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Abstract

Local phonon properties near heterointerfaces or lattice defects are key for controlling
various material properties such as thermal conductivity and thermoelectricity. However,
high-spatial-resolution measurements of bulk phonons have hardly been established, even
in typical nonpolar and polar bulk materials, such as diamond and cubic boron nitride (c-
BN), respectively. Here, we demonstrate nanometric measurements of phonon
dispersions and mapping using diamond and c-BN single crystals. To achieve high
spatial/energy resolution, we use a monochromated (~20-30 meV) electron nanoprobe, a
high-sensitivity scintillator for counting inelastically scattered electrons, and the
Richardson—Lucy deconvolution. The diamond phonon dispersion is first measured under
a large-scattering-vector condition, particularly for the I" point. Differential scattering
cross sections of optical and acoustic phonon modes in diamond and c-BN are also
measured and the totals of their modes are on the order of 107> nm? for both crystals.



Introduction. Thermal properties of solids, such as thermal conductivity and heat
capacity, are largely governed by phonons. Controlling phonon transport at nanometer
scales is important to realize efficient heat dissipation in high-frequency and high-power
devices with heterointerfaces and produce high-ZT thermoelectric materials. Introducing
dissipation paths in materials with high thermal conductivity such as diamond promotes
phonon transport [1-3], whereas introducing lattice defects increases phonon scattering
and thus enhances ZT [4,5]. Therefore, the measurement and understanding of phonon
properties at heterointerfaces and lattice defects at nanometer scales are very important.

Recently, electron energy-loss spectroscopy (EELS) combined with scanning
transmission electron microscopy (STEM) with energy resolutions of 5-30 meV has
made it possible to detect phonons at the nanometer [6-8] and even atomic [9,10] scales.
The spatial resolution 4x in STEM-EELS (4x ~102-10 nm) is advantageous over that of
other tools for analyzing bulk phonons, i.e., inelastic neutron scattering (4x ~10°-108 nm)
and inelastic x-ray scattering (4x ~10°-10° nm) [11]. Measurements of phonon dispersion
[12,13] and temperature [14,15] at the nanometer scale are also feasible using STEM—
EELS by probing the wave-vector dependence and energy gain/loss ratio of phonons.
STEM-EELS can also probe surface phonons with 4x in the above ranges [8,16],
similarly to other vibrational spectroscopy methods for surfaces, such as inelastic electron
tunneling spectroscopy (4x ~0.1 nm) [17], nano Raman spectroscopy (4x ~10 nm) [18,19],
angle-resolved photoemission spectroscopy (4x ~10>—10% nm) [20], and reflection EELS
(4x ~10° nm) [21]. Thus, STEM-EELS is a unique tool for measuring phonon dispersions
inside solids and surfaces at nanometer scales.

Although Senga et al. demonstrated that phonon dispersions are measurable for the
nonpolar material of thin graphite (<7 nm) using a large scattering vector g [13], it
remains unclear whether dispersions are measurable for thicker nonpolar crystals because
of increased diffraction intensities. In addition, there have been no reports of quantitative
measurements of scattering probability using phonon excitations in STEM-EELS for
nonpolar or polar materials. In particular, diamond and c-BN are essential nonpolar and
polar materials, respectively, with very high thermal conductivities for heat dissipation.

By comparing diamond and c-BN using STEM-EELS, we can investigate the differences



between polar and nonpolar crystals because of their similarities in crystal structure,
hardness, heat conductivity, and so forth.

In this study, we used high-quality diamond and c-BN single crystals that form an
epitaxial (111) heterointerface to conduct STEM—EELS measurements under exactly the
same conditions, i.e., monochromaticity and current density of the electron probe,
crystallographic orientation, and specimen thickness (Fig. S1) [22]. We measured the
phonon dispersion of diamond (nonpolar) and its counterpart c-BN (polar), both with a
thickness of ~70 nm, using the large-q strategy in STEM—EELS with a nanometer-sized
probe. To perform high-energy/high-spatial-resolution measurements, we used a
monochromated electron nanoprobe for spectroscopy and a high-sensitivity scintillator
for counting inelastically scattered electrons. By counting excited phonons, we evaluated
the differential scattering cross sections do/dQ2 of each phonon mode, i.e., transverse
optical (TO), transverse acoustic (TA), longitudinal optical (LO), and longitudinal
acoustic (LA) modes, for diamond and c-BN.

