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The stoichiometry and morphology of boron–carbon alloy thin films grown by
plasma-enhanced chemical vapour deposition can be significantly modified by varying
the deposition rate. Films grown at a rate of 5.5 nm min−1 are characterized by an
amorphous-like matrix with carbon-rich and dome-like inclusions. Films grown at a
deposition rate of 33 nm min−1 are found to be much more homogeneous and free of
carbon-rich and dome-like inclusions. An excitation at 191.7 eV in the B 1s absorption
spectrum has been associated with amorphous growth. The relative intensities of the π∗

and σ ∗ excitations across the C 1s absorption edge of these boron-carbon alloys indicate
that carbon bonding is predominantly through sp3 hybridization, while boron bonding
is a mix of sp2 and sp3 hybridization. C© 1998 Kluwer Academic Publishers

1. Introduction
In recent years it has been demonstrated that high
temperature semiconductor devices can be constructed
from boron–carbon alloys (B5C) grown by plasma-
enhanced chemical vapour deposition (PECVD) [1–6].
These boron–carbon (BC) alloys are refractory ma-
terials with bandgaps of the order of 0.7 eV [1, 7].
The undoped BC alloys are intrinsically dopedp-type
semiconductors [1–3], while nickel-doped BC alloys
have been found to ben-type [4–6]. Consequently, it
has been possible to construct simple homojunction
diodes with doped and undoped thin films of these BC
alloys which can operate effectively at temperatures in
excess of 300◦C [5, 6].

The composition of these BC alloys consists of nano-
particles embedded in an amorphous matrix [8, 9]. This
is in contrast to single-crystal boron carbide which has
a rhombohedral structure consisting of B11C icosahe-
dra interconnected with CBC chains [10–13]. In addi-
tion to their structural differences, these two types of
boron–carbon materials have quite different electrical
properties. The undoped BC alloys typically have con-
ductivities of 10−10 to 10−12 Ä cm−1 [1], as compared
to single crystal boron carbide which has a conductivity
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of 1Ä cm−1 [14]. This is consistent with the low carrier
concentration of these BC alloys [1]. It is the high resis-
tivity and low carrier concentrations which make these
BC alloys useful for high temperature semiconductor
applications, as opposed to thermal power applications
which is the typically proposed application for single-
crystal boron carbide [15–17].

Currently, very little is known about the chemical
composition of these BC alloys beyond preliminary
i.r. absorption [5, 9] and Auger measurements [1]. The
i.r. measurements revealed the existence of CH and
B H vibrational modes which agreed with similar
measurements of BC alloys grown by chemical vapour
deposition using different precursors from those used
in this study [18–19]. To date, these are the only mea-
surements of the chemical composition of these alloys
that the authors are aware of.

In order to further our understanding of the compo-
sition of these BC alloys grown by PECVD, we have
performed what we believe to be the first near edge
X-ray absorption spectroscopy (NEXAFS) measure-
ments on these alloys using synchrotron radiation in
conjunction with an imaging photoelectron spectromi-
croscope. By coupling these two techniques we can
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simultaneously image and acquire elemental specific
information about the chemical composition of distinct
regions of the BC alloys. By using total electron yield
to measure NEXAFS we are able to probe 5–10 nm
below the sample surface [20]. Consequently, we are
not restricted to probing only the surface composition
of these BC alloys. In addition to obtaining impor-
tant spectroscopic information, we will demonstrate
the strength of synchrotron-coupled photoelectron
spectral microscopy for materials characterization and
evaluation.

