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Influence of point defects on the near edge structure of hexagonal boron nitride
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Hexagonal boron nitride (hBN) is a wide-band-gap semiconductor with applications including gate insulation
layers in graphene transistors, far-ultraviolet light emitting devices and as hydrogen storage media. Due to its
complex microstructure, defects in hBN are challenging to identify. Here, we combine x-ray absorption near edge
structure (XANES) spectroscopy with ab initio theoretical modeling to identify energetically favorable defects.
Following annealing of hBN samples in vacuum and oxygen, the B and N K edges exhibited angular-dependent
peak modifications consistent with in-plane defects. Theoretical calculations showed that the energetically
favorable defects all produce signature features in XANES. Comparing these calculations with experiments,
the principle defects were attributed to substitutional oxygen at the nitrogen site, substitutional carbon at the
boron site, and hydrogen passivated boron vacancies. Hydrogen passivation of defects was found to significantly
affect the formation energies, electronic states, and XANES. In the B K edge, multiple peaks above the major 1s
to * peak occur as a result of these defects and the hydrogen passivated boron vacancy produces the frequently
observed doublet in the 1s to o* transition. While the N K edge is less sensitive to defects, features attributable
to substitutional C at the B site were observed. This defect was also calculated to have mid-gap states in its band
structure that may be responsible for the 4.1-eV ultraviolet emission frequently observed from this material.
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I. INTRODUCTION

Boron nitride (BN) has two main crystalline phases: cubic
BN (cBN) and hexagonal BN (hBN). Possessing a graphite-
like structure, hBN consists of strong B-N covalent bonds
forming sp® bonded hexagons, with weak bonding between
planes. Electrons in the B-N bonds are more confined to
the N atoms due to their higher electronegativity, leading to
some ionicity and a wide band gap [1]. hBN is a prospective
material for use in far-ultraviolet light emitting devices [2],
paired with graphene for transistor applications [3], and as a
hydrogen storage medium [4]. However, for these applications
to develop, the effect structural defects have on the properties
of hBN must be understood.

Defects significantly influence the electrical, optical, and
magnetic properties of hBN. For example, the luminescence
spectra contain features within the band gap attributed to
stacking faults [5] and impurities [6,7], including single photon
emission believed to result from point defects [8]. O plasma
treatment has increased the conductivity of hBN through the
introduction of vacancy or substitutional defects [9], and mag-
netic centers have been measured in powder samples, believed
to result from N vacancies or C impurities [10,11]. Given these
observations, precise identification of defects is vital. Scanning
probe microscopy has revealed that point defects are common
in hBN, but has not enabled accurate classification [12,13].
Secondary ion mass spectrometry has revealed high C and O
content, particularly near the surface of cBN and hBN crystals
[14], however, does not distinguish bonding. Transmission
electron microscopy (TEM) has permitted B vacancies (Vg)
and N vacancies (Vy) to be differentiated, yet beam damage is
often coincident [15,16]. Despite calculations showing that Vi
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is more stable than Vg [17,18], the latter is more prevalent in
electron irradiated samples due to the lower knock-on energy
of B [19]. TEM has also revealed impurities may be in the form
of substitutional defects such as C dimers and O substituting
at the N site (Oy) [20,21]. C substitution can occur in TEM
due to residual hydrocarbons in the sample/instrument which
migrates under the action of the electron beam [22], limiting
the study of intrinsic defects. While microscopy has enabled
defects in hBN to be investigated, complementary methods are
required to provide element specific bonding information.

X-ray absorption spectroscopy (XAS) provides bonding
and structural information sensitive to perturbations caused
by defects [23]. The near edge structure superimposed on
each XAS core loss edge, known as x-ray absorption near
edge structure (XANES), probes the unoccupied density of
states local to the absorbing atom. This technique is also
complementary to electron energy loss spectroscopy (EELS)
performed in TEM. Previous studies of hBN have shown that
the 1s to * transition in the B K edge consists of a single
peak at ~192 eV [24,25]. Additional peaks in its vicinity are
often observed in hBN materials and attributed to defects. Two
of these peaks have been assigned to B-B bonding [26] and
B-O bonding [27] due to peak alignments with metallic boron
and boron oxide references. The remaining two have either
been attributed to single or multiple N vacancies [25,28],
O substituted at one or more N sites [29,30], interactions
between transition metal substrates [31], or magnetic polarons
resulting from displaced B atoms [32]. The N K edge is also
sensitive to defects with a pre-edge feature being attributed to
interstitial N [25,28], or transition metal substrate interactions
[31]. In summary, debate remains over the origin of many of
the spectral features produced by hBN.

