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Functional Complex Point-Defect Structure in a Huge-Size-Mismatch System
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Cubic boron nitride is a promising system for photonics and optoelectronics. Determining the inclusion
mechanisms for dopants with a large size mismatch, such as luminous rare-earth elements, is prerequisite
to understanding their functional properties and to effective doping control. Combining evidence from
subangstrom resolution scanning transmission electron microscopy, imaging simulations, and first-
principles calculations, we show that cationic Ce** single dopants are not located at cationic B sites
but rather at anionic N sites surrounded by B-site vacancies.
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Cubic boron nitride (¢c-BN) is the next hardest material
after diamond and is used in many mechanical applications
due to its excellent hardness and chemical stability [1]. c-BN
is also well known as the lightest III-V semiconductor. With
the large band gap of E, = 6.2 eV [1], it is attractive as a
host material in various optoelectronic applications such
as photoemitters, scintillators, lasers, and light-emitting
diodes in the UV or visible range [2]. For ¢-BN to realize
its full potential, impurity control and effective doping are
essential. However, very little is known in this regard.
Because of the strong covalent bonding nature and also
the small size of the constituent B and N atoms, the
elements that can be readily incorporated into c-BN are
limited to those of relatively light weight and small size:
Be, C, O, Si, and S [3-6]. It has been extremely difficult
to introduce luminous dopants such as rare-earth (R) ele-
ments into the c-BN lattice because of the huge size mis-
match between the host lattice and these dopant atoms.
Recently, crystal growth by using reactive flux with the
temperature gradient method at high pressure and high
temperature (5 GPa, 1500 °C) has achieved stable doping
of rare-earth atoms into the ¢c-BN host lattice, and we have
firstly produced the large-scale (millimeter size) c-BN:R
single crystals with luminous features [7-9]. To understand
the doping mechanism and emergence of luminous
properties in materials with strong covalent bonding, the
fundamental question remains as to how dopant atoms with
a large size mismatch can be accommodated within the
host crystal lattices. In the present study, we show the
direct determination of the exact atomic sites and valence
states of individual rare-earth dopant atoms (Ce) buried
inside c-BN crystals using atomic-resolution scanning
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transmission electron microscopy (STEM). Combined
with first-principles calculations, we uncover the mecha-
nism for accommodating these large dopant atoms into
the host crystalline lattice: the formation of complex
point-defect structures. Our results elucidate how c-BN
with strong covalent bonding nature can accept a dopant
with a large size mismatch.

The c-BN:Ce single crystals observed in this study were
synthesized by the temperature gradient method at 5.5 GPa
and 1500 °C for 80 h. In order to efficiently dope Ce atom:s,
0.5 wt% of Ce fluoride powder was mixed with a barium
boron nitride solvent, and we obtained 0.5 ~ 1 mm cube
single crystals (optically transparent). Figure 1(a) shows a
cathodoluminescence optical image of a ¢-BN:Ce single
crystal. The blue-colored luminescence, with a broad but
single pronounced peak at 430 nm, is assigned to the
intrinsic 4f-5d electron transition of Ce?>" atoms buried
inside a bulk material [2]. The homogeneous luminescence
suggests that the Ce atoms are uniformly doped throughout
the whole specimen area. For the preparation of electron-
transparent thin TEM specimens, c-BN:Ce single crystals
were cut out perpendicular to the [110] crystallographic
direction and mechanically polished using a diamond
suspension, followed by Ar ion beam milling procedures.
To minimize surface damage and contamination, Ar ion
beam milling was performed at 0.5 kV in the final stage.
In the present atomic-scale analysis, we used an aberration-
corrected STEM (JEM ARM-200CF, JEOL Ltd.), oper-
ated at 200 kV, and both annular dark-field (ADF) and
electron energy-loss spectroscopy (EELS) imaging modes.
In ADF STEM, the signal intensity depends on the scat-
tering power of the atoms (Z contrast) [10]. ADF STEM is

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.110.065504

PRL 110, 065504 (2013)

PHYSICAL REVIEW LETTERS

week ending
8 FEBRUARY 2013

FIG. 1 (color). (a) Blue luminous cathodoluminescence optical
image obtained from a c-BN:Ce single crystal. Atomic-resolution
ADF STEM images of ¢-BN viewed along the [110] direction:
(b) as recorded and (c) averaged to reduce the scan noise and
enhance the visibility (by simple summation of equivalent areas).
The structure model (zinc-blende type) is overlaid on (b), with
the B and N atoms shown in blue (right) and red (left), respec-
tively. The specimen thickness is determined to be ~12 nm by
means of the EELS log-ratio method [28]. (d) Simulated image,
obtained under the present microscope conditions: the probe-
forming aperture half-angle is 24.5 mrad and the half-angle of the
ADF detector spans from 68 to 280 mrad.

therefore well suited to the identification of the atomic
site of heavy Ce dopants inside ultralight c-BN crystals
(Zg =5, Zy =1, Zc. = 58), though clear, simultaneous
imaging of the light element supporting matrix as needed
to identify the crystallographic sites occupied by the Ce
dopants remains challenging. To avoid irradiation damage,
atomic-resolution observations were performed under low-
dose conditions: the probe current was set below ~8 pA
with a cold field-emission gun. Under these conditions,
c-BN is remarkably stable and no apparent change can be
recognized even after 15 min of probe scanning.