Phonon spectroscopy principle. Figure 1 shows the principle of phonon spectroscopy
based on STEM-EELS using a nanometer-sized electron probe. Fast incident electrons
with wave vector k, and energy Eg are scattered either elastically or inelastically in the
specimen. k, is set to be parallel to the [110] direction for diamond and c-BN. Most of
the elastically scattered electrons contribute to the formation of spots at reciprocal lattice
points on the diffraction plane such as G=0, £g, and *2g. gi11 and its magnitude are
denoted as g and g, respectively, for simplicity throughout this paper. For an inelastically
scattered electron with wave vector k that excites a single phonon, the conservation of
momentum gives —q=p+G, where q (=k—ko) and p are the scattering vector and phonon
wave vector defined in the first Brillouin zone (FBZ), respectively. The vectors are
decomposed in the directions parallel and perpendicular to ko, as respectively denoted by
the subscripts || and L. EELS for q ,i.e., p, iscarried out by locating the center of a
wave-vector-selected aperture (yellow circle in Fig. 1) at q, [see Methods, Figs. S2(a)
and S2(b)]. When ¢, <ky, we can estimate g, as kg E, /2E,=1.6x10"% nm™! for Eo=80
keV and phonon energy E,;,=160 meV [23,24]. Because q,<g/2, corresponding to the

L point in the FBZ (15 nm™ for diamond and c-BN), we can obtain the p, Vs Epn



relationship throughout the q, -dependent EELS. Excited phonons are counted using the
conversion efficiency of the charge-coupled device (CCD) camera.

Dipole scattering for nonpolar and polar crystals. First, we demonstrate the difference
in EELS spectra for dipole scattering, i.e, q =0 between nonpolar (diamond) and polar
(c-BN) crystals in Fig. 2(a): only in this case, a wave-vector-selected radius of f=1.2
nm1 (i.e., 0.0039g) and a broader electron probe were used to satisfy the >0 condition
[Fig. S2(c)]. The peak intensity of ~1/200 of the zero-loss peak (ZLP) intensity at 131
meV and the small peak-shoulder intensity of around 160 meV for c-BN were assigned
to the TO and LO phonons, respectively, whereas the intensity profile of the degenerated
TO+LO mode for diamond was invisible and similar to the profile acquired in vacuum.
This indicates that the EELS intensity of optical phonons for nonpolar crystals was very
low relative to the elastic peak, i.e., ZLP.

Impact scattering with large scattering vector. Returning to the practical 2 nm probe
mode (Fig. 1), we applied a large q, [13] to diamond. Figures 2(b) and 2(c) show EELS
spectra acquired at q, =0, g, and 2g (I" points) and q,=0.5g, 1.5g, and 2.5g (L
points), respectively, for diamond [Fig. S2(d)]. The TO+LO modes at I" points, which are
invisible at q,= 0 again, are slightly visible at q ;=g and clearly visible at q,=2g in
Fig. 2(b), whereas the TO and LO modes at L points are clearly observed via their
overlapping peaks at around 155 meV from the FBZ, i.e., q,=0.5g inFig. 2(c). Notably,
the peak intensities of the TO+LO modes for q =0.5g, 1.5g, and 2.5g are invariable
and approximately equivalent to that for q,=2g. This result suggests that the
q dependence of the EELS intensity for TO+LO modes is small, presumably over the
range 0<q, <2.5g for diamond. Then, the TO+LO modes become visible by reducing
the ZLP tail intensity at ~160 meV to ~10 counts per second in Fig. 2(b) using a larger
q, - In other words, the half width at 10~* maximum (HWTTM) is required to be less than
~160 meV for the ZLP at q,=0: HWTTM = ~1 eV in Fig. 2(b). The use of impact
scattering with a larger q, is advantageous for phonon detection as well as high spatial
resolution, which is in contrast to a smaller q, including dipole scattering with q, =0,
where phonon signals are invisible and delocalized [7]. Regarding the use of a larger q ,
a longer exposure time (20-80 ms) was required to obtain higher signal-to-noise ratios,