Hydrogen is often used in hBN synthesis [33] and has
been shown to be readily unintentionally incorporated into
the material [34,35]. Furthermore, porous or disordered hBN
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have shown potential as hydrogen storage media, exhibiting
uptake to 2.6 wt. % [4,36]. Theoretical modeling within the
density functional theory (DFT) framework predicts favorable
hydrogen absorption on hBN monolayers with C substitutional
defects, calculating an increased binding energy in the vicinity
of Cg or Cy [37]. Atomic and molecular hydrogen is also
calculated to dissociate and preferentially bond at vacancy
sites [38]. Despite these observations, the effect hydrogen
has on defects in hBN and whether hydrogens’ incorporation
produces features in XANES is unclear.

Interpretation of XANES is nontrivial and often accurate
peak assignments require theoretical modeling. We recently
showed that DFT can reproduce the XANES of crystalline cBN
[39] and hBN [40], and identified substitutional O defects in
electron irradiated cBN [41]. Calculations of XANES have
successfully reproduced experimental defect signatures for
Si incorporated in cBN [42], distinguished between tri- and
quad-coordinated Si in graphene [43], identified the local
environment of ion implanted B or N in graphene [44], and
reproduced the spectra of various dangling bond arrangements
on the edge of a graphene sheet [45,46]. Recent work has
also revealed signatures in experiment and in calculations
resulting from B-terminated tetravacancies in monolayer hBN
[47]. In this work, high-resolution XANES coupled with in
situ ion irradiation and annealing was used to investigate
defects in hBN. Several forms of hBN were studied including
single crystals, powders and thin films. We employ ab
initio theoretical modeling to calculate XANES of various
energetically favorable defects and compare these with the
experimental observations.

II. METHODOLOGY

XANES were collected at room temperature (RT) from
magnetron sputtered BN thin-film samples, single crystal hBN
(HQ Graphene, Netherlands) and hBN powder (Goodfellows,
England) at the soft x-ray beamline of the Australian Syn-
chrotron. The thin films were deposited from a 99.9% boron
target (Testbourne, England) operated at radio frequency with
200-W power. Depositions were performed at 3.0 mTorr in a
17% N, in Ar environment at RT and 200 °C, with a —50-V
substrate bias. During the XANES measurements, an electron
flood gun was employed to minimize sample charging. The
spectra were collected using the partial electron yield from a
horizontally polarized x-ray beam incident at angles of 20°,
55°, and 90° from the surface (55° shown unless otherwise
specified) and from as-prepared and treated samples. Ar"
irradiation treatments were performed on the hBN powder
sample using 2.0-kV ions and irradiated for 20 minutes.
Annealing was performed for 1 hour in a connected chamber
at 600°C, at a pressure of 5 x 107®Torr and subsequently
in 20% O, in Ar gas at 400°C and 600 Torr. Spectra were
normalized between the pre- and postedges (unless otherwise
specified) using the XAS software package ATHENA [48].
Images and selected area diffraction patterns were acquired
from hBN powder and cross-sectioned thin-film samples using
a JEOL 2100F TEM operating at an accelerating voltage of
200 kV.

