PHYSICAL REVIEW APPLIED 13, 034064 (2020)

Three-Dimensional Imaging of a Single Dopant in a Crystal

Ryo Ishikawa®,"?"" Naoya Shibata,'* Takashi Taniguchi,* and Yuichi Ikuhara'-3

'Institute of Engineering Innovation, University of Tokyo, Bunkyo, Tokyo, 113-8656, Japan
2Japan Science and Technology Agency, PRESTO, Kawaguchi, Saitama 332-0012, Japan

* Nanostructures Research Laboratory, Japan Fine Ceramics Center, Nagoya, Aichi 456-8587, Japan

* Advanced Key Technologies Division, National Institute for Materials Science, Tsukuba 305-0044, Japan

® (Received 24 June 2019; revised manuscript received 10 February 2020; accepted 6 March 2020; published 26 March 2020)

Single dopants in materials have strong influences on the fundamental properties in extensive fields.
Annular dark-field scanning tranmission electron microscopy (ADF STEM) has been contributed to
directly investigate the occupation site of single dopants and their spatial distributions at atomic scale.
However, the resultant atomic resolution images are projected in two dimensions, lacking in depth infor-
mation. Here, we demonstrate the direct determination of three-dimensional atomic locations of single Ce
dopants embedded in cubic boron nitride by ADF STEM depth sectioning with a significantly large illumi-
nation angle of 63 mrad in semiangle. Furthermore, we directly evaluate the Ce-Ce partial pair distribution
function in the considerably long distance up to 8.5 nm, which opens the way to study a far-long-range
interaction between impurities especially in a dilute doping system.
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I. INTRODUCTION

Imperfection in semiconducting or insulating solids
such as vacancies or impurities are the key to con-
trol their fundamental properties. To discover a new
functionality in solids, impurity doping has long been
used as an effective strategy in many fields [1]. One
example is optoelectronic materials, where dopants act
as luminescent centers and we can tailor pure trans-
parent materials into light-emitter sources [2]. In addi-
tion to the occupation site of the dopants, the lumi-
nescent quantum efficiency is considered to be strongly
affected by the interatomic distance between dopants:
the emitted light may be nonradiatively absorbed by the
other luminescent centers in case the distance between
dopants is too short, as in several nanometers [3].
This phenomenon is known as concentration quenching
that is especially active at high-doping levels, and it
is therefore important to reveal the spatial distribution
of dopants at atomistic scale. Annular dark-field scan-
ning tranmission electron microscopy (ADF STEM) has
a great capability to directly visualize single dopants
not only on the surface but also embedded in solids
[49]. However, the recorded ADF STEM images of
single dopants are projected in two dimensions (2D),
and it is thus difficult to measure the interatomic dis-
tances between dopants in true three dimensions (3D)
from the images. Even with the recent advanced 3D elec-
tron microscopy such as electron tomography [10,11],
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it is still a major challenge to directly identify the 3D
locations of point defects at atomic level, particularly
with standard wedge-shape TEM samples rather than
nanoparticles or needle-shape samples [12]. It is therefore
essential to develop another approach to directly investi-
gate the 3D location of individual single dopants inside
materials.

Following the establishment of aberration-correction
optics for electron microscopy, a wide variety of atomic
scale problems in physics, chemistry, and materials sci-
ence have been solved [13]. The spatial resolution in
STEM has recently achieved 40.5 pm—Iess than half
an angstrom—and this resolution is much greater than
interatomic spacings in crystals [14]. However, such high
spatial resolution is only obtained for lateral in two dimen-
sions and the depth resolution along the axial direction is
still no better than 5—10 nm in STEM. Since the depth
resolution in STEM is physically limited by the illumi-
nation angle (o), there is still plenty of room to improve
the depth resolution by the recent advanced electron optics
[15]. Once an electron probe with a higher depth resolution
is realized, we can acquire a focal series of atomic reso-
lution images and construct 3D structure, so called depth
sectioning [16]. Recently, we have equipped a DELTA-
type aberration corrector [17] in JEM-ARM300CF elec-
tron microscope installed at the University of Tokyo, and
the flat region in Ronchigram is stunningly enhanced up
to 70 mrad in semiangle [14]. This value is almost two
times larger than the previous generation of ETA-type
corrector (o is less than 32 mrad) [18]. In this study,
we demonstrate substantial improvement of the depth
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resolution in atomic resolution ADF STEM by increasing
the illumination angles. With the largest illumination angle
of 63 mrad at 300 kV, we achieve the depth resolution
of 2.14 nm. The depth sectioning with the aid of profile
fitting allows us to directly determine the 3D locations
of single Ce dopants embedded in a cubic boron nitride
(c-BN) crystal [9] without any systematic image simula-
tions [19—-21]. Unlike coherent diffraction experiments, we
can directly evaluate the Ce-Ce partial pair distribution
function (PDF) from the 3D real-space images exploit-
ing the incoherent nature of ADF STEM images [22]. In
this paper, we demonstrate sub-angstrom lateral resolu-
tion even with the larger illumination angles. Secondary,
we show the illumination angle dependence of depth res-
olution by using ADF STEM depth sectioning. Finally,
we demonstrate the direct determination of 3D distribu-
tion of single Ce dopants in ¢-BN by utilizing the largest
illumination angle of 63 mrad. We further discuss how
the local configurations of single Ce dopants may affect
the quantum efficiency of the light emission even in a
dilute doping system from the viewpoint of Ce-Ce partial
PDF.