which degrades the energy resolution [full width at half maximum (FWHM) of the ZLP]



mainly due to the ZLP fluctuation originating from the slight instability of the STEM—
EELS system. To recover the energy resolution, Richardson—Lucy deconvolution (RLD)
[25,26] was applied using a kernel, i.e., the ZLP (FWHM: 21 meV) acquired with a short
exposure time, 0.1 ms, in vacuum (Fig. S3). It was confirmed that the intensity profiles
between 0 and 200 meV after RLD are not artifacts.

Phonon dispersion measurements. Figures 3(a) and 3(d) respectively show EELS
spectra for single-crystal diamond and c-BN, acquired in the q, range from 1.5g (L
point) to 2g (I" point) and processed using RLD (Fig. S3). Figures 3(b) and 3(e) show the
intensity profile of each component in Figs. 3(a) and 3(d), respectively, using multiple
Gaussian fits: a combination of two Gaussian profiles is effective for the ZLP. Because
the vertical axis represents electron counts per second in Figs. 3(b) and 3(e), the area of
the Gaussian profile for each phonon mode corresponds to the phonon counts per second,
assuming a single scattering process, i.e., one phonon is created by a single electron. This
means that, for example, in diamond, one optical phonon (either TO or LO mode) is
excited per ~10° incident electrons under each q, condition. This is calculated as a more
general physical quantity, do/dQ, later. Figures 3(c) and 3(f) show plots of the Gaussian
center (i.e., energy) with the wave vector for all profile components except for the ZLP
in Figs. 3(b) and 3(e), respectively, with reference dispersion curves (solid lines) for
diamond [27] and c-BN [28]. All components can be clearly assigned to LO, TO, LA, and
TA modes or their combination, for example, LO and TO for diamond because the small
LO-TO energy gap of <10 meV (0 at I') [29] was not resolved in this experiment. For c-
BN, the LO-TO gap of 20 (at L)-30 (at I') meV is large, reflecting polar effects [30,31],
and was resolved. The error bars in the energy for acoustic modes are larger than those
for optical modes because of their larger and smaller dispersion gradients within the
effective wave-vector-selected area [Fig. S2(a)] [23,32]. The good agreement between
the dispersion plots experimentally obtained using a ~1-nm-radius electron probe and the
reference dispersion curves in Figs. 3(c) and 3(f) demonstrates that phonon dispersion
and its related properties can be measured at the nanometer scale.

Phonon mode mapping. By scanning the electron nanoprobe across the c-BN/diamond
(111) heterointerface and conducting EELS at each probe position, we obtained phonon

mode maps at the nanometer scale. The c-BN/diamond boundary in the scanning area in



