonal network and compensate the local atomic stress of C
atoms with sp2 hybridization, which is preferentially
tensile.23 This fact would reduce the internal stress of the
resultant BC films. Actually, coevaporated boron carbide
coatings up to 2 
m thick have been grown with a B / �B
+C��0.4 composition, while pure C films used to calculate
�C exhibited a thickness limit of 150 nm before delamina-
tion. Precedent works have shown that B doping relaxes the
intrinsic strain in tetrahedral C based on similar arguments.24

The maximum � value of �1.6 is reached for B / �B+C�
�0.17, i.e., a BC5 composition, and is also reflected in the
�C curve. For higher B contents, � diminishes up to the
minimum value of 0.65, which corresponds to a BC compo-
sition B /C�1. This coincides with the decrease in the stick-
ing coefficient of boron and carbon. Specifically, �B reaches
its minimum value or the maximum loss of B atoms. There-
fore, the 1:1 stoichiometry is the less favorable from a
chemical point of view.

To summarize, the behavior of the � function for the
BxC1−x compounds studied in this work can be separated into
two regions. For film composition ratios B / �B+C��0.4, �
takes values greater than unity and is dominated by the varia-
tion in �C, which also takes values greater than 1. For
B / �B+C�	0.4, � is smaller than 1 due to loss of boron
atoms as revealed by �B. As we shall see in the following
section, these two regions are connected to the structure of
the BxC1−x compounds. The XANES study gives evidence of
a graphiticlike bonding structure when the atomic concentra-
tion of carbon in the films is C	50% and B4C-like for C
�50%.

B. Bonding structure of BxC1−x compounds

The XANES spectra of six different BxC1−x compounds
are depicted in Fig. 4. The B�1s� and C�1s� core level ab-
sorption edges are indicated together with the reference spec-
tra of boron, B4C, B2O3, graphite, and diamond. The carbon
content in atomic percentage of each sample is shown on top
of the spectrum.

The B4C reference spectra of Fig. 4 show no clear sepa-
ration between the �* and �* regions, either in the B�1s� or
in the C�1s� absorption edge. This feature reflects a complex
state of hybridization. The B�1s� edge starts at 189.0 eV and
presents a narrow fingerprint peak at 190.9 eV on top of a
background assigned to �* states. The origin of this exci-
tonic transition is still unclear. Jiménez et al.4 suggested that
this peak �labeled in their work as A� arises from boron in the
icosahedra bonded to a CBC carbon atom or from boron in
the chain itself. Furthermore, three additional peaks were re-
ported in that work at 191.7 eV, labeled as B and assigned to
B-rich carbide, at 192.3 eV, labeled as C and assigned to
boron suboxide, and at 193.7 eV, labeled as D and assigned
to boron oxide.

Regarding the C�1s� absorption edge of B4C starting at
282.5 eV, a double peak at 284.9 and 285.6 eV is observed.
Again from Ref. 4, these peaks are assigned to C atoms in
the CBC chain. In principle, the proximity in energy of these
features to the characteristic �* transition of graphite could
hinder us from distinguishing between BCx and a-C forms.
However, the whole shape of the spectrum is usually enough
to solve this obstacle. For instance, the presence of the peak
at 287.0 eV and the two shoulders at 288.5 and 291.0 eV due
to C atoms in the icosahedra can be usually very helpful.

If we focus now on the coevaporated boron carbide com-
pounds of this work, up to five different peaks can be distin-
guished in the B�1s→�*� region of the XANES spectra
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linked to resonant excitonic states. These peaks have been
labeled as B0-B4 and appear at photon energies of 189.7,
191.0, 191.8, 192.4, and 194.0 eV, respectively. By direct
comparison with the reference spectra, we observe that B1
and B4 coincide in energy with B4C and B2O3 characteristic
�* states. Moreover, the energy of B1-B4 is similar to the
A-D bonding environments described in Ref. 4. While peaks
B1, B3, and B4 appear in all the samples with different rela-
tive intensities, B2 is only detected for the sample with a
5 at. % of C, supporting the assignment done in Ref. 4 for
boron-rich boron carbides. Only peak B0 does not correspond
to any known BC-based reference material.

