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Abstract

Hexagona boron nitride (hex BN) containing significant amounts of C and O substituting for N (hex BCNO) was synthesized at 75
kbar and 1700°C from mixtures of C, B,O,, and amorphous B contained in a hex BN crucible. Hex BCNO is a minor constituent of the
product and occurs as small, <30 nm diameter, rounded pseudohexagonal particles adhering to materials with the o-rhombohedral B
structure. Electron energy-loss spectroscopy with a transmission electron microscope was used to quantify their elemental ratios. Up to
50% of the N in hex BN is replaced by C and O, e.g., BN, ,,0, ,,C, ,,. The electron energy-loss near-edge fine structure of the core-loss
edges was used to elucidate the possible structures of hex BCNO. The core-loss edges of B, C, N, and O exhibit orientation-dependent
intensity changes, which indicates that they occupy similar anisotropic bonding sites in graphite-like BCNO layers. For a composition of
BN, 0, ,C, ., regions with B-N,, B—N,O, and B—NO,, units predominate. In addition, some grains have significant quantities of B—O,

and B—C, units. Boron—boron bonding is either absent or infrequent.

0 1999 Elsevier Science SA. All rights reserved.
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1. Introduction

Materials with compositions intermediate between
graphite and hexagona BN (hex BN) are attractive
because of the possibility of synthesizing materials with
electronic properties intermediate between conducting
(semi-metallic) graphite and insulating hex BN. For exam-
ple, addition of N or B dopants to graphite or to diamond
alters their electronic structure and changes their band gaps
and the carrier concentrations. Intermediate C-hex BN
compounds are thought to be good starting materials for
the preparation of cubic BCN materials with high hardness
[1-4]. Severd intermediate graphitic materials in the BCN
system have been produced by CVD and chemical reaction
of B-, C-, and N-bearing derivatives [5-12] and by high-
pressure and/or temperature methods [13-15]. Several
studies have shown evidence of extensive solid solutions
of graphite-like B—C-N materials [16,17], athough
graphite-like B-N—O solid solutions are unknown. The
compound ““B,0O"” has been reported as the result of high
pressure synthesis, and has been proposed to have either a

*Corresponding author. Tel.: +1-480-965-7250; fax: +1-480-965-
8102.
E-mail address: Igarvie@asu.edu (L.A.J. Garvie)

layered (‘‘graphitic’’) or ordered diamond-like structure
[18,19]. However, recent results from our group cast doubt
on the identity of the material obtained by those synthetic
routes, and indicate that the stable boron suboxide phase is
in fact BO,_; (6=0.75-0.96), with an icosahedral struc-
ture based on a-rhombohedral boron («-rh. B) [20-23].

Analysis of materialsin the B—C—N system is common-
ly hampered by difficulties of sample identification and
characterization. For example, it is difficult to distinguish
between a nanometer-scale mixture of graphite and hex
BN and a substitutiona ternary network with most diffrac-
tion or spectroscopic methods [24]. Severa spectroscopic
methods provide information on the compositions and
structures of light-element-bearing materials such as x-ray
photoelectron (XPS), x-ray emission (XES), and electron
energy-loss spectroscopy (EELS). XPS spectra provide
chemical and bonding information, athough at low spatial
resolutions. Chemical information at high spatial resolution
can be gained by EELS with a transmission electron
microscope (TEM). EELS is well adapted to light-element
analysis [20,25-28]. The spatial resolution is governed by
the probe size in the TEM, which can be as small as3 A in
a dedicated scanning TEM (STEM), although the actual
probe size used is dictated by the electron-beam sensitivity
of the sample and counting statistics.
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Inherent in the EELS spectrum is information on the
environment of the excited atom such as bonding, oxida-
tion state, coordination, and site symmetry [25—27,29-34].
An EELS spectrum displays electron intensity as a func-
tion of the energy lost by electrons as they pass through a
specimen [35]. Core-loss edges result from the transitions
of core electrons to unoccupied states in the conduction
band and probe the unoccupied density of states (UDOS).
Close to the edge onset and for small scattering vectors,
the transitions that give rise to the core-loss edge are
governed by the atomic dipole selection rules for electronic
transitions Al=*+1, and Aj=0, =1, where | and j are the
orbital and total angular momentum quantum numbers of
the excited electron’s subshell. The edge shape within ca
40 eV of the edge onset, the energy-loss near-edge structure
(ELNES), reflects the projection of the atom-resolved,
partial density of unoccupied states of the conduction
band. Alignment of core-loss spectra on a common energy
scale allows similarities between the ELNES of different
atoms to be related to mixing of local conduction-band
states. For example, core-loss edges of Mn oxides [30],
borates and borides [20,27,28], sulfides [36], and SITiO,
[33] exhibit similarities among their ELNES features,
which gives insight into the nature of the unoccupied
states.