Ab initio electronic structure calculations were performed
using CASTEP [49]. Six point defects were considered: the B
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vacancy (V), N vacancy (Vy), C substituted for B (Cg), C sub-
stituted for N (Cy), O substituted for B (Og), and O substituted
for N (On). Each defect was considered as nonpassivated and
as passivated with one or three H atoms to saturate any dangling
bonds. Multiple extended substitutional O defects were also
considered: O substituted at two neighboring N sites (20y)
and O substituted at three neighboring N sites (30y). In all
calculations, the local spin density approximation was used to
treat exchange and correlation. The electronic wave functions
were expanded using plane waves with a 500 eV kinetic
energy cutoff and “on-the-fly” generated pseudopotentials
were implemented to enable the inclusion of core holes [50].
The electronic states were populated using a 0.1 eV Fermi
smearing parameter. All calculations used Monkhorst-Pack
k-point Brillouin zone sampling [51] with a maximum k-point
spacing of 0.023 A~! in the a direction and 0.038 A~ in the
¢ direction. Structures were optimized using the Broyden-
Fletcher-Goldfarb-Shanno algorithm until the force on each
ion was less than 0.01 eV /A and the total energy/atom changed
by less than 5 x 107%eV. The point defect calculations were
performed on a 128 atom 4 x 4 x 2 hBN supercell [lattice
parameters a = 9.965 A, ¢ =1293A, and space group 194
(P63/mmc)]. This cell size was found to be sufficient to
render core-hole core-hole interactions negligible within hBN.
The extended substitutional O calculations were performed
on a 200 atom 5 x 5 x 2 hBN supercell [lattice parameters
a=1245A,¢c=1293A, and space group 194 (P63/mmc)].
Band-structure calculations were performed on pristine hBN
and the six point defect structures using a maximum k-point
spacing of 0.02 A~'in g and ¢ directions.

XANES were calculated using the post-processing tool
OptaDOS [52], which uses CASTEP’s electronic structure
calculations to compute absorption spectra. This calculation
involves the evaluation of the transition matrix elements
between the core states on the absorbing atoms and the
unoccupied final states, which are dependent on the density of
states (DOS). The core states are obtained from an all-electron
calculation and can be modified to include a core-hole. The
presence of a core-hole affects both the occupied and unoccu-
pied DOS, including the projected unoccupied DOS used in
the XANES calculation. The absorption process in XANES
follows the dipole approximation, in which only angular
momentum quantum number / changes of £1 contribute to
the spectra. Instrumental- and lifetime-broadening effects are
also included in OptaDOS. A 0.8 eV adaptive broadening
scheme was applied to the DOS calculation [53]. Gaussian
instrumental broadening of 0.3 eV (0.5 eV) was included in
the calculated B (N) K edges along with an energy dependent
Lorentzian lifetime component of 0.1 eV. In all calculations,
a ls electron was removed from the target excited atom (to
create a core-hole) and a neutralizing charge was applied to
the system. The spectra from defective hBN were normalized
and aligned to the extended fine structure in the calculated
spectra from pristine hBN.

The formation energies E/ of point defects were calculated
using [54]

E'[X] = Ea[X] = Elbulk] = ) nipwi, (1)
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FIG. 1. TEM images and inset diffraction patterns of (a) hBN
powder showing overlapping platelets with some folding of the layers
and (b) a cross-sectioned turbostratic hBN thin film with a preferred
crystallographic orientation normal to the substrate (bottom right of
image).

where E[X] is the total energy of the supercell with neutral
defect X and E[bulk] is the total energy of the nondefective
bulk supercell. n; is the number of atoms of element i that are
added (n; > 0) orremoved (n; < 0) from the host structure. u;
is the chemical potential of element i. The chemical potential
of H, N, O were computed from the gas phase, C from CH4 and
B from «-rhombohedral B [lattice parameters a = ¢ = 4.98 A
and space group 166 (R-3M)].

