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Abstract B,C boron carbide thin films deposited by radio
frequency magnetron sputtering in the temperature ranging
from room temperature to 650 °C are amorphous. In this
article, pair distribution function (PDF) and Fourier trans-
form infrared (FTIR) spectroscopy were used to charac-
terize the short range order (SRO) structure of amorphous
B4C thin films. FTIR spectra indicated that icosahedrons
exist in the amorphous B4C thin films. The existence of
icosahedrons was further verified by the PDFs of amor-
phous B4C thin films, which were derived from digital
selected area electron diffraction patterns. Furthermore, by
comparing the PDFs of amorphous B4C thin films with
those of three crystalline boron modifications and three
structural models of boron carbides (B4C or B;oC,), the
SRO structure of amorphous B,4C thin film was revealed to
be similar to that of S-rhombohedral boron, but with the
peak shifted to shorter distance.

Introduction

Boron carbide is one of the well-known hardest materials
[1-3] as well as a semiconductor with a bandgap dependent
on many factors including the boron to carbon stoichiom-
etry [4, 5]. Because of the unique electronic properties and
the unusual quality of self-healing of radiation damage
[6, 7], boron carbide-based semiconductors have drawn
attentions recently for power harvesting and sensing
applications, such as photovoltaic devices [8], beta-voltaic
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devices [7], and neutron detectors [9-12]. Boron carbide
thin films have been prepared by different techniques, such
as chemical vapor deposition [13—15], magnetron sputter-
ing [2, 3, 16, 17], pulsed laser deposition [18-20], and ion
beam synthesis [21]. Due to boron carbide’s high melting
point (2450 °C) [22], boron carbide thin films deposited at
room temperature or relatively low temperatures are
amorphous and only show crystallinity starting from
950 °C [16]. However, there has hitherto been no further
effort to characterize the short range order (SRO) structure
of amorphous boron carbide and correlate the structure
with the properties. This is partially due to the fact that
boron carbide is a low atomic number (Z) alloy and has a
complex structure. Therefore, the local structure determi-
nation for amorphous boron carbide is quite difficult. The
SRO structure of amorphous materials is commonly
investigated by X-ray diffraction (XRD), from which the
radial distribution function and the pair distribution func-
tion (PDF) can be derived. However, the low Z materials
have low X-ray atomic scattering factors. So, the scattered
X-ray intensity is too weak to be used to determine the
SRO of amorphous boron carbide thin films (several hun-
dreds of nm in thickness). The complex structure of crys-
talline boron-rich solid materials comes from their basic
structural unit, i.e., the distorted icosahedron, and the
number of atoms in the unit cell. The former causes the
bond length to be distributed over a wide range. The latter
ranges from 12 for a-rhombohedral boron to 1608 for YBgg
type crystal [5].

The understanding of the SRO structure of amorphous
boron carbide thin films is key in exploring applications of
boron carbide materials as semiconductors in extreme
environments. An application of boron carbide to fabricate
beta- and alpha-voltaic devices for nuclear batteries is based
on its extreme radiation hardness, i.e., the self-healing of
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radiation-induced damage [7]. The extreme radiation
hardness results from the icosahedral structural unit found
in boron-rich solid materials. The formation of such struc-
ture is due to the electron-deficient bonding within the
boron-rich solids. A regular icosahedron, schematically
shown in Fig. 1, is a 12-atom cluster in which 12 boron
atoms occupy the 12 vertices. The radiation-induced dam-
age is caused by energetic particle bombardment which
displaces the atoms in the solid from their original lattice
sites and introduces defects like vacancies and interstitials.
According to Carrard et al.’s research [6], the absence of
radiation-induced damage in icosahedral boron-rich solids
is ascribed to the fast recombination of the radiation-
induced defects. It has been suggested that if boron atoms
are displaced from the icosahedrons as interstitials, the
boron interstitials have positive charges and the corre-
sponding icosahedrons with boron vacancies are associated
with negative charges. The self-healing of radiation-
induced damage has been suggested to be driven by Cou-
lomb attractions between the positively charged boron
interstitial ions, BT, and the regions of increased negative
charges associated with boron vacancies [6]. Moreover, the
very small size of a boron cation aids its diffusion and
thereby facilitates the recombination. However, in an
amorphous boron carbide thin film, it is not clear if the
icosahedron is still its basic structural unit. It was reported
that the types of charge carriers in an amorphous boron
carbide thin film can be controlled by modifying local
physical structure, which can alter semiconducting transport
properties between p-type and n-type [8]. Without an
understanding of SRO structure of amorphous boron car-
bide thin films, this unique transportation characteristic
cannot be understood clearly.