In the course of our research program on high-pressure,
high-temperature syntheses of boron-rich materials in the
B—C—N-0O system, we produced small quantities of a new
crystalline phase based on hex BN, containing significant
guantities of C and O, as a byproduct in some runs. Here
we report on the quantification and determination of the
structure of this material by TEM and EELS.

2. Experimental

Samples were synthesized with a Walker-type multianvil
apparatus [37]. The pressure medium consisted of an MgO
octahedron, and force was applied by eight WC cubes with
corners truncated to triangular faces. Amorphous B
(99.999%), B,0O, (99.99%), and C (99.999%) were mixed
in proportions according to 16 B+xC+yB,0,, with x=2
or 4 and y=1 or 3. The primary aim of these experiments
was to synthesize materials with the «-rh. B structure
[21-23,28]. The mixtures were pressed into a pellet and
enclosed in a hex BN capsule. The encapsulated material
was then placed in a graphite resistance furnace, pres
surized to 7.5 GPa, and heated at 1700°C for 30 minutes to
5 hours. Temperature inside the cell was calibrated with a
W-5%Re/W-25%Re thermocouple.

Small pieces of the reactants were crushed with a boron
carbide pestle and mortar in methanol. A drop of the finely
divided material in suspension was then dried on a lacy-C
film supported on a Cu TEM grid. Lacy-C films were used
so that data could be recorded from thin electron-beam-
transparent grains protruding over the holes. To reduce

carbon contamination in the TEM, the TEM grid support-
ing the finely crushed material was placed on a 100 Waitt
light bulb for ~10 minutes just prior to insertion in the
TEM. A thermocouple placed on the bulb gave a reading
of ~170°C. Failure to place the sample on the bulb
invariably resulted in the buildup of carbonaceous material
during the recording of PEELS data, which was a problem
since the C K edge from the contamination interfered with
the C K edge from the materials under investigation.

Spectra were acquired with a Gatan 666 parallel EELS
[38] spectrometer attached to a Philips 400-ST FEG TEM
operated at an accelerating voltage of 100 keV in cold-
cathode mode. The width of the zero-loss peak at half
height was 0.7 &V. Spectra were acquired with convergence
and collection angles of 16 and 11 mrad, respectively. The
probe current was 10 to 15 nA, and spectra were acquired
from regions ca. 20 nm diameter. Core-loss edges were
obtained from thin areas, typically <50 nm thick, over-
hanging holes in the lacy C film. Spectra for near-edge
structure studies were acquired with a dispersion of 0.1
e//channel and a 1 or 2 s acquisition time. At least five
spectra were acquired for each edge and each spectrum
shifted by ~0.5 &/. The resulting set of data were then
aligned and summed. For quantitative analysis, spectra
were acquired with a dispersion of 1 &V, acquisition time of
2 s, and a thermally-assisted FEG. All spectra were
acquired in diffraction mode from areas of approximately
20 nm diameter. The dark current and a background of the
form AR™" was subtracted from beneath each core-loss
edge. The high-resolution K edges were further processed
by deconvoluting the effects of the asymmetry of the
zero-loss peak and the point-spread function following the
procedures of Egerton [35]. The PEELS spectra were
analyzed with the Gatan el/p PEELS software and the
elemental ratios determined using Hartree-Slater cross
sections.