Precedent studies on hexagonal boron nitride have shown
also four intense and sharp excitonic transitions in the �*

B�1s� region but at slightly different energies.25,26 These
peaks were assigned to B atoms surrounded by 0, 1, 2, or
3 N vacancies in the sense of increasing energy, and prob-
ably occupied by other chemical species. We have extended
this analysis of the B�1s� transitions to our current study of
BC compounds. Therefore, peaks B0, B1, B3, and B4 have
been attributed to B-C3, B-C2� , B-C�2, and B-�3 bonding
environments in an sp2 boron carbide structure, respectively.
The symbol � is used to denote the C vacancy around the
tricoordinated boron atom. The results discussed in the above
paragraph support the idea that such vacancies are decorated
with superficial oxygen contamination. Besides, the reported
electron energy-loss spectrum of a BC3 film shows a very
intense peak at 190.1 eV in the B K edge, which is in agree-
ment with the assignment of peak B0.15 Additionally, the
relative intensity of B0 is exactly maximum for the sample
with a BC3 composition.

Regarding the C�1s� spectra, up to 30 at. % of C, the
spectra look like the C�1s� reference from boron carbide.
Mainly three shoulders are detected at 285.6, 287.2, and
288.7 eV for this range of compositions. The first of them
appears at the same energy as the peak assigned to C atoms
in the CBC chain of boron carbide. The second corresponds
to the narrow and intense peak observed in crystalline B4C,
which becomes broader and slightly shifted in energy in non-
stoichiometric amorphous BCx. The third is associated to the
first �* shoulder mentioned for B4C, which is also present in
nonstoichiometric derivates.

When the C content increases, these features disappear
and the graphite peak at 285.4 eV becomes dominant. This
behavior suggests the graphitization of the samples. In fact,
the B�1s� edge reveals a similar change with composition.
The shape of B�1s� spectra is typical of an icosahedon-based
structure for low C contents and develops to well resolved
1s→�* transitions with increasing C. This is followed by
the appearance of a new B0 bonding environment and the
marked separation of the �* and �* regions characteristic of
hexagonal phases. The sample with 40 at. % of C is an in-

termediate situation between a B4C-like and a graphitic com-
pound, which is close to the less stable composition B:C
=1:1 discussed in the preceding section.

The XANES results show that the icosahedral B4C-like
structure remains as long as C represents less than �50% of
the total atomic composition. For stoichiometries richer in C
than B, the structure tends to graphitize. These results are in
agreement with the explanation given for the resistivity ex-
periments reported in Ref. 18. Moreover, the B�1s� and
C�1s� XANES spectra clearly prove that C is incorporated in
the BxC1−x structure and not merely forming isolated graphi-
telike domains. In fact, no elemental phase segregation has
been detected for any of the samples studied.

IV. CONCLUSIONS

Boron carbide compounds with any possible BxC1−x sto-
ichiometry have been grown in this work by electron beam
coevaporation with the substrate held at room temperature.
This experimental setup gives us an accurate control over the
composition of the films through the selection of the incident
atomic flux of each element. A simple method for the deter-
mination of the impinging fluxes and the sticking coefficient
of B and C has been presented. The sticking coefficient of
evaporated C is lower than unity and increases when reacting
with B atoms.

The reactivity of evaporated B and C atoms determined
the deposition rate and the final composition and structure of
the boron carbide films. In this way, two structural groups
were identified by XANES as a function of the composition.
When the x value is lower than 0.5 �i.e., C content higher
than 50 at. %�, the XANES spectra of the films demonstrates
that the material is predominantly graphitic, while a B4C-like
structure is found for higher x. The transitional BC stoichi-
ometry appears to be the less stable, with an intermediate
structure between graphite and boron carbide.

Finally, new bonding environments in the XANES B�1s�
absorption edge typical of a BC3 compound have been de-
tected and tentatively assigned to B atoms in a hexagonal
network with different numbers of C defects occupied by
superficial O from contamination.
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