II. EXPERIMENTAL AND SIMULATION
METHODS

The Ce-doped ¢-BN is prepared by high-pressure and
high-temperature conditions (5 GPa, 1773 K), and the
details can be found in Ref. [9]. The electron transparent
thin TEM specimen is prepared by a mechanical polishing
and subsequent Ar-ion beam milling. To eliminate hydro-
carbon contamination, the TEM sample and the specimen
holder are baked at 353 K for a day in a clean vacuum
and then transferred into the microscope. Atomic resolu-
tion ADF STEM images are acquired with an ARM300CF
installed at the University of Tokyo, equipped with a
JEOL DELTA corrector, cold-field emission gun oper-
ated at 300 kV. To select illumination angles, we use
six different-sized apertures with a fixed condenser lens
condition. To stably set the same beam current in dif-
ferent o, we change the extraction voltage of the elec-
tron gun in the range from 3.0 to 3.4 kV rather than
changing in condenser lens or gun lens, where one can
precisely control the beam current with maintaining the
same optical condition such as geometric aberrations. We
also note that the present beam current is relatively small
and therefore the improvement of the energy spread via
smaller extraction voltage could be negligibly small. To
stably and precisely operate the probe position along the
depth, we adopted a high-tension focus system (3 F) rather
than a conventional objective-lens focus system, where
the high tension is electrostatically controllable and we
are free from magnetic hysteresis and incidental thermal
instability for the objective lens. The C, is accurately

measured to be 1.75 4= 0.01 mm by using systematic coher-
ent convergent-beam-electron diffraction-pattern analysis
[23]. The minimum energy step of £ is 10 meV corre-
sponding to a depth of 0.58 A via 6z = C, (8E /E,), and this
precision is enough to scan the probe along the depth. To
include chromatic aberration effects in image simulation,
we experimentally measure the zero-loss profile by using
electron energy-loss spectroscopy (Quantum ER, Gatan
Inc.) and the energy spread is 0.34 eV in full width at half
maximum.

The image simulations are performed using the frozen
phonon model with a 300-kV probe and illumination semi-
angles of 30, 40, 50, and 63 mrad. The Debye-Waller (DW)
factors for B and N in ¢-BN are referred to in previous
report [24]. Since there is no report for the DW factor
of the single Ce dopants in c-BN, we use the inverse
mass-scaled DW factor for the single Ce dopant from
N atom in ¢-BN. It is noteworthy that we also test in
several different DW factors for the single Ce dopants,
the difference is negligibly small. The supercell structure
model is used for the image simulations, where the spec-
imen thickness is 13.9 nm (54 atoms in projection) and
a single Ce dopant is located in the middle of the sam-
ple (27th depth from the entrance). The 30 focal series of
ADF STEM images with 4.6 A focus step are calculated
for respective illumination angles. To include the finite-
source-size effect, the calculated images are convolved
with a Gaussian source size of 0.64 A in full width at half
maximum. To further include chromatic aberration effect
in simulations, these focal series images are convolved
with the defocus spread function based on our previous
report [25].