2. Experimental procedure
The samples were grown using the single source
compound orthocarborane (closo-1,2-dicarbadode-
caborane (C2B10H12)). Orthocarborane is a crystalline
powder which is easily sublimed. In the present case,
the compound was delivered to the deposition cham-
ber by heating the source bottle to 80◦C while simul-
taneously passing Ar through the source bottle. The
gas flow through the source bottle was 10 s.c.c.m. with
an additional Ar flow of 10 s.c.c.m. into the cham-
ber. The pumping was throttled down to give a to-
tal chamber pressure of 39.9 Pa. The films were de-
posited on Si(1 1 0) substrates which were cleaned in
a 5% hydrofluoric acid/deionized water solution prior
to insertion into the plasma chamber. The substrates
were subsequently sputtered in Ar prior to deposition.
The Si substrates were maintained at 300◦C during
deposition. The plasma chamber is a parallel plate
design with a base pressure of 1.33× 10−5 Pa. The
samples were located on the grounded anode. The
plasma power was 50 W at a frequency of 13.56 MHz.
By varying the position of the gas delivery nozzle
relative to the substrate the deposition rate was var-
ied from 5.5 nm min−1 (Sample A) to 33 nm min−1

(Sample B).
The imaging and the NEXAFS spectra were ac-

quired using the imaging photoelectron spectromicro-
scope MEPHISTO [21] which was attached to the 10-m
TGM beamline at the Synchrotron Radiation Center
in Stoughton, WI. Briefly, monochromatic soft X-rays
are incident on the sample at 60◦ off the surface nor-
mal with the photoelectrons collected over a 2π sterad
spherical angle. The fundamental mode of operation of
the microscope is photoelectron emission by X-ray ex-
citation. Consequently, elemental imaging and NEX-
AFS spectra are acquired by setting the monochro-
mator at an absorption edge, for instance the carbon
edge at 293 eV, and collecting the photoelectrons emit-
ted. Specific details of the microscope are discussed
in greater detail elsewhere [21]. The microscope base
pressure was 2.67× 10−8 Pa. The C 1s NEXAFS spec-
tra were normalized to the photon flux. This normaliza-
tion procedure eliminates spurious structure from being
introduced into the C 1s spectra by carbon contamina-
tion on the beamline optics. The surfaces of the sam-
ples were found to be relatively free of oxygen upon
examination of the intensity of the O 1s absorption
edge.

3. Results and discussion
In Fig. 1 we present the microscope images of Sample A
and Sample B. The images of Sample A were acquired
at the B 1s (Fig. 1a) and the C 1s (Fig. 1b) absorption
edges, respectively. The images indicate that the sur-
face of Sample A is essentially flat with the exception
of dome structures ranging in diameter from approxi-
mately 7 to 26µm. One limitation of this microscopic
technique is its inability to distinguish between con-
cave and convex structures. In the case of Sample A,
we have been able to determine that the circular blem-
ishes, henceforth referred to as domes, protrude from
the surface based on the following argument. The shad-
owing effect observed for the dome labelled 1 in Fig. 1a
and b is independent of whether the image was acquired
across the boron edge or the carbon edge. This rules out
explanations based on lateral variations of the chemical
composition of the domes. Instead, we can resolve this
issue using simple geometric arguments. Because the
X-rays impinge of the sample from the left side at an an-
gle of 60◦, large blemishes protruding from the surface
will effectively shadow their right side from the X-rays,
regardless of the X-ray energy. This is consistent with
the observed shadowing of the blemish labeled 1 in Fig.
1a and b. In fact, shadowing is observed for the majority
of blemishes (domes) in Fig. 1a and b.

In addition to the domes, there is a region (labelled 2
in Fig. 1a) which appears significantly darker than the
rest of the image acquired at the boron absorption edge.
In contrast, this same region is brighter than the majority
of the image in Fig. 1b which was acquired at the carbon
absorption edge. Because the brightness of a given re-
gion is directly proportional to the absorption, which in
turn is proportional to the elemental concentration, we
can conclude that region 2 has a higher carbon concen-
tration relative to the majority of the BC film, thereby
explaining its dark appearance at the boron edge and
its bright appearance at the carbon edge.