By analyzing electron diffraction patterns of amorphous
boron carbide thin films, it becomes approachable to
characterize the SRO structure. In this study, electron

Fig. 1 The schematic structure of a regular B, icosahedron

diffraction patterns were used instead of XRD patterns,
because the electron atomic scattering factors for low Z
materials are much larger than X-ray atomic scattering
factors. In addition, typical electron diffraction intensities
are ~10® times larger than XRD intensities. In com-
parison, the structures of several conventional crystalline
boron modifications (x-rhombohedral boron, f-rhombo-
hedral boron, and tetragonal boron) and boron carbides
were built based on the data in the literatures or by first
principles. The PDFs for these crystals were extracted
from the volume of ~10° atoms based on the built
structures. Fourier transform infrared (FTIR) spectros-
copy was also used to help identify the structural motif
of amorphous B,4C thin films. Our analysis showed that
icosahedrons exist in the amorphous B4C thin films and
the SRO structure of the films is similar to that of
p-rhombohedral boron, but with the peak shifted to the
shorter distance.

Experimental details

Amorphous B4C thin films were deposited at room tem-
perature (RT), 350, 500, and 650 °C on polished single
crystal quartz (0001) or double-side polished KBr sub-
strates by radio frequency magnetron sputtering from a
polycrystalline B4C target (99.5% in purity) at a working
pressure of 5 mTorr Ar. The input power is 200 W. All
substrates were preheated at the target temperature for
30 min before deposition. Prior to deposition, sputter
cleaning was performed to eliminate the native oxide of the
target and clean the surface of quartz substrates. B4C thin
films (~60 nm in thickness) deposited on quartz substrates
were lifted off in distilled water for high resolution trans-
mission electron microscopy (HRTEM) experiments on
JEOL 2010 with an acceleration voltage of 200 kV. These
thin samples were prepared to reduce the inelastic scat-
tering and the plural scattering by keeping the ratio of the
intensity under the zero-loss peak to the intensity in the
low-loss portion of the electron energy loss spectrum to be
less than 10%. Selected area electron diffraction (SAED)
pattern was digitally recorded by Gatan Dualvision camera
(Model 780). The camera length was calibrated using
single crystal silicon. HRTEM image was recorded using
GIF camera (794IF). A Gatan 695 parallel electron energy
loss spectrometer (PEELS) was also used for microanaly-
sis. The samples for FTIR were B4C thin films (200 nm in
thickness) deposited on optical grade KBr substrates,
which were chosen because FTIR spectra could be col-
lected with the weak background signal for wavenumber
greater than 450 cm™'. FTIR was conducted on a Perkin
Elmer Spectrum One FT-IR spectrometer with 64 scanned
interferograms to reduce noise.
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Pair distribution function

The reduced scattering intensity for amorphous alloys,
derived by Cockayne et al. [23, 24], is given by
[I(s) = N{f2)]s

@(s) :W (1)

(f)* = (CN£) NP, () = (O NfP)/N.N =

>N, f; is the atomic scattering factor of atom type i, m
m

where

is the number of atom type (in the case of boron carbide,
m = 2), N is the total number of atoms, N; is the number of
atoms of type i, I(s)is the scattering intensity normalized to
the intensity scattered by an electron without considering
the small angle scattering, and s is the scattering vector
defined as 2(sinf)/Z (4 is the wavelength of incident
radiation and 0 is the scattering angle). Fourier inversion of
Eq. 1 yields the reduced radial distribution function