Figure 1(b) shows an atomic-resolution ADF STEM
image of c-BN viewed along the [110] direction. Because
of the weak scattering strength of the B and N atoms, the
image contrast is relatively weak. However, the subang-
strom BN dumbbells (the projected spacing is 0.9 1&) are
clearly resolved even under our low-dose imaging condi-
tions. Moreover, the B and N atomic columns can be
distinguished. This is most evident in the averaged image
shown in Fig. 1(c). All these features are well reproduced
in the image simulations shown in Fig. 1(d).

Figure 2(a) shows a typical ADF STEM image of
c-BN:Ce viewed along the [110] direction. Randomly dis-
tributed brighter spots highlight the atomic columns con-
taining Ce atoms. The absolute brightness depends on the
location of the Ce atoms along the specimen depth [11-13].
Previous work on imaging heavy dopants in lighter sub-
strates has utilized depth sectioning as a means of max-
imizing the contrast due to individual dopants [14,15], but
here it is necessary to maintain a probe focus such as to

obtain a clear image of the supporting lattice as a refer-
ence for the crystallographic positions of the Ce atoms.
The atomic-resolution images clearly reveal that the
Ce atoms do not form Ce-clusters but are distributed in
the ¢-BN lattice as single atoms. These single Ce atoms
contribute equally to the unique blue-colored lumines-
cence. From a statistical analysis of the images, the Ce
concentration in the observed volumes can be estimated to
be about (7.2 * 1.2) X 10" atoms cm ™3, which is compa-
rable to the results of secondary-ion mass spectroscopy:
(2.6 =0.1) X 10'® atomscm ™3 (see Secs. S1-S3 in the
Supplemental Material [16]). In the higher-magnification
image shown in Fig. 2(b), all the Ce dopant atoms sub-
stitute for the exact N site (Cey), not for the cationic B site,
as is most evident in the Gaussian filtered image and its line
profile shown in Figs. 2(c) and 2(d). The brighter feature at
the N atomic columns is also reproduced in the simulated
image [inset of Fig. 2(b)] based on the (Cey — 4Vp)®™
complex point-defect structure, as we discuss presently.
Before acquisition of the final ADF STEM images, probe
scanning was repeated several times to exclude any possi-
bility of Ce adatoms on the surface (the adatoms move on
the surface during the scanning). Thus we confirmed that
all the Ce atoms in Fig. 2(b) are stable at the N sites and
buried inside the c-BN crystal.

The valence state of the single Ce atoms inside the c-BN
crystal was investigated using column-by-column EELS
under the same probe conditions as the ADF STEM.
Although the background level in the spectrum is relatively
high, two distinct peaks at 883 and 901 eV can be identified
as the Ce M5 and M, edges, respectively [Fig. 2(e)]. By
comparison to the EEL spectra of Ce*" in Ce,05 and Ce**
in CeO, [17], the valence state of the Ce atoms is deter-
mined to be 3+. This conclusion was further supported by
using the M, /M5 ratio with the second derivative spectrum
[18]. These features were reproduced for several different
Ce atoms. No significant electron irradiation damage was
observed after EELS acquisition.

To determine the stable Ce atom configurations in the
c-BN lattice, we evaluated the relaxed structure and
formation energies of substitutional Ce atoms and their
related defect complexes using hybrid Hartree-Fock
density functional calculations [19-22]. The calculations
were performed using the projector augmented-wave
method [23] and the Heyd-Scuseria-Ernzerhof (HSE06)
hybrid functional [24] as implemented in the VASP code
[25]. Supercells containing 216 atoms and a defect were
employed and cell-size corrections were applied using the
scheme reported in Ref. [26]. More details on the computa-
tional methods can be found in the Supplemental Material
[16]. The formation energy (E) of a defect is obtained as