III. RESULTS AND DISCUSSION

Figure 1 shows TEM images and diffraction patterns
(inset) from (a) the hBN powder and (b) thin film grown
on Si at RT. The hBN powder, consisting of platelets up to
1 um in diameter, produced a diffraction pattern that was
indexed to hBN [inset Fig. 1(a)]. Some of the platelets
were partially folded. The thin film in Fig. 1(b) exhibits
microstructure typical of disordered turbostratic hBN grown
with a preferred crystallographic orientation normal to the
substrate. The diffraction pattern [inset Fig. 1(b)] was again
indexed to hBN and confirmed the preferred orientation in
the film. The in-plane lattice parameters determined from the
diffraction patterns of the hBN powder and thin film were
similar (@ = 2.5 A). However, the c-axis lattice parameter

PHYSICAL REVIEW B 96, 144106 (2017)

(a)|r* (0) =+ o

A
J\/WA
\_,¥
\,\

powder p
b/\_i\iﬂw_ﬁﬁo\n :
400 405 410 415 420 425 430

(04
b
Photon Energy (eV)

single crystal

powder

~~—

Normalized Intensity (arb. units)

190 195 200 205 210 215

FIG. 2. XANES spectra for the (a) B K edge and (b) N K edge
from hBN single crystal, hBN powder, Ar" irradiated hBN powder,
and hBN thin film grown at 200 °C.

differed between samples. In the powder, it was 6.7 A, as
expected for crystalline hBN [33]. In the hBN film, it was
on average 7.2 A, indicative of increased disorder.

Figure 2 shows the XANES from single crystal hBN, hBN
powder with and without Ar' irradiation, and a hBN thin
film deposited at 200 °C. The peak labeled 7* at 191.9 eV
on the B K edge [Fig. 2(a)] is produced by the transition of
1s electrons to ;v * states while the doublet feature (198.0 eV,
199.4 eV) and higher energy peaks are produced mainly by
transitions to o* states [24]. Three additional peaks in the
vicinity of the principle 7* peak (most evident in the thin-film
B K edge) have previously been attributed to defects [28-32].
These peaks are not resolved in the XANES from the least
defective hBN single crystal. Irradiation of the powder leads to
broadening of the 7 * peak and a pronounced shoulder (labeled
«) on its lower energy side. This peak has been attributed
to metallic B [26], formed following ion bombardment.
Significant differences in the ratio of peak intensities for the
o* doublet feature are evident between samples. Although the
o* doublet feature is routinely observed in bulk, monolayer
and nanotube hBN samples, there is debate over its origin
[24,31,55].

In the case of the N K edge [Fig. 2(b)], the peak at 401.8 eV
is attributed to 1s to 7 * transitions, while a shoulder at 406.4 eV
(labeled y) and the 408.7-eV peak and above are mainly due
to s to o * transitions. The single crystal and powder samples
produce identical N K edge spectra, despite the observed
differences in the B K edge. This implies the N K edge is
less sensitive to changes to the local environment. Irradiation
of the hBN powder results in broadening of features and a
lower energy shoulder at ~400eV (labeled B). This feature
has previously been attributed to interstitial N [25,28], which
is likely formed post ion bombardment. The N K edge for the
thin-film sample is comparable to that of the irradiated powder,
indicating a similar environment about the N atoms for both.
Broadening and energy downshift of the N K edge m* peak
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FIG. 3. (a) B K edge and (b) N K edge XANES of as-deposited,
vacuum annealed and oxygen annealed hBN thin films grown at RT
and 200 °C. The spectra are normalized to the first 7* peak (labeled
Ain the B K edge).

has been observed for BN nanotubes [27] and is attributed to
disorder induced curvature in the BN layers [see Fig. 1(b) and
inset].