III. RESULTS AND DISCUSSION

A. Lateral resolution

Correcting geometric aberrations up to sixth-fold astig-
matism (<60 um) by the DELTA corrector, the flat region
in a Ronchigram has extended up to 70 mrad. However, the
effect of chromatic aberration becomes severe as increas-
ing o, and the lateral () spatial resolution would become

worse in a larger a: d,, = \/(0.61A/a)2 + (C,AEa/Ey)>,
where A is electron wavelength, C. is a chromatic aber-
ration coefficient, AE is an energy spread, and E, is an
incident electron energy of the electron source. Our lat-
eral resolution is maximized around 40 mrad and then
decreases with the larger o due to the chromatic aberra-
tion [14,23]. In the depth resolution, on the other hand, the
effect of chromatic aberration has no dependence on «, and
the depth resolution will be simply improved as a function
of a [25]:

d. = [oh/a?) + (C.AE/Eo), (1)
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where d, is a constant and usually used in the range
of 1 <dy<2 [26]. The larger « is therefore suitable to
perform depth sectioning. Since STEM imaging with the
larger o becomes crucially sensitive to the tiny amount of
residual geometric aberrations, care is needed for simulta-
neously keeping both high lateral and depth resolution with
the larger «.

To investigate an illumination angle dependence for the
lateral resolution, we acquire ADF STEM images of c-
BN viewed along the [110] direction by using 9, 20, 30,
40, 50, and 63 mrad, respectively, as shown in Fig. 1.
These images are recorded at the same area and with the

40 mrad

same beam current of 11.44+0.2 pA, and the specimen
thickness is roughly estimated to be 8 nm via the log-ratio
method in electron energy-loss spectroscopy [27]. The
interspacing of B-N dumbbell in the projection is 0.9 A,
and the dumbbell recorded with 9 mrad of Fig. 1(a) is
not resolved because of its diffraction limit. With the
illumination angles larger than 20 mrad, the B-N dumb-
bell is well resolved in Figs. 1(b)-1(f), guaranteeing that
sub-angstrom lateral resolution is achievable even with
63 mrad, although Figs. 1(e) and 1(f) are slightly suffered
by residual geometric aberrations. When a probe spread
along the depth becomes smaller, the ADF intensity at an

FIG. 1. Atomic resolution
ADF-STEM images of c¢-BN
viewed along the [110] direction
with the illumination semiangles
of (a) 9, (b) 20, (c) 30, (d) 40, (e)
50, and (f) 63 mrad, respectively.
(g) Normalized ADF intensity
profiles along X-X’' direction
in (b) with various illumination
angles. (h) Michelson contrast
at N column as a function of
illumination angle, where the
error bars are the standard error
of the mean (£3 SEM). The scale
barin (a) is 2 A.
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atomic column will be reduced because the total number
of atoms along the depth contributing to the ADF inten-
sity becomes smaller. In other words, the background level
at an interstitial site will be increased relative to that at
the atomic column, and therefore the ADF contrast at the
atomic column will be reduced as a function of «. This
effect can be seen in the normalized intensity profiles along
X-X' direction in Fig. 1(g), where the background levels at
arrows increase as a function of «. To evaluate the visibil-
ity of the atomic column in ADF STEM, we use Michelson
contrast (Cy):

Imax - Imin

Cy = ,
Irnax + ]min

2

where [, and /., are the maximum intensity at the col-
umn and the background level as indicated by arrows in
Fig. 1(g). Figure 1(h) shows Michelson contrast at nitrogen
column as a function of «, and it is clearly shown the con-
trast reduction with the dependence of a2 (fitted dashed
line), which is expected from Eq. (1). Although Michel-
son contrast is a simple indicator to evaluate the atomic
column visibility, the observed reduction of Michelson
contrast as a function of o suggests that the total number
of atoms along the depth could be reduced as a function
of 2. This result strongly supports the improvement of
the depth sensitivity by the larger «, and the largest illu-
mination angle of 63 mrad may be appropriate for depth
sectioning.