the low-angle annular dark-field (LAADF)—STEM image [Fig. 4(a)] is shifted from (i) to
(i) with an uncertain boundary area [i.e., the area where (i) faces (ii) indicated by double
arrows], where the additional contrast (bright area) arising from strain fields around the
interface is visible (see also Fig. S4). Figures 4(b) and 4(c) show maps of phonon counts
integrated in the ranges of 115.4-136.0 meV and 162.1-183.0 meV, respectively, for
q,=1.5g (i.e., L point) as indicated in Figs. 4(d) and 4(e) [enlargements of Figs. 3(b) and
3(e)], where the counting time, i.e., EELS acquisition time, was 70 ms at each pixel. The
phonon modes that mainly contribute to counting are LA+TO and LA in the c-BN and
diamond areas, respectively, in Fig. 4(a) and LO and TO+LO in the c-BN and diamond
areas, respectively, in Fig. 4(b). All observed phonons propagate along the [111] direction.
The mean and standard deviation of the phonon counts are 4.7+2.2 (c-BN) and 3.2*1.8
(diamond) in Fig. 4(a) and 1.5+1.2 (c-BN) and 2.9+ 1.7 (diamond) in Fig. 4(b). The c-
BN/diamond boundary shape observed using optical phonons [Fig. 4(c)] is different from
that observed using acoustic phonons [Fig. 4(b)], especially in the uncertain boundary
area indicated by double arrows in Figs. 4(a)-4(c). The boundary profile (dotted line)
shape in Fig. 4(a) is more similar to the boundary shape in Fig. 4(c) than that in Fig. 4(b),
suggesting that vibrational energy is modulated at the interface in Fig. 4(b). Figure 4(f)
shows the EELS map in the area including the c-BN/diamond interface (i) [Figs. S5(a)—
S5(c)]. A vibrational mode of 130 meV is observed at the interface as indicated by the
arrow in Fig. 4(f). This mode is not interpreted to be a linear combination of EELS
intensity profiles for c-BN and diamond at the L point [Fig. S5(d)], suggesting the
presence of a vibrational mode localized at the interface. The results [Figs. 4(b), 4(c), and
4(f)] also demonstrate that the spatial resolution in phonon mapping is ~2 nm (i.e., probe
diameter) without fatal delocalization in the meV-range EELS owing to the use of large
q, - Itis notable that STEM-EELS enables the nanometric acoustic-phonon mapping and

observation of the localized vibrational mode, which are difficult using optical probes.

Differential scattering cross section of phonon excitation. On the basis of Figs. 3(b)
and 3(e), the differential cross section do/dQ=AN/(J, A2 n,) was calculated for each
phonon mode and is plotted by stacking the results to obtain the cross sections for total

phonon modes, i.e., TO, TA, LO, and LA modes, in Fig. 5. AN is the phonon counts per



second, i.e., the Gaussian profile areas in Figs. 3(b) and 3(e), J, is the electron flux
density (9.1x10° electrons s nm™2), and 4Q is a small solid angle (2.9x107°sr). n, is
the number of atoms in the volume prr?t and is estimated as 6.0x10* (diamond) and
5.8x10* (c-BN) using densities p of 3.52 and 3.487 g cm 2 for diamond and ¢-BN, where
r and t are the electron probe radius (1 nm) and specimen thickness in the measured area
(73 nm for diamond and 71 nm for c-BN), respectively. The q, dependence of do/dQ
for the total phonon modes, i.e., the plot maximum, is similar for diamond and c-BN in
therange 1.5< ¢, /g <2.0. do/d<Q values for the total phonon modes are 1.5-1.7x107°
nm? (diamond) and 1.6-1.9x10° nm® (c-BN) for 1.5 < ¢ /g <1.875, which are
approximately twice those at g, /g =2. do/dQ for each phonon mode appears to be
constant except for the increased do/dQ of the acoustic (TA+LA) component at ¢, /g
=2. Elastically scattered electrons forming the 2g diffraction disk can contribute to the
increase in do/dQ at q /g =2.

Discussion. The mean free path of an 80 keV incident electron for phonon excitations,
Jph, in diamond has been reported to be ~1x10% nm [33,34]. Because the do/dQ values
are similar for diamond and ¢c-BN (Fig. 5), Apr in c-BN is also expected to be ~1x10° nm.
This means that an incident electron can excite a phonon once when passing through the
diamond and c-BN crystals with a thickness of ~70 nm in this experiment. Actually,
EELS intensities arising from double phonon scattering were not detected in this
experiment. For diamond (nonpolar) crystals a with thickness much larger than ~70 nm,
multiple electron diffraction increases the diffraction disk intensity at 2g [35]; thus, the
optimal q, can be larger than 2g for phonon measurements at the I' point. The phonon
lifetimes ¢ of optical modes for diamond and c-BN are 2.9x107*2 and 1.7x107'? s,
respectively, at room temperature [36—38] and 7 for the acoustic modes is likely to be
larger than that for the optical modes [39]. Because an incident electron arrives every
3.5x1078 s (>>7) on average in this experiment, all the incident electrons interact with the
relaxed lattice system. Regarding the width of the Gaussian fits in Fig. 3, the FWHM for
the LO phonon of c-BN, for example, is 29.6 + 1.1 meV for 1.5 < ¢, /g <2.0. From the
uncertainty relation, the energy spread h/z is estimated as 2.4 meV for the LO mode of c-
BN with 7 = 1.7x101? s [37,38], where h = 4.136x10 ' meV/s is Planck’s constant. This
implies that the FWHM of each phonon mode for diamond and c-BN in Fig. 3 mainly