Figure 3(a) shows the effect of annealing, in vacuum and
oxygen on the B K edge XANES from two thin-film samples,
deposited at RT and 200 °C. Significant changes only occurred
in the vicinity of the 1s to m* peak, which consists of four
peaks labeled A-D at 191.9, 192.6, 193.2, and 193.8 eV.
Peak A corresponds to the ls to m#* transitions discussed
above. Following annealing in vacuum, the intensities of
peaks B and D decrease, and then increase with subsequent
annealing in oxygen. This implies some oxygen association.
The behavior of peak C is more complex. An increase is
observed following both annealing in vacuum and in oxygen
for the more disordered RT film, while an increase is only
observed following annealing in oxygen for the 200 °C film.
Peak C has previously been attributed to O substituted at two
N sites (20y) [29,30]. However, an increase in the intensity of
peak C following vacuum annealing appears to contradict this
assignment. Figure 4 shows the dependence of the B K edge
on the angle of x-ray incidence. There is a significant change
in the ratio of the m* peak A to the o* peaks as a function
of x-ray incidence angle, indicative of layered structures [23].
The ratios between peak A and peaks B-D do not change
with incidence angle (shown more clearly in the background
subtracted inset), this indicates that peaks B—D originate from
in-plane defects. These results suggest that peak B is associated
with substitutional O, which are removed by annealing in a
vacuum and created by annealing in oxygen. Peak D is reduced
during vacuum annealing and increased during annealing in
oxygen, consistent with it being associated with boron oxide,
as previously reported [27]. However, our results show that
boron oxide is oriented in-plane, contrary to Ref. [29]. The N
K edges [Fig. 3(b)] are less sensitive to annealing. However,
in the RT film, a pre-edge feature at 399.7 eV (labeled )
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FIG. 4. Angular dependence of B K edge XANES for the 200°C
thin-film sample. Spectra are normalized to the first 7* peak (labeled
A). Inset shows peaks A-D over a reduced energy range following
background subtraction.

vanishes after annealing in a vacuum and is unaffected by
annealing in oxygen. Previously, the origin of this feature has
been reported to be interstitial nitrogen [25,28], which may
recombine at defect sites or outgas during annealing.

The formation energies of selected defect structures, calcu-
lated using the ab initio code CASTEP, are compared in Table 1.
The most favorable nonpassivated point vacancy is the Vy, in
agreement with previous work [17,18]. The formation energies
of the point vacancies are lowered after C and O substitution,
showing that vacancy filling is energetically favorable. The Cg
defect has lower formation energy than Cy, in agreement with
[56], and the Oy lower than Og. Oy is calculated to be the
most favorable substitutional defect, implying any Vy would
fill with O if available. As reported in numerous experiments
[7,14,36], O contamination is difficult to eliminate, and is
likely responsible for some of the additional features observed
in the experimental XANES. Also shown in Table I are the
formation energies of defect structures containing two or three
O atoms substituting N sites: 20y and 30y, respectively. As
discussed above, peaks C and D in the B K edge [Fig. 3(a)]
have previously been attributed to these defects, however both

TABLE I. Formation energies of hBN defects structures with and
without H passivation.

Formation energy (eV)

Defect Nonpassivated H passivated
Vg 13.1 4.69

VN 9.85 8.51

Cp 5.59 4.54

Cn 7.86 5.41

Op 5.19 8.10

On 2.20 347
20y 5.08

30 9.55
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FIG. 5. Simplified band-structure diagrams of hBN defect struc-
tures at the I point. Energy levels are shown relative to the valence-
band maximum (VBM) and conduction-band minimum (CBM) of
the pristine calculation. Spin up/down states are shown in blue/red.
Occupied states are represented by solid rectangles and arrows.
Unoccupied states are represented by hollow rectangles and dashed
arrows. The Fermi energy levels calculated by CASTEP are shown as
dotted lines.

are energetically unfavorable compared with Oy. Since H has
been found experimentally in hBN [34,35], the formation
energies of H-passivated defects are also shown in Table I.
Vacancy defects were passivated with one to three H atoms
to saturate dangling bonds. We find passivation by three
H atoms to be most favorable. Substitutional defects were
passivated with one H atom. H passivation lowers the energy
of the point vacancies and of the substitutional C defects,
but increases the formation energies of both substitutional
O defects. In particular, the formation energy of the Vg is
significantly lowered as a result of H passivation (Vg.p3),
stabilizing this defect and increasing its likelihood to be
observed experimentally.