3. Results
3.1. Products

The dominant run products have the a-rh. B structure,
with compositions intermediate between B,C and B,O
[21-23,28]. One sample contains numerous boron carbide
nanorods. Up to several weight percent N are found in the
B,C-B¢O materias, derived from the hex BN capsule
used to contain the reaction mixtures. Small round par-
ticles, up to 30 nm in diameter, adhere to the nanorods and
B,C-B4O grains (Fig. 1). These particles exhibit B and N
K core-loss edges, with shapes that are different from the
a-rh. B-bearing materials. In addition to B and N, these
particles also contain substantial C and O (see below), and
are termed here ‘““hex BCNO™. Although the hex BCNO
material was a frequent by-product in these runs, it
congtitutes a minute fraction of the reaction product and
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Fig. 1. TEM images of round hex BCNO particles (P) adhering to (a) a
B,C nanorod (R) and (b) euhedral B,C—B,O particles (E).

could not be separated for study by bulk analytical
techniques. The TEM and EELS techniques are, however,
ideally suited for structural and chemical characterization
of this new phase.

32 Chemical analysis
A low-resolution EEL S spectrum of hex BCNO (Fig. 2)

shows an intense B K edge, a weaker N K edge, and small
C and O K edges. Quantitative analyses give B:N ratios

B K edge
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| NKedge

1

. | . i [ |
200 300 400 500 600
Energy Loss (eV)

Fig. 2. Low-resolution EELS spectrum of a typical hex BCNO particle.
The AE™" background was subtracted from beneath the B K edge. The
dotted vertical lines indicate the edge onsets.

near 1:0.5 for al particles analyzed. Representative analy-
ses are given in Table 1. Also shown in Table 1 are
duplicate analyses, illustrating the precision of the EELS
method when applied to such light-element analysis.
Differences between duplicate analyses are less than
+10% for B, N, and O. Differences for C are frequently
greater than +10%, because of the difficulty of accurately
quantifying the weak C K edge, which rests on the slope of
the intense B K edge extended fine structure. The average
of four particles gives the chemical composition as
BNg5400.36Co.12 OF BX; 4. Thus, around half of the N
atoms in stoichiometric BN are substituted by O and C,
with an O:C ratio of approximately 3:1.

3.3 Core-loss edges and structure

The core-loss edges of hex BN and BCNO are compared
in Fig. 3. The B and N K edges of hex BCNO and hex BN
have similar shapes athough the hex BCNO edges are
broader (Fig. 4). The first peak on the B K edge of
three-fold-coordinated B is attributed to transitions of the

Table 1

Representative analyses of four hex BCNO particles (1 to 4). Elemental
ratios are normalized to boron. Duplicate analyses (a and b) are presented
for each grain to illustrate the reproducibility of the quantification

Element 1la 1b 2a 2b 3a 3b 4a 4b

1.0 10 1.0 1.0 1.0 10 1.0 1.0

056 059 059 059 047 050 050 050
036 031 033 030 039 037 040 043
011 010 008 010 013 010 020 012

0oz

Average of grain a and

b. Sum of N,O, and C compared to B.
1) BN0.57OO.33C0.11 BXl.Ol
2) BNO.5900.32C0.09 BXl.OO
3) BND,4900.3SCO.11 BXD,QB

4) BN0.5000.42C0.15 BX 0.97
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Fig. 3. Comparison of the B and N K edges of hex BCNO and hex BN.

(@ B K edges and (b) N K edges. Dotted vertical lines illustrate the
similarities between the ELNES of the two materials.
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Fig. 4. Core-loss edges of hex BCNO. All spectra are plotted on a
common energy scale and aligned relative to their ELNES and the
conduction-band (CB) onsets. Features A through D are discussed in the
text.