B. Depth resolution

To investigate the relationship between depth sensitiv-
ity and the illumination angle, we acquire a focal series
of ADF STEM images obtained from c-BN:Ce viewed
along the [110] direction (60—100 frames, 512 x 512 pix-
els, focus step is 4.6 A). The experiments with different
illumination angles are carried out in similar thicknesses
of 14 to 18 nm. Figure 2(a) shows the tabulated focal
series of experimental ADF STEM images of primitive
cells containing a single Ce dopant with 30, 40, 50, and
63 mrad, where the Ce atoms are substituted for nitro-
gen site [9]. To statistically analyze the 3D data sets, we
evaluate the focal images by the values of “mean” and
“standard deviation” within a white-circular-area shown
on the top left of Fig. 2(b). Since the interspace between
B and N atomic columns is considerably close as 0.9 A
in projection, the size of the white-circular-area becomes
relatively small. However, the white-circular-area contains
208 pixels and it still has statistically meaningful infor-
mation, even for the noise sensitive “standard deviation”
analysis. Figure 2(c) shows the mean depth profiles at
the single Ce-containing atomic columns, where the val-
ues are normalized by the maximum value for respective
depth profiles. To determine the Ce-depth location (peak

position), we perform Gaussian fitting for respective mean
depth profiles:

2
1) = aexp (——(Z — %) ) +b, 3)

2
20

where the fitting parameters of a, b, z,, 0. are ampli-
tude, background, peak position, and standard deviation,
respectively. The fitted Gaussian profiles (solid lines) are
overlaid on the mean depth profiles of Fig. 2(c). We
note that, in a first approximation, a focal series of ADF
STEM images may be described well as the convolu-
tion of Gaussian kernels with an optimum focused image,
and it is therefore reasonable to adopt the Gaussian pro-
file for the fitting of the depth profiles. With 30 mrad,
the experimental mean values within the dashed box in
Fig. 2(c) show strong deviations from the fitted curve,
and in fact the degree of Gaussian fit is the lowest. It
is therefore less reliable to determine the Ce-depth loca-
tion with 30 mrad. While in the larger «, the degree of
curve fitting is more accurate and the peak positions of the
fitted Gaussian profiles are well matched with the respec-
tive maximum mean values, suggesting that the larger
« has higher reliability to determine the depth locations
of Ce dopants. From the statistical viewpoint, the depth
resolution can be defined as the standard deviation of
the fitted Gaussian profile [20, in Eq. (3)], correspond-
ing to the width of the 68% confidence intervals of the
fitted curve, and we hereafter denote as o,™*" [=20,,
given in Fig. 2(c)]. However, the estimated depth resolu-
tion from the mean depth profiles of ¢,™®" are 6.2 and
5.1 nm for 40 and 63 mrad, respectively. These values
are much poorer depth resolutions than those expected
from Eq. (1). While in the “standard deviation” depth
profile of Fig. 2(d), it exhibits much narrower profiles
than those in the mean depth profiles of Fig. 2(c). In a
similar manner of the mean-depth-profile analysis, we per-
form Gaussian fitting for the “standard deviation” depth
profiles by using Eq. (3) and the fitted Gaussian pro-
files (solid lines) are overlaid on Fig. 2(d). Unlike the
mean depth profiles, the o.%¢ [=20. in Eq. (3)] of the
“standard deviation” depth profile becomes remarkably
narrower down with the larger «, and the o.%¢ is rea-
sonably high-depth sensitivity as expected from Eq. (1).
As we mention, the defocused ADF STEM image may be
approximately described by the convolution of a Gaussian
kernel with an optimum focused image. In a Gaussian con-
volved image, the intensity redistribution occurs, but the
mean value will be ideally unchanged even in a subarea
(or white-circular-area), suggesting that the mean depth
profile is insensitive as a function of defocus. Although
the mean value is unchanged by the Gaussian convolution,
the respective pixel intensities at the Ce-containing atomic
column becomes closer to each other. It is therefore the
standard deviation within the white-circular-area quickly
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(a) Focal series of experimental ADF STEM images obtained from ¢-BN viewed along the [110] direction with respective

illumination angles of 30, 40, 50, and 63 mrad, where the Ce-containing primitive cell is tabulated along the depth with 4.6 A step.
(b) The simulated focal series ADF STEM images in the same manner as (a), where the specimen thickness is 13.9 nm (54 atoms
in projection) and the single Ce dopant is located at 27th from the entrance surface, as indicated by the white box. (¢) The exper-
imental mean and (d) the standard deviation depth profiles and the fitted Gaussian profiles (overlaid solid lines) obtained from the
Ce-containing column as a function of relative depth with respective to the illumination angles. (¢) The simulated mean and (f) the stan-
dard deviation depth profiles of (b). The transparent blue rectangles in (e), (f) indicate the depth location of the single Ce dopant in the
model. (g) The experimentally measured depth resolution (¢.%%) as a function of illumination angle and the fitted curve (dy = 1.46) by

using Eq. (1).

reduces as a function of defocus, suggesting that the “stan-
dard deviation” depth profile is suitable to measure the
depth resolution.