Simplified band-structure diagrams for the point defects
considered are shown in Fig. 5 at the I' point. The Fermi
energies calculated by CASTEP are shown as dotted lines.
The calculated band gap at the I" point for pristine hBN was
found to be ~4.5eV. This is consistent with other theoretical
works [17,57], but lower than that measured experimentally
(~6¢eV [7]), due to the known underestimation of the band
gap inherent in the DFT method. All nonpassivated defects
introduce levels within this band gap, with energies similar
to those reported previously for monolayer hBN [57]. Vg
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shows three unoccupied and one occupied levels with the latter
thought to lead to metallic character [17]. Cg, Cy, and Og
all have nondegenerate states within the gap indicating that
these defects may exhibit magnetism [58]. Oy introduces a
double degenerate occupied state close to the conduction-band
minimum (CBM), which could lead to metallic character [58],
and may explain the increased conductivity for oxygen plasma
treated hBN samples [9]. H passivation significantly alters the
band structure of all defect types. In most cases, H passivation
removes the splitting of spin up and spin down states. Vg _gg3 and
Vn-n3 exhibit states either close to the valance band maximum
(VBM) or the CBM, resulting in a similar effective band gap
to pristine hBN. H passivation of the C and O substitutional
defects causes significant changes in the levels of the states
within the band gap. Sub-band-gap emission (4.1 eV) is often
observed in hBN [6,7], and appears to correlate with C or O
impurities [14] in the form of point defects [8]. Our results
show that several of the substitutional defects give rise to
energy levels within the band gap, consistent with the observed
emission.

Figure 6 shows the geometry optimized structures of
nonpassivated and H-passivated vacancy defects and their
calculated XANES spectra. For the nonpassivated Vg defect,
Jahn-Teller distortions reconstruct the vacancy site, breaking
the threefold symmetry slightly from D3, to Cy,, as calculated
by [57,59]. The Vyn defect is found to maintain the Dj,
threefold symmetry. In both defects, the bonds adjoining the
vacancies are modified in length. Vg and Vy structures reduce
to C, and C symmetry following H passivation. For the Vg 3
structure [Fig. 6(b)], three H atoms passivate the edge N atoms
and are oriented above, within and below the hBN plane. In
the Vg3 structure [Fig. 6(d)], three H atoms passivate the
edge B atoms with one H atom oriented below and two above
the plane. The calculated B and N K edge XANES for pristine
hBN and vacancy defects are shown in Figs. 6(e) and 6(f)
and are compared to experimental XANES from hBN powder.
The XANES calculations are symmetry weighted averages of
spectra from either the B or N atoms within the shaded regions
in Figs. 6(a)-6(d). Spectra from atom sites outside the shaded
region resembled that of pristine hBN and were therefore
excluded. The pristine hBN calculations reproduce many of
the features from the hBN powder, with the exception of the
o* doublet in the B K edge [Fig. 6(e)] and the lower energy o *
peak shoulder of the N K edge [Fig. 6(f)]. In our previous work,
these additional features were observed in experimental—but
not calculated—spectra [40] and were suggested to result from
defects not included in the models.

The V3p introduces additional features in the calculated B K
edge [Fig. 6(e)]. A pre-edge feature appears at 189.8 eV and
the o* peak becomes less intense and asymmetric. In the N K
edge [Fig. 6(f)], two additional features appear below the 7*
peak at 396.4 and 398.2 eV. These pre-edge features arise due
to unoccupied acceptor states in the band gap formed from the
vacancy (Fig. 5). The lower energy feature below the N K edge
* peak in the calculated XANES for Vg has been observed
experimentally and in calculations by Suenaga et al. [60]. The
spectra from the H-passivated Vg (Vp_g3) do not exhibit any
pre-edge features, consistent with the filling of unoccupied
energy levels. In the B K edge, the asymmetric o* peak
created by Vg becomes a doublet after H passivation (Vp_g3).
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FIG. 6. Structural models of the (a) Vg, (b) Vg.u3, (¢) Vy, and (d)
Vn.n3 in hBN. The calculated (e) B K edges and (f) N K edges from
these defects are compared with pristine hBN and experimental data
from hBN powder.

The calculated B and N K edges resemble the respective
experimental edges, leading us to conclude that Vg y3 are
common in hBN materials, including high-purity single crystal
hBN (Fig. 2). This is consistent with the calculations showing
that Vg g3 has relatively low formation energy. In the B K
edge of the nonpassivated Vy [Fig. 6(e)], additional peaks
either side of the pristine 7* peak are observed. These peaks
could contribute to the broadened 7* peak measured in the
powder following Ar* irradiation [Fig. 2(a)], known to create
vacancies [61]. Upon H passivation, the spectrum resembles
that of pristine hBN as unoccupied acceptor states in the band
gap are again filled.