G(r) = 8n/ o(s) sin(2zrs)ds (2)
0

where r is the distance from arbitrary origin. The PDF is
obtained by

Blr) = o

(3)

where pg is the average density of all atom types.
MATLAB® software (Mathworks, Inc) was used to read
out the scattering intensity from digital SAED micrograph
for amorphous B4C thin film by simply taking radial line
scan of the diffraction pattern starting from the sharp central
spot because of the circular symmetry of electron diffrac-
tion pattern. The scattering intensity was then smoothed by
adjacent average after removing background. Electron
atomic scattering factors of boron and carbon atoms were
obtained from the literature [25], and the (f)* and (f*) were

calculated according to the definition in this work. An
approximate value of N was obtained by matching Nf* to
I(s) at large s with N as a variable parameter. Subsequently,
Egs. 1 and 2 were used to form the reduced scattering
intensity ¢(s) and the reduced radial distribution function
G(r), respectively. The procedure was repeated for a
slightly different value of N, and an optimum N was
obtained by minimizing oscillations in G(r) for small
r. Finally, Eq. 3 was used to yield the PDF.

The PDFs of crystalline boron and boron carbide were
obtained through the built structural models. The structural
models of three crystalline boron modifications, i.e.,
a-rhombohedral boron, fi-rhombohedral boron, and tetrag-
onal (T50) boron, were built according to the data in the
literatures [26], [27], and [28], respectively. They are shown
in Fig. 2a, d, and e, respectively. Two structural models,
B,,C,(C-B-C) and B,,;C,(C-B-C), for B4,C boron carbide
were built by adding three atoms (C-B-C) linear chain
along the main diagonal and replacing one boron atom by
one carbon atom at the polar site and at the equatorial site of
icosahedrons, respectively, on the basis of the structural
model of a-rhombohedral boron. Here, the part of outside
bracket indicates the structure of the icosahedron and the
part in the bracket represents the structure of linear chain.
The subscript number represents the number of atoms in the
icosahedron and the subscript letter represents the position
of atoms in the icosahedron. The p represents the polar site
and the e represents the equatorial site in the icosahedron.
More details are available in the later section. Figure 2b
shows the structure of B;;C,(C-B-C). The unit cell
parameters for these two models were obtained from the
literature [29]. The structure of B;C,(C-B-C) was repor-
ted to be the most stable for crystalline B4C boron carbide
[30]. Structural model of boron carbide with the composi-
tion of B;oC,, as shown in Fig. 2(c), was also built by
replacing one boron atom at the polar site and the other at
the equatorial site of icosahedron, respectively, by two

Fig. 2 The structural models for a a-rhombohedral boron, b B;;C,(C-B-C), ¢ BoC,, d f-rhombohedral boron, and e tetragonal boron (T50

boron). Some bond lengths are labeled in the unit of A
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carbon atoms on the basis of the structure of a-rhombohe-
dral boron. The geometry optimization and structural
relaxations were then performed for these three structural
models of boron carbide by using the Broyden—Fletcher—
Goldfarb—Shanno method [31] with the variable cell
method of fixed basis quality to minimize the total energy.
The total energy calculations were performed by using
nonlocal corrected generalized gradient approximation
based on the most popular Perdew—Burke—Ernzerhof for-
mulation [32]. Pseudoatomic calculations were performed
for B 2s, 2p and C 2s, 2p shells. The convergence conditions
were the total energy convergence tolerance of 107> eV/
atom, the maximum force tolerance of 0.03 eV/A, the
maximum displacement tolerance of 0.001 A, and the
maximum stress component tolerance of 0.05 GPa. Finally,
the PDFs of these crystalline borons and boron carbides
were extracted from a volume of ~ 10’ atoms based on
these models.

Results and discussion

Figure 3 shows the HRTEM images and SAED patterns for
B4C thin films deposited at 500 and 650 °C, which are
similar to those for the films deposited at RT and 350 °C
shown in [17]. The disordered lattice images and diffuse
halos in the SAED patterns for all films reveal that the

Fig. 3 HRTEM images of amorphous B4C thin films deposited at
a 500 °C and b 650 °C. The insets show the corresponding SAED
patterns of the films