E; = E¥ = > nu; + qep, (1)
i

where ESf denotes the total energy of the supercell with a
defect in charge state g; n; is the number of the constituent
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(a) ADF STEM image of c-BN:Ce viewed along the [110] direction (Gaussian filter is performed). High

magnification ADF STEM images: (b) as recorded and (c) Gaussian filtered. The specimen thickness is ~14 nm, measured by
EELS. (d) Intensity profiles along X—X’ and Y-Y’ in the simulated [inset of (b)] and experimental (c) images, respectively. The image
simulation is based on the (Cey-4Vy)®~ complex point-defect structure [see Figs. 3(c)-3(e)], and the Ce atom is assumed to be at a
depth of 5 nm in the 14 nm thick specimen. The experimental intensity profile is well reproduced by the simulation. (e) Core-loss
spectrum obtained from a single nitrogen atom column containing one Ce atom. The peaks are identified as the Ce M5 and M, edges,

respectively.

atoms of i type; u; and € are the atomic chemical
potential and the Fermi level. Under the present syn-
thesis conditions for the c¢-BN:Ce single crystals, the
chemical potentials are unknown. Therefore, we adopt a
general approach in which the chemical potentials are
treated as variables. ug and py are considered to range
between the following extreme conditions: (a) the B-rich
limit described as wp = wppux and wn = 1/2uy, +
AH; (AHy, the theoretical formation energy of c-BN,

is —2.69eV) and (b) the N-rich limit described
as pp = Wppuk T AHp and py =3 pn,. Mce IS given
via the additional condition of wee + N = MceNbulk)»

corresponding to the solubility limit of Ce determined by
the segregation of CeN.

As expected from the huge size mismatch, the formation
energies of Ce simply substituted for the B and N sites
(Ceg and Cey) are tremendously high for any charge state

[Figs. 3(a) and 3(b)]. On the other hand, if we consider
vacancies at the nearest neighbor sites of Ceg and Cey
[Cep-4Vy and Cey-mVy (m = 1-4)], the formation ener-
gies are reduced under most conditions of the chemical
potentials and Fermi level. In particular, point-defect struc-
tures (Cen-4Vy)?, where the superscript g denotes the
charge state of the defect complex, show very low or
negative formation energies at a high Fermi level for
g = —6 at the B-rich limit [Fig. 3(a)] and for ¢ = —5
and —6 at the N-rich limit [Fig. 3(b)]. The Cen-4Vjy
complex is energetically preferable to isolated defects
also in view of the binding energy; for instance, when the
Fermi level is at the conduction band minimum, the bind-
ing energy relative to Cey and 4V5 is 20.1 eV. The analysis
of the one-electron structure and charge distribution sug-
gests that the valence state of Ce in (Cen-4V3)0™ is 3+,
while it is 4+ for (Cen-4Vg)>~. On the basis of the EELS
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Formation energies of Ceg9, Cey?, (Ceg-4Vy)?, and (Cen-mVy)? (m = 1-4) as a function of the Fermi level under two

extreme chemical potential conditions: (a) the B-rich limit and (b) the N-rich limit. The range of the Fermi level is given by the valence
band maximum (0 eV) and the conduction band minimum (5.8 eV). The slope corresponds to the charge state (¢ = —6— + 6). (c) Relaxed
(Cen-4V3)0™ complex point-defect structure and (d) its [100] and (e) [110] views. The first (Vp-tetrahedron) and second shells of the
(Cen-4V3)0™ structure model are shown in the inset of (a). A small amount of relaxation in the second shell of N atoms is evident in (c).

result that the valence state of Ce is 3+, we conclude
that the experimentally observed configuration must be
(CCN-4VB)6_ .

As shown in Fig. 3(a) (inset), the N site in ¢-BN is
surrounded by a boron-tetrahedron (first shell) and 12 N
atoms (second shell). In the (Cey-4Vg)®~ complex point-
defect structure, not only are all the nearest B sites vacant
but also the second shell, consisting of N atoms, exhibits a
small structural relaxation. The local Ce structure is iso-
tropic and the Ce atom is located at the N site without any
displacement. These features are evidently seen by the two
projections of the relaxed structure shown in Figs. 3(d) and
3(e). The bond length of B-N in c- BN is 1.57 A [27] (the
present theoretical value is 1.56 A), while that of Ce-N in
(Cen-4V3)6™ is 2.62 A (theoretical). This value is close to
the Ce-N bond length in the compound CeN (2.5 A), and
hence the ¢-BN lattice can accommodate Ce dopant atoms,
overcoming the huge atomic size mismatch. Using the
(Cen-4V5)®™ complex point-defect structure model with a
Ce atom at the N site and rather small atomic relaxation in
its vicinity, our experimental images can be well matched
by simulation, as already shown in Fig. 2(b) (inset).

Our findings indicate that even dopant atoms with
extremely large size mismatch can be stably incorporated
into host crystal lattices through the formation of complex
point-defect structures. These results provide an alternative
strategy for doping foreign atoms into crystals. By opti-
mizing the condition for the formation of complex point-
defect structures, we may be able to dope a wide variety of
foreign atoms that would otherwise be insoluble into given
crystalline host lattices, thereby enabling us to control
unique functionalities in largely mismatched systems.
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