Figures 7(a)-7(d) shows the geometry optimized nonpas-
sivated and H-passivated C substitutional defect structures. C
substitution at either a B or N site again modifies the adjoining
bond lengths while maintaining the D3, threefold symmetry.
Both the H-passivated Cg and Cy structures result in H bound
normal to the hBN plane with the C atom displaced towards
H, resulting in a sp’-like puckering with C3, symmetry.
Calculations of H bonding on graphene have revealed a similar

PHYSICAL REVIEW B 96, 144106 (2017)

o 3 powder

pristine
\-’—\/\

Y
J e NH |

185 190 195 200 205 210 215
Photon Energy (eV)

Normalized Intensity (arb. units)

FIG. 7. Structural models of the (a) Cg, (b) Cg_, (c) Cx, and (d)
Cn.g in hBN. In (b) and (d), the H atoms are above the plane with
bond lengths of 1.10 and 1.12A to the underlying C. (e) The B K
edges and (f) N K edges calculated from these defects are compared
with the pristine hBN calculations and experimental data of hBN
powder.

structure [62]. The Cg defect produces distinctly different B
and N K edges [Figs. 7(e) and 7(f)] to those from pristine hBN.
The * peak shifts to a higher energy and is split, while the
main o * peak has a higher energy and a shoulder. This 7 * split
feature aligns with that of peaks B and C in the thin-film spectra
of Fig. 3(a). The N K edge of Cg has a o* feature at 406 eV
coinciding with the feature labeled y observed experimentally
from the hBN powder. Of all the defects considered here, only
Cp defects replicated this feature. XANES from carbon nitride
(CNy) structures show a lower energy o * peak position relative
to that of hBN [63], suggesting the y feature in hBN may relate
to C-N bonding. We therefore attribute the 406.4 eV o * feature
(labeled y) to C-N bonding present in our samples, either
originating from Cp point defects or from larger C inclusions
which would have similar C-N bonding at their boundaries
[22]. H passivation of Cg (Cg.y) results in the B K edge
m* peak shifted to higher energy, without splitting, and the
N K edge o * shoulder lowered in energy. Cy causes additional
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FIG. 8. Structural models of the (a) Og, (b) Og.y, (¢c) On, and

(d) On.g in hBN. (e) B K edges and (f) N K edges calculated from

these defect compared to pristine hBN and experimental data of hBN
powder.

pre-edge features in both the B and N K edges, indicating the
presence of unoccupied states in the band gap, which are filled
upon H passivation (Cn.p) (see Fig. 5).

Figures 8(a)-8(d) shows the geometry optimized nonpassi-
vated and H-passivated O substitutional defect structures. The
nonpassivated O substitutional defect structures maintain the
D3, threefold symmetry. For Op_ g and Oy, H passivation
occurs at the neighboring site and not at the substitutional
O, reducing the symmetry to C; for both defects. The Og
and Op.y defects replicate the split in the first o* feature
(~198 —200eV) of the B K edge [Fig. 8(e)] from the hBN
powder. However, the corresponding N K edges [Fig. 8(f)]
do not contain features seen experimentally and we therefore
exclude these defects as candidates in hBN. This exclusion
is consistent with the high formation energies calculated for
Op and Og.y (Table I) and experimental observations by
Krivanek et al. [20], where only Oy substitutional defects
were observed. Oy, the most energetically favorable defect
investigated, causes an upward shift in the 7* peak in the
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FIG. 9. Structural models of the (a) 20y and (b) 30y defects.
(c) B K edges and (d) N K edges calculated from multiple Oy
substitution defects compared with pristine hBN and experimental
data of hBN powder.

B K edge, while the N K edge is similar to that of pristine
hBN. The B K edge 7* peak for Oy aligns well with the
experimental peak B (Fig. 3), consistent with our annealing
experiments, which demonstrated that this peak was O related.
We therefore attribute peak B to Oy defects in hBN. On g is
less energetically favorable than Oy and leads to features in
the B K edge not seen experimentally.