deposited B,4C thin films are amorphous. As an example,
Fig. 4 shows the scattering intensity for B4C thin film
deposited at 350 °C. The scattering intensity is scattering
vector dependent. Three peaks located at 0.237, 0.405, and
0.743 A7, respectively, can be identified and correspond
to three diffuse halos in the SAED pattern of B4C thin film
deposited at 350 °C. Table 1 lists the positions of the
maxima of diffraction intensity reported by previous liter-
atures for amorphous boron by using electron beam dif-
fraction as well as the data of amorphous B,C thin film in
this study. For comparison, all scattering vectors follow the
same definition used in this article. It can be seen that the
maxima positions of diffraction intensity for B,C thin film
deposited at 350 °C are similar to the reported data of
amorphous boron, except the additional maxima position at
~0.56 A~! reported by Kobayashi [33]. The origin for the
additional peak is not clear but it may be caused by dif-
ferent deposition method and condition. From Table 1, it
can be seen that the corresponding scattering vector at the
maxima position of B4C thin film is larger than that of
amorphous boron, except the data reported by Katada [34].
Figure 5 shows the reduced radial distribution functions
and the PDFs of B,4C thin films deposited at different
substrate temperatures. The results are similar for all thin
films except that the peak positions shift a little bit for the

B,C Thin Film Deposited at 350 °c

Intensity (a.u.)

0.2 0.4 0.6 0.8 1.0 1.2

Fig. 4 The scattering intensity for amorphous B4C thin film depos-
ited at 350 °C

Table 1 The positions of the

maxima in /(s) for amorphous Amorphous boron

Amorphous B,C

deposited at

boron and boron carbide PVD CVD o .
measured by electron diffraction 350 °Clthis study)
( [\*1) Katada [34] Palatnik Galasso Kobayashi[33]
et al. [35] et al. [36, 37]
Sample B Sample C
0.232 0.222 0.227 0.228 0.233 0.237
0.428 0.400 0.400 0.395 0.395 0.405
0.578 0.562
0.759 0.714 0.714 0.709 0.709 0.743
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Fig. 5 a The reduced radial
distribution functions and

b PDFs of amorphous B4C thin
films deposited at different
substrate temperatures

B,C Thin Films

G(r)

\A/ /\ Deposited at 500 °C
Deposited at 350 °C
Deposited at RT

(b)

Deposited at 650 °C

: & Deposited at 500 °C
Deposited at 650 C

Deposited at 350 °C
Deposited at RT

g(r)

B,C Thin Films

0 1 2 3 4

r(A)

films deposited at different substrate temperatures. Taking
the g(r) of B4C thin film deposited at 350 °C as an
example, the first and the second peaks are located at 1.63
and 2.95 A, respectively. The former is close to the first
nearest distance and the latter close to the second nearest
distance in the icosahedron which will be discussed in
detail in the following discussions.

Figure 6 shows the FTIR spectra of amorphous B4C thin
films. The spikes come from the substrate. It can be seen
that the FTIR spectra of amorphous B4C thin films only
show a strong and broad peak at ~ 1080 cm™'. FTIR
spectrum for single crystal B4C boron carbide has two
strong absorption peaks: one located at ~ 1080 cm™' and
the other at ~ 1600 cm ™" [38]. The former peak is believed
to be contributed by anti-symmetric stretching of icosahe-
drons and the latter is caused by anti-symmetric stretching
of chain in crystalline B4,C boron carbide [39, 40]. There-
fore, the fact that there is only one broad peak near
1080 cm™! indicates the existence of icosahedrons in
amorphous B4C thin films.

Before discussing the structure of amorphous B4C thin
films, it is necessary to describe the structures of crystalline
boron and boron carbide. In crystalline boron-rich solid
materials, the B, icosahedron plays an important role in the
formation of the frameworks. The B-B bond length in the

B,C Thin Films

500 °C

Absorbance

A L A L A L A
600 800 1000 1200 1400 1600 1800 2000
Wavenumber (cm™)