B 1s electron to states with w* symmetry and is indicative
of sp” bonding [27 and references therein]. The close
similarities between the B and N K edges are indicative of
strong covaent bonding between B and N. Likewise, the O
and N K edge shapes are virtualy identical, suggesting a
similar bonding environment for each element (Fig. 4).
The shape of the C K edge differs from the other K
edges (Fig. 4), but its features aign with those of the other
edges. The C K edge of hex BCNO has a different shape
from those of graphite and amorphous C (Fig. 5), indicat-
ing that the C is not from a nanometer-scale mixture of hex
B-N-O and elemental C. The C K edge has a similar
shape to that of C in LiBC (Fig. 5), suggesting a similar
environment for the C atoms in both materials. The
structure of LiBC consists of alternating layers of Li and
graphite-like BC [39], with each B surrounded by three C.
The m* peaks of hex BCNO exhibit orientation-depen-
dent intensity changes (Fig. 6). The concomitant orienta-
tion effects at all of the K edges indicate that B, C, N, and
O occupy similar anisotropic bonding sites. With an
electron probe paralel to the c-axis (e |lc-axis) of hex
BCNO, more excitations into states of o character are
detected than into states of =« character, whereas a probe
perpendicular to the c-axis (e~ L c-axis) results in detection
of similar numbers of excitations into states of each
character, with resulting higher =* peak intensity. Orienta-
tion dependence arises because of the directionality of the
transitions to the unoccupied states into which the core
electron is excited. In EELS, the scattering vector, q,
selects the direction probed within the crystal, and the
direction of q is determined by the differences between the
wave vectors of the incident and the scattered high-energy
electron. In our experiments the electron beam is focused
into a probe with a half angle of convergence of 8 mrad,
and the scattered electrons are collected over a cone of half

C K edges

hex BCNO,

LiBC

a-C

graphite

280 290 300 310 320
Energy Loss (eV)

Fig. 5. C K edges of hex BCNO, LiBC, amorphous C (a&C), and
graphite.
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Fig. 6. B, N, and O K edges of hex BCNO, with the electron beam
parallel (thin line) and perpendicular (thick line) to the c-axis. The spectra
have been aligned verticaly by the w* peak and normalized to the
intensity of the first o* peak.

angle of 5.5 mrad having a range of scattering angles that
exceeds the characteristic angle of the inelastic scattering
process, B;. Hence, scattering events over a wide range of
g vectors are collected, with those having g perpendicular
to the electron beam being dominant.

4. Discussion

The edge shapes, orientation dependences, and a for-
mula close to BX, , indicate that O and C substitute for N,
within a presumed structure similar to hex BN. This is
consistent with the observed grain morphology. Severa
different possibilities can be proposed for the graphite-like
BCNO network, eg., BN layers aternating with BO,C,
layers; BX layers with X randomly one of C, N, and O; or
BX layers with some ordered replacement of C, N, and O
for X. The shape of the B K edge w* peak gives an insight
into these three possible structures.

For planar B-X, triangles, the m* peak energies vary as
a function of the electronegativity of X, eg., B-B; in
CrB, (188.8 &/), B—C, in LiBC (189.3), B—N, in hex BN
(192.1 &V), B-O; inglassy B,0O, (194.1 /), and B-F; in
BF; (195.5 eV) (Fig. 7). The peak maximum of most m*
pesks of hex BCNO is at 192.1 eV, typical of B—N,
bonding as in hex BN. The shoulder at 192.8 e/ is

C C
B\B _~B N

n* peak from
hex BN 500.4Co 1

1 n 1 1 1 : " 1 n 1 1
188 190 192 194 196 198 200
Energy Loss (eV)

Fig. 7. Comparison of the B K m* peaks of three-fold-coordinated B
bonded to B (in CrB,), C (in LiBC), N (in hex BN), O (in glassy B,0O;),
F (in BF, gas), and hex BCNO. The BF, spectrum from [41]. For clarity
the spectra are offset vertically.

intermediate in energy between the B-N, and B-O,; B K
* peak maxima, possibly arising from B—-NO, or B—N,O
triangles. Broad tails occur on both sides of the m* peak;
such tailing is not seen for the corresponding peak from
hex BN. The tail on the low-energy side is presumably
from B connected to C. A distinct B-C, w* peak is not
visible, which suggests that C randomly replaces N, with
few distinct B—C, units. The high-energy tail indicates a
range of B—OX units such as B-OCN and B-C,0. The
w* peaks from different particles exhibit a range of shapes
(Fig. 8), which reflect different proportions of the structur-
al units, i.e., a degree of compositional heterogeneity. For
example, in Fig. 8a, the B—N,O peak is more intense than
the B—N, peak, whereas the reverse is true for Fig. 8c. In
addition, Fig. 8a has structures that represent B—C,, B—
O,N, and B-O, units.