In stark contrast to the images of Sample A are those
of Sample B (Fig. 1c and d) which was grown at a higher
deposition rate (33 nm min−1). We no longer observe
the formation of large domes or carbon-rich regions.
In fact, the film is extremely uniform with the excep-
tion of small blemishes, approximately 1µm in diam-
eter, which may be surface contaminants or pin holes.
The images of Sample B were acquired on the border
between two regions of differing thickness. In the im-
age of Sample B acquired at the carbon edge (Fig. 1d)
there is a very sharp boundary between a darker region
(1′) and a lighter region (2′) which indicates that re-
gion 2′ has a slightly higher carbon concentration. In
contrast, this boundary is invisible in the image of Sam-
ple B (Fig. 1c) acquired at the boron absorption edge.
This suggests that there may be different termination
surfaces depending on the film thickness and that the
growth mode under these conditions may be layer by
layer. These issues will need to be examined in greater
detail before a definitive conclusion can be reached.

Details about the chemical composition of these al-
loys can be obtained by examining their correspond-
ing NEXAFS spectra. In particular, we have been
able to take advantage of the imaging capabilities of
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Figure 1 Photoelectron emission microscope (MEPHISTO) images of boron–carbon alloys (a) of Sample A acquired at the B 1s absorption edge at
a photon energy of 192 eV; (b) Sample A at the C 1s absorption edge at a photon energy of 293 eV; (c) Sample B at the B 1s absorption edge at a
photon energy of 192 eV; and (d) Sample B at the C absorption edge at a photon energy of 293 eV.

MEPHISTO to analyse the chemical composition of
specific regions of the samples. For Sample A we have
examined the chemical composition of regions 1–3 in
Fig. 1a. The NEXAFS spectra are displayed in Fig. 2.
The B 1s absorption edge is characterized by the onset
of the antibondingπ∗ state at 190 eV and theσ ∗ states
from 196 to 208 eV. Theπ∗ andσ ∗ assignments are
based on comparisons to single crystal boron carbide
[23] and hexagonal boron nitride [24, 25]. The spectra
of all three regions are essentially the same except for
region 1 (dome) where we observe an extra feature la-
belled A in Fig. 2a. In addition, theπ∗ state of region
1 is sharper and narrower than the corresponding fea-
ture of the other two regions which have a pronounced
shoulder at a photon energy at 192.6 eV.

These differences between region 1 and regions 2 and
3 are also manifested in the C 1s spectra. Again, spectral
assignments are based on comparisons to single crystal
boron carbide [23]. Theσ ∗ states at 287.9 and 291 eV
are much narrower than the corresponding features in
the spectra of regions 2 and 3. Note that the intensity of
the C 1s signal of region 2 is twice as larger as those of
the other two regions. This supports our interpretation

that region 2 is carbon-rich relative to the other regions
of Sample A. Similar carbon-rich, or graphite-like, re-
gions on the surfaces of hot pressed single crystals of
boron carbide have been observed with Auger electron
spectroscopy [22].

The relative intensities of theπ∗ states of the C 1s
spectra relative to theσ ∗ states suggests that the carbon
bonding within these boron–carbon alloys is a combi-
nation of sp2 and sp3 bonding, although we cannot rule
out sp bonding. Based on the relative intensity of the C
1sπ∗ andσ ∗ states, we conclude that the carbon bond-
ing is primarily sp3 in character. In amorphous carbon
it has been shown that film hardness increases with in-
creased sp3 bonding [26]. This is consistent with the
relatively hard nature of these BC alloys.

The NEXAFS spectra of Sample B in Fig. 3 are
dramatically different from those of Sample A. Upon
comparing the B 1s spectra of Sample B in Fig. 3a
with Fig. 2a, we see that what was a sharp feature at
191.8 eV in the spectra of Sample A is now a shoulder
in the spectra of Sample B and what was a shoulder
at 192.6 eV in the spectra of Sample A is now a sharp
spectral feature (labelled B in Fig. 3a). Temperature
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Figure 2 The NEXAFS spectra of regions 1, 2 and 3 of Sample A across
(a) the B 1s absorption edge and (b) the C 1s absorption edge.

dependent NEXAFS studies of single crystal boron car-
bide suggest that feature B is indicative of a phase or
stoichiometry akin to boron powder [23]. Also, theσ ∗
states of Sample B are not as well resolved as they are
in Fig. 2a of Sample A.