Fig. 6 FTIR spectra of amorphous B4C thin films deposited at
different substrate temperatures
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regular icosahedron is 1.78 A [34]. It is the distorted ico-
sahedron instead of the regular icosahedron that exists in
crystalline boron-rich solid materials, because by Jahn—
Teller effect the reduction of the point group I, of the regular
B, icosahedron to the subgroup D34 (equivalent to space
group R3m) of the distorted icosahedron minimizes the total
energy of the crystals [41]. Therefore, there are two types of
equivalent sites in the icosahedron for o-rhombohedral
boron: the polar site and the equatorial site, as labeled in
Fig. 2a. Some of B-B bond lengths in the distorted icosa-
hedrons are also shown. It can be seen that the B—B bond
length in the distorted icosahedron is not a single value
anymore due to the formation of different bonds: the inter-
icosahedral bond, the intra-icosahedral bond, and the
A-bond (three-center bond). The structure of S-rhombohe-
dral boron is more complicated. There are 105 atoms in the
unit cell, as shown in Fig. 2d. Crystal lattice of -rhombo-
hedral boron can also be described to be formed by Bgy
clusters. A cubic close package of the Bg, clusters produces
arhombohedral unit cell with 105 atoms inside it. As shown
in Fig. 7a, a Bgy cluster is a building block of f-rhombo-
hedral boron with a Cgy-like surface built around a B,
icosahedron. In addition, there are two B,g clusters in the unit
cell which are formed by fusing three distorted icosahedrons
via face-to-face and linked together by an isolated boron
atom, as shown in Fig. 7b. For tetragonal boron, there are
four distorted icosahedrons and two isolated boron atoms,
which link the icosahedrons, in the unit cell as shown in
Fig. 2e. Therefore, in crystalline boron, there are at least four
ways to link the distorted icosahedrons. First, icosahedrons
may link directly to each other by the B-B inter-icosahedral
bond (bond length ~1.65 10\), which can be found in
o-rhombohedral boron and f-rhombohedral boron. Second,
they may link together by the A-bonds (bond length
~2.00 A) formed by the boron atoms at the equatorial sites,
which appear in o-rhombohedral boron. Third, they may link
through isolated boron atom (bond length 1.60 A)asfoundin
the tetragonal boron. Forth, they may link via fusing icosa-
hedrons by face-to-face, as shown in Fig. 7b and ¢, which can
be found in f-rhombohedral boron and AlB, compound [5].
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Fig. 7 a The Bg4 cluster,

b B,g—B-B»g cluster, and ¢ By
cluster in fi-rhombohedral boron
or AlB;, compound

The ideal structure of crystalline B4C boron carbide is
believed to be based on an arrangement of distorted ico-
sahedrons located at each vertex and three-atomic linear
chains on the main diagonal of a rhombohedral Bravais
lattice (space groupR3m). However, no experimental
determination of the real atomic structure of crystalline
B4C boron carbide has been reported. The neutron scat-
tering lengths of ''B from '*C are too close so that they
cannot be distinguished from each other [42]. Although
XRD allows the identification of a C-B-C chain, the
location of the remaining C atom in the B;C icosahedron
remains unclear because of the very similar X-ray atomic
scattering factors of boron and carbon atoms. Moreover,
Werheit [43] proposed that the composition range of boron
carbide extends from B,43;C at the carbon-rich limit to
B . :C for the boron-rich solids by partial substitution of
boron atoms both in the chains and in the icosahedrons by
carbon atoms. Both the concentration of vacancies and the
position of carbon atoms change with the composition of
crystalline boron carbide. It is believed that, for B,C (or
B,C5), the different icosahedral-based (B, and B;;C) and
chain-based (C-B-C, C-B-B, C--C (U, vacancy),
B-[J-B, and C-C-C) structures form different elementary
cells, which are statistically distributed over the whole
structure [43]. Therefore, no unit cell can represent the
whole structure as commonly found in conventional crys-
talline solids. By comparing existing infrared absorption
and Raman diffusion measurements with the predictions of
accurate ab initio lattice dynamical calculations performed
for different structural models, Lazzari et al. [30] suggested
that the ideal atomic structure of B,C could be expressed as
B;,C,(C-B-0), i.e., one icosahedron (B;C) with the car-
bon atom staying at a polar site and a linear chain (C-B—
C). By comparing the enthalpy of several structural models
based on simulations from first principles, it is found that
B;,Cy(C-B-C) has the lowest energy [44]. But it should be
noted that the difference of the average enthalpy among all
structural models of boron carbide with the stoichiometry
of B4C is very small, especially between B;;C,(C-B-C)

and B;;C.(C-B-C). As a result, it is possible that several
structural models of B4C boron carbide co-exist in real
boron carbide materials [44]. Therefore, the PDFs of
B,,Cy(C-B-C) and B;,C.(C-B-C) are used as the refer-
ences to study the structure of amorphous B4C thin films.
In addition, B(C, is also used as a reference to study the
effect of random occupation of carbon atoms on the
structure of amorphous B4C thin films.