To confirm the wvalidity of our experimental depth
sectioning, we perform focal-series ADF STEM image

simulations for respective «, where the specimen thick-
ness of the model structure has 13.9 nm (54 atoms in
projection) and a single Ce dopant at the nitrogen site
[9] is located in 27th depth from the entrance surface.
To directly compare the simulations with the experimental
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(a) Selected frames from a focal series of ADF STEM images obtained from ¢-BN:Ce viewed along the [110] orientation,

where the illumination angle is 63 mrad and the depth for each panel is given in the right top. The locations of the single Ce dopants
are labelled with serial numbers and marked by colored squares. The white rounded squares indicate the residual weak contrasts from
the corresponding single Ce dopants. (b) The mean depth profiles and the fitted Gaussian profiles for each single Ce dopants and the
corresponding serial numbers are given in the same manner as (a). (c) Spatial distribution of single Ce dopants in 3D from top and side
views, respectively. (d) The directly calculated the Ce-Ce partial PDF based on Table I in the respective forms of projected 2D and
3D, where solid lines are the fitted Gaussian profiles. The scale bar in (a) is 5 A.

data, we include effective source size and chromatic aber-
ration effects in the simulated images with the measured C,
and AFE of our microscope, based on our previous report
[25]. Figure 2(b) shows the tabulated focal series of the
simulated ADF STEM images in the same manner of the
experiment in Fig. 2(a). As increasing «, the brighter Z-
contrast contributions from the single Ce dopant are more
localized along the depth, which is excellently matched
with the experimental images. To statistically evaluate the
simulated images, we further investigate the depth profiles
in the views of mean value and standard deviation at
the Ce-containing atomic column, as shown in Figs. 2(e)
and 2(f), respectively. Although the simulated mean depth
profiles show slightly better depth sensitivity than the
experiments, the simulated depth profiles are well matched
with the experiments, i.e., the simulated o ,™**" for respec-
tive & are much larger than the depth resolution expected
from Eq. (1). While in the simulated standard depth pro-
files, the 0.8 is significantly improved as a function of «,

which is also remarkably matched with the experiments of
Fig. 2(d). It is noteworthy that the peak positions in the
simulated “standard deviation” depth profiles with 30 and
40 mrad show slight shift toward deeper depth of ~5 A
(2 unit cells) from the exact depth location of the single
Ce dopant, suggesting that we cannot ignore the chan-
neling effect even with the light nitrogen atomic column
[28]. However, with o of 50 and 63 mrad, the peak posi-
tions of the simulated depth profiles are exactly matched
with the single Ce dopant location. To further confirm the
detection capability of the dopant depth, we perform focal
series of ADF STEM image simulations, where the single
Ce dopants are located at near the entrance surface (7th)
and exit surface (38th), respectively (see Appendix). At
closer the entrance surface (7th), it is possible to determine
the dopant-depth location even with the smaller 30 mrad.
While at the deeper-depth location (38th), the distinct peak
position shift can be found in the “standard deviation”
depth profiles with 30 or 40 mrad. However, with the
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larger o than 50 mrad, the peak positions in the depth pro-
files are exactly matched with the true dopant positions
in the model. Although we cannot completely remove the
channeling effect, the probe channeling could be relatively
suppressed with the larger o than 50 mrad, which is signif-
icantly powerful to determine the depth locations of single
dopants.

Figure 2(g) shows the experimental o' as a func-
tion of «, and we achieve the highest depth resolution
of d, =2.14 nm with 63 mrad, which is well compatible
with the simulated o', Although there are residual geo-
metric aberrations with the larger & shown in Figs. 1(e)
and 1(f), the measured depth resolution is not significantly
affected by the present small amount of residual aberra-
tions (undetectably small amount in the smaller «). This
is because the present depth resolution is 20 times lower
than the lateral resolution. Since we know C. and AE in
our microscope, the parameter dy is now estimated to be
1.46 by fitting the experimental data of Fig. 2(d) in accor-
dance with Eq. (1). Even with the illumination angle of
63 mrad, we cannot completely remove dynamical effects,
and it is therefore reasonable to use 1.46 rather than 1.0
for the parameter d, although the parameter dy can be
improved by removing the residual geometric aberrations.
Under the condition, the depth resolution is estimated to
be 2.0 nm even with the illumination angle of 100 mrad,
because the depth resolution at such a larger o is mainly
limited by chromatic aberration. For further improvement
of depth resolution, it becomes essential to develop a new
electron gun with extremely small energy spread less than
0.1 eV or a chromatic aberration corrector, nevertheless
recent monochromated electron sources should be useful
[29,30].