reflects both the energy and wave-vector resolutions in this experiment: the energy range
of each phonon mode in the measurement is determined by the wave-vector resolution
through dispersions (p, Vvs Epn). An improvement of wave-vector resolution will reduce

the FWHM of the acoustic modes, especially for a large phase velocity dEpn/dp | .

Conclusion.  We measured the phonon dispersions of diamond and c-BN using
STEM-EELS with a nanometer-sized electron probe and large scattering vectors, and
demonstrated phonon mode mapping at the c-BN/diamond interface. We quantitatively
evaluated differential scattering cross sections for excitations of each phonon mode. The
use of large scattering vectors is critical for detecting phonons at high spatial resolutions,
especially in nonpolar crystals. This study has paved the way for experimental phonon
analysis at heterointerfaces and lattice defects, which exist at the present c-BN/diamond
interface [Figs. 4(a), S1(c), and S5] [40], regardless of their polarity.

Methods. A high-quality c-BN single crystal was epitaxially grown on the (111) surface
of a single-crystal diamond seed at 5.5 GPa and 1500°C[Fig. S1(a)] using the temperature
gradient method and a modified belt-type high-pressure apparatus (FB60H) [41,42].
Hexagonal BN and lithium boron nitride (LisBN2) were used as the source and solvent,
respectively. Specimens for EELS were prepared using a focused ion beam (FIB) (Scios
2 and Helios G4; Thermo Fisher Scientific, Inc.) [Fig. S1(b)]. A monochromated electron
microscope (Themis Z; Thermo Fisher Scientific, Inc.) with a spectrometer (Quantum
970; Gatan Inc.) was used for STEM-EELS. To obtain the spectra in Figs. 2(b), 2(c), and
3, an 80 keV electron probe with a diameter of 2 nm, a convergence semi-angle of 3.2
mrad (= 4.8 nm™), and a beam current of 4.6 pA (= 2.9x10’ electrons s ) was scanned
in areas of diamond and c-BN ~40 nm from the heterointerface [Fig. S1(c)]. The electron
incident direction was set as the [110] direction for both materials. Using a 1 mmg
aperture with collection radius # =3.0 mrad (=4.5 nm™?) and relatively shifting its center
position q, along the [111] direction (i.e., g11 direction) on the diffraction plane [Figs.
1 and S2(d)], we recorded inelastic electrons with specific wave vectors [Figs. S2(a) and
S2(b)] using a CCD camera with a high-sensitivity scintillator (994 US1000XP U*; Gatan
Inc.). The exposure time at every dwell point was set at 5 ms for q =0 and 20-80 ms for