Figure 2b shows the types of positions, labeled in the
bracket, of carbon (gray ball) and boron (pink ball) atoms
in the distorted icosahedron and some bond lengths in
B,;C,(C-B-C). It can be seen that the shortest bond length
(1.418 10\) in B;;C,(C-B-C) can be assigned to the C-B
bond in the C-B-C chain but the longest bond length
(1.802 A) is given to the B-B bond in the distorted ico-
sahedron. When a carbon atom is at the end of the linear
chain and a boron atom at the equatorial site of icosahe-
dron, the C—B bond length is about 1.60 A. Compared with
the corresponding bond length in a-rhombohedral boron as
shown in Fig. 2 (a), some bond lengths in the icosahedron
are changed due to the addition of carbon atoms. The C-B
inter-icosahedral bond becomes shorter due to the carbon
atoms at the polar site of icosahedrons. More significant
change can be observed for both intra- and inter-icosahe-
dral bond lengths in B;(C, by replacing two boron atoms
with two carbon atoms, as shown in Fig. 2c. Therefore, the
C-B bond length in boron carbide is shorter than the cor-
responding B-B bond length in «-rhombohedral boron, i.e.,
the C-B intra-icosahedral bond length is shorter than the
B-B intra-icosahedral bond length and the C-B inter-ico-
sahedral bond length is shorter than the B-B inter-icosa-
hedral bond length.

Figure 8 shows the PDFs of the structural models for
crystalline boron, crystalline boron carbide, and amorphous
B4C thin film deposited at 350 °C. The g(r) of a-rhombo-
hedral boron shows discrete peaks when the distance (r) is
smaller than ~6 A because of its relative simple structure.
In other cases, the g(r) shows discrete peaks only when the
distance is smaller than ~3 A. The three peaks in the first
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peak package of the g(r) of B,;C,(C-B-C) indicate three
kinds of bonds, i.e., the C—B bond in the C-B—C chain, the
C-B bond (where the carbon atom is at the end of C-B-C
chain and the boron atom is at the equatorial site of ico-
sahedron), and the intra-icosahedral bond. The replacement
of two boron atoms in a-rhombohedral boron by two car-
bon atoms leads to three peaks in the first peak package of
B10C>». As indicated by the PDF of f-rhombohedral boron,
it is not surprising that ff-rhombohedral boron was said to
be like an amorphous material [4] because of the large unit
cell, compared to the inter-atomic distances and its com-
plex structure [27].

The arrangement of the distorted icosahedrons is quite
random in the amorphous B4C thin film. A three-dimen-
sional random network built up in the aforementioned
manners for crystalline boron extends over the whole film,
which gives the diffuse halos of the electron diffraction
pattern. The carbon atoms can replace the boron atoms
randomly. Several articles [33-35, 45] reported the SRO
structure of amorphous boron using the PDFs obtained
through electron diffraction and XRD techniques. How-
ever, although all reports proposed the existence and the
random arrangement of the B, icosahedron, there was no
agreement on the SRO structure of amorphous boron. For
example, the structure of amorphous boron was suggested
to be a frozen stage in the transition from a-rhombohedral
to f-rhombohedral boron [45]; the arrangement of the By,
icosahedron was considered to be close to that of tetragonal
boron [35]; and the SRO structure of amorphous boron was
shown to be closer to that of the f-rhombohedral boron
[33]. Comparing the peak shapes and positions of the
g(r) of B4C thin film with those of crystalline boron and
boron carbide, as shown in Fig. 8, the SRO structure of
amorphous boron carbide seems to be close to that of
B;,C,(C-B-C). However, some peaks, such as the peak at
point d, are missing. More careful observation suggests that
the peak shapes and positions of the g(r) of B,C thin film

__ B,C Thin Film Deposited at 350 °C

B, .C

mw-2

B,,C,(C-B-C)

C' B, C (C-B-C)
I e e L

ad B

a(r)

i TS50 boron
1] i A B C p-boron
o - boron

1 0| |”..l. N RS TN WA
0 1 2 3 4 5 6 7 8

r(A)

Fig. 8 The PDFs of several structural models of crystalline boron,
crystalline boron carbide, and amorphous B,C thin film deposited at
350 °C