C. Three-dimensional distribution of single dopants

Utilizing the high-depth resolution of 63 mrad, we
investigate 3D distribution of single Ce dopants in ¢-BN.
A focal series of ADF STEM images are acquired with the
focus step of 4.6 A. Using a cross-correlation method, the
total in-plane specimen drift for whole frames is estimated
to be within the limits of 2.2 A (drift rate is 7.6 pm/frame in
average), and the specimen drift along the depth can be in
the similar range. This drift rate is negligibly small, and we
ignore the specimen drift along the depth in the following
3D analysis. Figure 3(a) shows the frames selected from
the 3D data and the depth is given on the right top in each
panel. At the first frame of Fig. 3(a), the probe is focused
slightly above the entrance surface of the sample, and no
atoms are visible. In the second panel of Fig. 3(a), the
probe is just focused on the entrance surface and the c-BN
lattice contrasts start to be formed, and we then assign this
depth as an origin of z coordinate. At adepth of 2—3 nm,
two single Ce dopants become visible as marked by the
colored squares of no. 1, no. 2, although these contrasts

TABLE I. Three-dimensional locations of single Ce dopants
in ¢-BN crystal, where the serial numbers correspond to the
numbers in Fig. 2.

Ce x (nm) y (nm) z (nm) z
1 2.73 3.73 1.92 7
2 3.09 3.47 242 9
3 2.55 2.57 3.23 13
4 1.82 1.80 4.90 19
5 1.46 0.77 7.11 28
6 091 3.73 7.09 28
7 2.55 0.51 7.56 29
8 0.18 245 7.63 30
9 3.64 1.29 10.08 39

are very weak at the first frame (weak contrasts of the Ce
dopants are marked by white rounded squares in Fig. 3(a).
At a depth of 45 nm, the other single Ce dopants of no.
3, no. 4 become brighter, while the intensities from no. 1,
no. 2 rapidly decrease. At a frame of z= 7.8 nm, four more
single Ce dopants of no. 5—no. 8 can be seen as bright dot
contrasts. The last single Ce dopant of no. 9 is visualized
even at the very deep depth of 10.7 nm. In the last panel of
Fig. 3(a), the contrasts from all of the single Ce dopants are
well suppressed, and moreover the ¢-BN lattice contrasts
are almost vanishing because the probe is focused slightly
above the exit surface of the sample. Using the lattice con-
trast of c-BN in the focal series of ADF STEM images, we
determine the depth locations of entrance and exit surfaces,
and the specimen thickness at this region is estimated to
be 13.5 nm (52 atoms in projection), suggesting that the
volume consists of 42000 atoms (4.4 x 4.4 x 13.5 nm?).
To precisely determine the 3D locations of all the sin-
gle Ce dopants, we perform Gaussian fitting (solid lines)
for the mean depth profiles of Fig. 3(b). The resultant 3D
locations of the nine single Ce dopants are visualized in
Fig. 3(c) and summarized in Table I, where the nitrogen
site on the left top of the frame in Fig. 3(a) is assigned to
be an origin of xy coordinate. Since we know the inter-
atomic distance between nitrogen atoms along the [110]
direction, the depth locations of single Ce dopants can be
described in a form of integer counted from the entrance
surface, as shown in the right column of Table. I. Since the
present depth resolution is 2 nm at most, it may be diffi-
cult to directly count the number of Ce dopants along the
same atomic column. However, as our previous theoretical
simulations, the mean depth profile becomes much broader
when there are more than two Ce dopants in the same
column, which is not the case in the present data. There-
fore, we conclude that the present brighter atomic columns
contain only one Ce dopant, respectively.