Multiple substitutional O defects 20Ny and 30y have
been used to explain features C and D in the B K edge
(Fig. 3) [29,30]. The geometry optimized 20y and 3Oy
defect structures and the corresponding B and N K edges
are shown in Fig. 9. For both 20y and 30y defects, the
central B atom is displaced out of plane, resulting in Cg
and Cs, symmetry, respectively [Figs. 9(a) and 9(b)]. The
calculated formation energies (Table I) of the 20N and
30N defects are significantly higher than Oy, implying O
clustering is unfavorable. Additionally, our calculated spectra
produce multiple features in the B K edge n* peak region
(191-195 eV) that do not correspond with features C and
D seen experimentally. Previous work calculating XANES
spectra for multiple substitutional O defects constrained the
impurities to have double coordination [64]. We have not
applied this constraint as experimental observation show
triple-coordinated O defects [20].

The B and N K edges from the hBN powder and the
200 °C thin-film sample are compared with calculations from
energetically favorable vacancy (Vg.p3) and substitutional
defects (Cg and Oy) in Fig. 10. The B K edge o* doublet
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FIG. 10. (a) Calculated B K edges and (b) N K edges from
energetically favorable defects compared with experimental edges
from hBN powder and the 200 °C thin-film sample.

is well reproduced in the calculated XANES from Vp_g3 and
Cp substitutional defects. The asymmetry in the doublet from
the thin-film sample compared to the hBN powder suggests
the film has a greater Cg content. In the irradiated hBN
powder (Fig. 2), a similar change in the peak ratios within the
doublet is observed and attributed to vacancy creation during
irradiation, followed by C substitution from the unintentional
bombardment of the carbon tape support [29]. The additional
Is to w* peak at 192.6 eV (peak B) is reproduced by Oy and
Cg calculations, and is attributed to Oy. Peak C at 193.2 eV
is also consistent with Cg, however, the independent intensity
variation in peaks B and C with annealing (Fig. 3) implies
multiple contributions, and hence cannot be attributed to Cp
alone. In the N K edge, the o* peak shoulder at 406.4 eV
(labeled y) is only replicated in the Cp calculation and is
attributed to C inclusions forming C-N bonding within hBN.
As discussed above, luminescence studies of hBN often
reveal a 4.1 eV sub-band-gap emission. A recent study has
shown that single photon emission can occur at this energy
[8]. This type of emission in the near UV raises the possibility
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that a singlet spin state exists in the excited state, similar to
the well-known charged nitrogen vacancy center in diamonds
(NV-) [65]. This may be exploitable in applications for which
the diamond N'V- has been considered. Our results suggest that
Cp could be the defect responsible for this emission.

IV. CONCLUSION

We have combined XANES with ab initio theoretical mod-
eling to characterize point defects in hBN materials. Effects
of annealing and angular dependence on the XANES of hBN
signal-crystal, powder, and thin-film samples were assessed.
Defect related features in the vicinity of the B K edge 7 * peak
were found to be in-plane. Theoretical calculations considered
H-passivated and nonpassivated point vacancies, C substitu-
tional defects and O substitutional defects. All nonpassivated
defects produced levels in the band gap that were largely
removed after H passivation. Based on experimental XANES
and calculated formation energies, the principle defects in hBN
were substitutional O at the N site (Oy), C at the B site (Cg)
and H-passivated B vacancies (Vp_y3). On defects were shown
to reproduce the 192.6 eV feature observed experimentally
(peak B) in the B K edge. Vg 3 defects were calculated to
reproduce the o* doublet observed experimentally in the B K
edge. The lower energy o * shoulderin the N K edge is assigned
to C-N bonding. Energetically favorable defects all produced
signature spectral features enabling their identification using
XANES or site-specific electron energy loss spectroscopy. Our
results suggest that Cg could be the defect responsible for
sub-band-gap emission reported in hBN. This study highlights
the significance of hydrogen in boron nitride materials, as
formation energies, electronic states and resulting XANES
spectra are greatly affected by hydrogen passivation.
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