@ Springer

are similar to those of -rhombohedral boron, expect that
the peak positions of B4C thin film are shifted to shorter
distance from those of f-rhombohedral boron, such as A,
B, and C. Similar shift can be found in B;;C,(C-B-C) by
comparing peak packages at A’, B/, and C', with those at A,
B, and C, of f-rhombohedral boron, respectively. The
shorter distance of B4C thin film may be caused by the
existence of carbon atoms and the random replacement of
boron atoms by carbon atoms in the film. This can be easily
understood by comparing the g(r) of B;;C,(C—B-C) with
that of B;;C.(C—B—C). The carbon atom at the polar site,
instead of equatorial site, leads to the shorter C—B bond
lengths, as indicated by the first sharp peak of the PDFs of
these two structural models. The replacement of the boron
atoms in a-rhombohedral boron by the carbon atoms also
leads to the shorter C—B bond lengths, as indicated by first
peak of the g(r) of crystalline B;oC,. Moreover, the
residual internal stress is compressive and can be as large
as ~3 GPa [2]. The large residual internal stress could
further shorten the bond length. Furthermore, the oxidation
of the film can shorten the bond length as well because the
B-O bond length in amorphous tetrahedral BO, is 1.48 A
[34]. But there is no detectable oxygen signal for the
PEELS spectra of B,C thin films, as shown in Fig. 9. The
X-ray photoelectron spectroscopy analysis of amorphous
B,4C thin films shows that the thickness of boron—carbon-
oxygen layer is about 1 nm, which formed upon exposure
to air [17]. Considering the thickness (~60 nm) of B4,C
thin films, the influence of boron—carbon—oxygen layer on
the bond length of thin film is negligible. Therefore, the
SRO structure of amorphous B4C thin films is similar to
that of f-rhombohedral boron, but the peaks shift to shorter
distance.

It should be noted that there are Bgs and B,g—B—B»,g
clusters in crystalline fi-rhombohedral boron. In the latter
case, the B,g is formed by fusing three icosahedrons.
Because the SRO structure of amorphous B,4C thin films is

BK

i B,C Thin Film

RA

I R Deposited at 350 °C
K

e— oK

Counts

,Deposited at RT

Vg

L L 1 L
200 300 400 500 600
Energy-Loss (eV)

Fig. 9 PEELS spectra of amorphous B4C thin films deposited at RT
and 350 °C
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similar to the structure of f-rhombohedral boron, it is
highly possible that B,g clusters exist in amorphous B,C
thin films. It is reasonable to infer that there are B, clusters
as well in amorphous B,4C thin films, which exist in AlB;,
compound [5] and are constructed by fusing two icosahe-
drons via face to face. Although Cockayne [23, 24] sug-
gested that the G(r) can be used to determine atom types by
deconvolution when there is a small degree of overlap of
bond length, it is not applicable to amorphous B4C thin
films because of two obvious reasons: (1) the B-B and B-C
bond lengths cover a large range and overlap each other
and (2) the electron atomic scattering factors of boron and
carbon atoms are very close to each other [25]. In addition,
the peak position shift of the g(r) of amorphous B4C thin
films deposited at different temperatures may be caused by
the substrate temperature, which affects the growth mode
and the surface mobility of adatoms. Further investigation
is needed to study the peak shift.

Conclusion

B,4C thin films are amorphous when deposited by RF mag-
netron sputtering in the range of room temperature to 650 °C.
Pair distribution function and FTIR were used to analyze the
SRO structure of amorphous B,4C thin films. FTIR spectra
indicated that icosahedrons exist in the amorphous B4C thin
films. Pair distribution functions of amorphous B4C thin
films were derived from digital SAED pattern of electron
diffraction. By comparing PDFs of amorphous B4C thin
films with those of three crystalline boron modifications
(a-rhombohedral boron, fi-rhombohedral boron, and tetrag-
onal boron) and three structural models of boron carbides
(B] ICP(C—B—C), B] 1Ce(C—B—C), and B10C2), the SRO
structure of amorphous B4C thin film is found to be similar to
that of f-rhombohedral boron but the peaks shift to the
shorter distance. The peak shift could be caused by the
existence of carbon atoms in the thin film and the random
replacement of the boron atoms by the carbon atoms in the
three dimensional network of the distorted icosahedrons.
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