0.5g< q,=2.5g. Asingle EELS spectrum was obtained after ZLP alignment for all 4,000
spectra; subsequently, their sum was obtained. Figures 4(b)-4(d) were simultaneously
obtained by scanning the nanoprobe across the c-BN/diamond (111) heterointerface using
the same experimental condition as for q, =1.5g mentioned above. The scanning step and
exposure time were 0.5 nm and 70 ms per pixel, respectively. The energy dispersion of
the spectrometer was determined to be 3.84 meV/ch for EELS in Figs. 2(a) and 2(b) and
5.23 meV/ch for EELS in Figs. 3 and 4. In the case of a weak ZLP, an energy dispersion
of 5.23 meV/ch was found to be efficient for obtaining a higher signal-to-noise ratio in
the spectra. To obtain the spectra in Fig. 2(a), we used a 30 keV parallel beam with a
diameter of ~400 nm, #=0.9 mrad (=1.2 nm™?), and an energy dispersion of 1.90 meV/ch
[Fig. S2(c)]. The FWHMs of the raw ZLP were 13-20 meV, 23-38 meV, 42-54 meV,
and 31-37 meV for the spectra in Figs. 2(a)-2(c) and 3, respectively. The conversion
efficiencies of the CCD were 27.6 and 11.3 counts per electron collision for 80 and 30
keV, respectively. The specimen was kept at room temperature throughout this study. The
ZLP at vacuum for RLD, i.e., the kernel, was obtained after the ZLP alignment for all
10,000 spectra recorded with a shorter exposure time of 0.1 ms. The FWHM of this ZLP
(kernel) for 80 keV was 21 meV. To determine the thickness of the measurement areas
for diamond and c-BN, EELS spectra including plasmons were acquired with an energy
dispersion of 0.05 eV/ch (Fig. S6). The thickness was calculated to be 73 and 71 nm for
diamond and c-BN, respectively, using the standard log-ratio method (Fig. S6) [23]. The
LAADF-STEM image in Fig. 4(a) was taken with 300 keV electrons and a collection

semi-angle range of 12—47 mrad.
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Figure captions

FIG. 1. Phonon spectroscopy principle. An incident electron with wave vector ko excites
a phonon with energy Epn and wave vector p, and is scattered with scattering vector g and
then collected with a circular aperture located on the diffraction plane. A collected
electron passing through a spectrometer is counted as one electron with energy 10ss Epn.
All vectors are divided into vertical and parallel components. From — q,=p +G |, we
can obtain the p, vs Epn relationship by changing the acceptable q, with the circular
aperture.

FIG. 2. Phonon intensities in EELS. (a) EELS spectra for diamond, c-BN, and vacuum
with q,=0and = 0.0039g. EELS spectra acquired with (b) q,=0, g, and 2g (I" points)
and (c) q,=0.5g, 1.5¢, and 2.5g (L points) for diamond using g = 0.15g, plotted as
electron counts per second.

FIG. 3. Phonon dispersion measurements. (a) Deconvolved EELS spectra for diamond
from 1.5g to 2g and (b) their multiple Gaussian fits. (c) Plot of phonon modes identified
in (b) with the reference dispersion curve between the L and I' points for diamond [27].
(d) Deconvolved EELS spectra for c-BN from 1.5g to 2g and (e) their multiple Gaussian
fits. (f) Plot of phonon modes identified in (e) with the reference dispersion curve between
the L and T" points for c-BN [28]. Vertical error bars denote the FWHM of Gaussian
profiles, whereas lateral error bars denote 5= 0.15g (see Fig. S2).

FIG. 4. Nanometric phonon mode mapping. (2) LAADF-STEM image at the c-
BN/diamond interface. The interface shifts from (i) to (ii) with an uncertain boundary
area (indicated by the double arrow). [(b) and (c)] Phonon counts maps across the c-
BN/diamond interface obtained with q,=1.5g (L point) and energy windows of (b)
115.1-136.0 meV and (c) 162.1-183.0 meV, respectively, as indicated in (d) for c-BN
and (e) for diamond [enlargements of Figs. 3(b) and 3(e)]. Phonon counts of (b) LA+TO
(c-BN) and LA (diamond) modes and (c) LO (c-BN) and TO+LO (diamond) modes are
displayed. The single and double arrows denote the direction of phonon wave vector p,
(i.e., [111] direction) and the uncertain boundary area in Fig. 4(a), respectively. (f) Map
of EELS spectra from c-BN to diamond areas across interface (i) [Fig. 4(a)] with q =1.5g.

The arrow denotes the vibration mode localized at the interface.
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FIG. 5. Differential scattering cross sections. Stacked plots of the cross section do/dQ
of each phonon mode for diamond (solid bars) and c-BN (hatched bars). For phonon
modes that are difficult to separate or inherently degenerate, the sum of do/d<2 values
is used: LO+TO from 1.5t0 2.0 and TA+LA at 2.0 in ¢, /g for diamond and TO+LA at
1.5and TA+LAat2.0in ¢, /g for c-BN.
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