The C 1s NEXAFS spectra are also quite different
between Sample A and Sample B and can provide in-
formation about carbon bonding within these BC al-
loys. The relative intensity of the Cπ∗ state to theσ ∗
states gives a qualitative measure of ratio of sp/sp2 hy-
bridization to sp3 hybridization. The intensity of the
π∗ state of Sample B, relative to theσ ∗ states, is sub-
stantially larger than in Sample A, as well as broader.
Based on these comparisons we propose that a larger
portion of bonding in Sample B is through sp and sp2

hybridization, as compared to Sample A. In addition,
theσ ∗ states of Sample B are poorly resolved and are
more or less structureless.

Based on the high deposition rate (33 nm min−1) and
substrate temperature (300◦C) at which Sample B was
grown, we suggest that the sharp feature at 192.8 eV
in the B 1s absorption spectra and the broadening of

Figure 3 The NEXAFS spectra of regions 1 and 2 of Sample B across
(a) the B 1s absorption edge and (b) the C 1s absorption edge.

the features in the C 1s absorption spectra are the sig-
natures of an extremely homogeneous amorphous BC
alloy. Consequently, we conclude that Sample A has
greater short-range order relative to Sample B. This
is consistent with atomic force microscopy measure-
ments which identified the formation of BC nanocrys-
tals on the order of 60–100 nm within an amorphous
matrix [8]. The sharpness of the B 1sπ∗ state and the
σ ∗ states in the C 1s absorption spectrum of the dome
(region 1) in Sample A suggests that these structures
possess a higher degree of homogeneity than the other
regions of this BC film. Furthermore, we suggest that
the domes form as a consequence of the slower deposi-
tion rate (5.5 nm min−1) used to grow Sample A. This in
turn increases the surface diffusion length and thereby
allows the domes to form. This issue will need to be
explored in further detail in order to understand the in-
terplay between surface diffusion and the formation of
domes.

4. Conclusions
We have examined the effects of the deposition rate of
the PECVD process on the topography and chemical
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composition of boron–carbon alloys using imaging
photoelectron spectromicroscopy. We have found that
a sample grown at a deposition rate of 33 nm min−1

is smoother and more homogenous than a sample
grown at 5.5 nm min−1. The relative intensity of the
π∗ andσ ∗ excitations in the C 1s absorption spectra
of both samples indicates that carbon bonding is pre-
dominantly through sp3 hybridization, while the boron
atoms bond in a mixed configuration of sp2 and sp3

hybridization. The topography of the sample grown
at 5.5 nm min−1 consists of carbon-rich regions and
domed structures embedded in a smooth homogeneous
matrix. The sharpness of the features in the NEXAFS
spectrum of the domes, relative to the other regions
of this sample, as well as the sample grown at a rate of
33 nm min−1, suggests that the structure of these domes
is more ordered than the other regions of this sample,
or the sample grown at 33 nm min−1. This is also sup-
ported by the absence of a pronounced peak at 191.7 eV
in the B 1s absorption spectrum which we have identi-
fied with amorphous composition. These studies clearly
demonstrate the need to further examine the growth ki-
netics of these boron–carbon alloys in order to deter-
mine the dependence of their electronic properties on
their chemical composition with the goal of optimizing
their high temperature device characteristics.
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H I G A S H I , T . L U N D S T RÖM andY . Y U , J. Alloys Comp.202
(1993) 269.

17. U. K U H L M A N N , H. W E R H E I T, J. P E L L O T H, W.
K E U N E and T. L U N D S T RÖM, Phys. Status Solidi. (b)187
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25. I . J I M ÉN E Z, A . J A N K O W S K I, L . J. T E R M I N E L L O, D.
G. J. S U T H E R L A N D, J. A . C A R L I S L E, G. L . D O L L , W.
M . T O N G, D. K . S H U H andF. J. H I M P S E L, Phys. Rev. B
55 (1997) 1225.
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