Fig. 9 illustrates a possible atomic arrangement of hex
BCNO with composition BN, ;0,,C, ;, with the assump-
tion that there is minimal B—-B and N—N bonding. Evi-
dence of B—B and N—N bonding would have been visible
as edge intensity below their respective K edge onsets. The
shape of the B K edge w* peak rules out a structure
composed of alternating layers of BN and BO,,C,,. A
layer with B:O:C elemental ratios of 5:4:1 would have a
predominance of B—O, units that would give an intense
w* peak at ca 194 eV, well separated from the B—N, =*
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Fig. 8. Representative w* peaks of different grains of hex BCNO (&, b,
and c), and the * peak of hex BN (d). Prominent maxima or shoulders
are marked with dashed vertical lines, and the structural units responsible
for these peaks are shown.

peak; such a peak is not visible. With aratio of B:N:O:C of
10:5:4:1, it is not possible to randomly replace N in
stoichiometric hex BN with O and produce predominantly
B—N,, B-N,O, and B-NO, units. In order to form these
units, O and N must be segregated, as in Fig. 9, forming

O-poor domain .I . ' Y
.°.. . .

eB eC eN 00

Fig. 9. Possible atomic arrangement of a layer of hex BCNO viewed
down the c-axis with B:N:O:C ratio of 10:5:4:1. Each C, N, and O is
surrounded by three B. The structural units B-N,, B—N,O, and B-NO,,
predominate, with fewer B-O,, B-NOC, B-N,C, B-C,0, and B-O,C
units. Letters X and Y illustrate O- and N-rich domains, respectively.

regions with dominant B—N; units and domains rich in
B—N,O and B—NO, regions. The range of B K =* peak
shapes (Fig. 8) indicates that there are many different
clusterings of structural units.

There has been much previous work on the synthesis
and stability ranges of the hexagonal (graphitic) and cubic
(zincblende structure) phases of boron nitride [40]. It has
long been thought that the stable phase at atmospheric
pressure is the graphitic phase, with the cubic BN (c-BN)
stabilized at high pressure, above approximately 30 to 40
GPa at 1500 to 2000 K. This would be consistent with the
phase relations between graphite and diamond within the
carbon phase diagram. However, establishment of the
equilibrium phase relations is impeded by the slow conver-
sion kinetics between hex BN and ¢-BN, as in the carbon
system, and much of the information has been from
experimental results on ternary or more complex systems,
or from experimental runs containing fluxes or catalytic
impurities. The most recent results and compilation of
previously published information on the BN system indi-
cate that it is in fact the cubic phase that is thermo-
dynamically stable at ambient pressure and temperature,
and that the hex BN phase is stabilized only at high
temperature [40]. Its ready synthesis at or near ambient
pressure and at all temperatures can be attributed to kinetic
considerations.

The hex BCNO phase obtained in the present study was
formed as a minority phase along with cubic materia of
similar composition (this will be described in a forthcom-
ing report), and with the nanorods and bulk particles of
BCNO materials based on the a-rh. B structure [21]. It
obviously did not form under equilibrium conditions, and
these experiments do not alow us to place any constraints
on its likely stability limits. This will be addressed in
future work.

The analyzed composition of the hex BCNO material
found in this study does not plot within the isoelectronic
C-BN-B,O ternary diagram: the analyzed composition
(BN 50, 4Cy 1) is deficient in boron component (or,
equivalently, too rich in O or N components). This finding
indicates that the material has an excess of bonding
electrons compared to the graphitic C-BN-B,O solid
solution, and hence could have interesting electronic
properties. We are pursuing attempts to analyze the band
structure of this material, and to obtain larger quantities in
bulk form.

5. Conclusions

EELSin a TEM was essential for characterizing the hex
BCNO material because it occurs as only <30 nm
diameter rounded hexagonal platelets adhering to the a-rh
B-rich grains and boron carbide nanorods. EELS is ideal
for characterizing B-bearing materials since the K edges
are well separated in energy, allowing easy determination
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of the elemental ratios. In addition, the ELNES of the
core-loss edges provides qualitative information on the
bonding and local band structures.

The great advantage of EELS-TEM lies in its ability to
quantify light elements at high spatial resolutions. EEL S of
nanometer-scale regions is becoming routine as more
TEMs are fitted with EELS spectrometers. High-spatia
resolution microanalysisisideal for studying small precipi-
tates and low-dimensional systems as well as materials that
exist only at the microscopic scale.
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