On a basis of 3D distribution of single Ce dopants, we
here discuss the luminescent property of ¢-BN:Ce in the
observed volume of Fig. 3(c). The Ce-doping level of the
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present specimen is relatively low as (2.6 £0.1) x 10'8
atoms cm™> [9], which corresponds to 9-nm interatomic
distance between Ce atoms on average. Since the critical
distance is typically in the range of 2—4 nm for inorganic
materials with rare-earth single dopants [3], the concentra-
tion quenching may not be the case in the present system.
However, at atomic scale, the local Ce concentration can
be fluctuated, and in fact, the observed volume has ten
times higher Ce concentration (approximately 3.4 x 10!
atoms cm~) than that on average, which suggests the
possibility of local concentration quenching. To discuss
the local concentration quenching in this volume, we
investigate the distribution of Ce-Ce interatomic distances.
Figure 3(d) shows the Ce-Ce partial PDF in 2D projection
and 3D, respectively, where we directly calculate the Ce-
Ce interatomic distances for 36 Ce-Ce pairs from Table I.
In the 2D projection, the Ce-Ce partial PDF has a peak at
2.2 +0.82 nm, while in true three dimensions, the Ce-Ce
pair PDF has a peak at4.16 = 1.93 nm, which is almost two
times longer than that in 2D projection. It is therefore evi-
dently shown as to how the interatomic distance is likely
to be underestimated in 2D projection, and this underesti-
mation will be problematic in thicker samples. Owing to
the small Ce-Ce interatomic distance of 4.2 nm on aver-
age, half of the Ce-Ce pairs in this volume may contribute
to the local concentration quenching, leading to the reduc-
tion of quantum efficiency of the light emission even in
this low doping level. The present volume is not the spe-
cial case, but we often observe such dopant-concentrated
volumes. Since the Ce dopants are in the form of nega-
tively charged complex point defects [9], the interaction
between Ce dopants should be long-range Coulomb repul-
sive force. However, we also have carbon impurities in
the similar level of Ce dopants [31], which exists in the
form of positively charged point defect [32]. It is there-
fore the positively charged carbon point defects may be
bridging sites to form a long-range attractive force between
negatively charged Ce dopants and may stabilize the local
high Ce concentration as a weak clustering rather than a
uniform distribution of Ce dopants. Finally, it is notewor-
thy to point out that a PDF is typically measured in the
distance range less than 2—3 nm because it is obtained
from coherent x-ray, neutron, or electron diffraction exper-
iments. However, the present ADF STEM is the incoherent
imaging that is able to directly obtain 3D information,
which has great advantages to investigate the long-range
interactions between dopants especially in a dilute doping
system.

IV. CONCLUSION

We demonstrate the substantial improvement on the
depth resolution by using large-angle illumination STEM.
With the largest illumination angle of 63 mrad, the

achieved depth resolution is 2.14 nm, where we can main-
tain sub-angstrom lateral resolution. The advanced elec-
tron optics allows us to directly investigate 3D distribution
of single Ce dopants in c-BN crystal at atomic scale, with
high reliability. Using the 3D locations of Ce dopants,
we directly derive the long-range Ce-Ce partial PDF in
the dilute-doping system. The present long-range corre-
lation analysis of the functional dopants in 3D should
be helpful to understand the fundamental properties in
solids.
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APPENDIX: FOCAL SERIES OF ADF STEM
IMAGE SIMULATIONS

In main text, we only show the simulated focal series of
ADF STEM images, where a single Ce dopant is located
in the middle of the sample. To establish the interpretation
of Fig. 3, we further perform focal series of image simu-
lations with different depth locations of single Ce dopants.
Figure 4 shows the tabulated focal series of ADF STEM
images in the same manner of Fig. 2(b), and the single
Ce dopants are located at (a) 7th (1.6 nm) and (b) 38th
(9.9 nm) from the entrance surface, respectively, where
the sample thickness is 13.9 nm (54 atoms in projection).
In the same manner as Figs. 2(e) and 2(f), we perform
mean and “standard deviation” depth-profile analysis for
the simulated ADF STEM images of Figs. 4(a) and 4(b),
which are given in Figs. 4(c)-4(f), respectively. When
the single Ce dopant is located near the entrance sur-
face, it is possible to determine the depth location of
the single Ce dopant even with 30 mrad. While in the
case of the deeper-depth location of the single Ce dopant
(38th), the peak positions with 30 mrad are slightly shifted
from the exact depth location in both the mean and the
“standard deviation” depth profiles of Figs. 4(e) and 4(f).
However, with larger o of 50 or 63 mrad, the peak posi-
tions are well matched with the true Ce depth locations.
Therefore, we can directly determine the depth locations
of single Ce dopants from the experimental data set of
Fig. 3(a).
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