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ABSTRACT: Phonon scattering at grain boundaries (GBs) is significant
in controlling the nanoscale device thermal conductivity. However, GBs
could also act as waveguides for selected modes. To measure localized
GB phonon modes, milli-electron volt (meV) energy resolution is needed
with subnanometer spatial resolution. Using monochromated electron
energy loss spectroscopy (EELS) in the scanning transmission electron
microscope (STEM) we have mapped the 60 meV optic mode across
GBs in silicon at atomic resolution and compared it to calculated phonon
densities of states (DOS). The intensity is strongly reduced at GBs
characterized by the presence of 5- and 7-fold rings where bond angles
differ from the bulk. The excellent agreement between theory and
experiment strongly supports the existence of localized phonon modes

Grain boundaries in Si
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and thus of GBs acting as waveguides.

KEYWORDS: scanning transmission electron microscopy, electron energy loss spectroscopy, semiconductors, phonons, grain boundaries,

density functional theory

G rain boundaries (GBs), the interfaces between crystallites
that make up polycrystalline microstructures, control
many materials properties. The scattering of phonons at GBs,
especially localized modes, is significant for thermal con-
ductivity at both the nanoscale and for polycrystals at the
macroscale. In particular thermal conductivity at interfaces has
been a significant problem for heat dissipation in nanoscale
devices." It is also critical for improving the performance of
thermoelectrics that allow for the direct conversion of heat to
electrical energy with no moving parts. The thermal
conductivity is directly proportional to the phonon relaxation
time, which is related to phonon scattering from defects. GBs
predominately scatter low-frequency phonons that control
thermal conductivity over critically important temperature
ra.nges.z'3

Recently, there has also been interest in using phonons
rather than photons for coherent coupling between mechanical
oscillators, as a new paradigm for quantum sensing and
information processing. Zivari et al. demonstrated phonon
propagation in a single mode cavity waveguide fabricated in
silicon.” Grain boundaries could act as waveguides that select
particular localized phonon modes. These guided phonons
could propagate further than in the bulk, thus opening up the
possibility of building phononic devices. To detect and
characterize such modes requires atomic resolution for the
selected mode.

© 2023 American Chemical Society

- ACS Publications

5975

So far, investigations of GB effects on phonons have either
been purely computational or used techniques such as Raman
spectroscopy that lack the spatial resolution to detect
individual vibrational modes at the GB. Developments in
monochromated electron energy loss spectroscopy (EELS) in
the scanning transmission electron microscope (STEM) have
made it possible to probe phonon modes at the nanometer
scale,” and even at atomic resolution in some well-chosen
cases.”” Hage et al. measured vibrational modes from a single
silicon atom substituting for carbon in a graphene lattice.® Yan
et al. showed the changes to vibrational spectra from a stacking
fault in SiC” and Gadre et al. showed how the optic mode
changes for sharp and diffuse interfaces between Ge and Siin a
GeSi quantum dot, and related their observations to phonon
dynamics.'” Monochromated EELS in the STEM has also been
used to probe how phonon modes change at heterointerfaces
between diamond and hexagonal BN (hBN),"" and Si and
AIN."” Recently, Hoglund et al. reported changes in the optic
mode spectra at different positions in a 10° boundary in
strontium titanate, though not at atomic resolution.'
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Figure 1. Structure of GBs and spectroscopy setup. (a) Overview bright-field image of the silicon sample showing the different GBs. Dark spots in
the overview map stem from carbon contamination from previous experiments in a non-UHV microscope.'* Scale bar: 500 nm. (b—d) high-
resolution HAADF images of the £3 (111), symmetric £9 (221), and asymmetric (111)I(115) GBs, respectively. The positions of the acquisitions
are marked in (a) as stars. Scale bars, 1 nm. (e) Experimental setup for the EELS measurements. (f) Experimental spectra from bulk silicon before
(blue) and after (orange) background-subtraction, revealing the phonon signals at 40 and 60 meV.
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Figure 2. Comparison of experimental and calculated spectra for different GBs. (a—c) HAADF images acquired in parallel with spectrum maps of
33 (111), symmetric X9 (221), and asymmetric (111)I(115) GBs, respectively. Scale bars, 1 nm. (d—f) Maps of the amplitude of the 60 meV
phonon peak, corresponding to the images in (a—c) respectively. Scale bars, 1 nm. (g—i) Spectra of bulk regions and from the GB for the three
different GBs. (j—1) Calculated spectra for the three types of GBs.

Here, we demonstrate atomic-resolution phonon mapping of 39 (221) and an asymmetric (111)I(11S) GB at a junction of
buried defects, in our case a symmetric £3 (111), a symmetric three grains in a silicon polycrystal. The experimental spectra
5976 https://doi.org/10.1021/acs.nanolett.3c01089
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are compared to simulated EELS spectra obtained from
structure optimization of atomic models using molecular
dynamics (MD) simulations and subsequent computation of
the EELS spectra directly from the MD trajectories. For the X3
(111) GB, a model was built from high-resolution high-angle
annular dark-field (HAADF) data acquired during the
experiments, while for the symmetric X9 (221) and
asymmetric (111)I(115) GBs, pre-existing models from
literature are used (from Stoffers et al.'* and Ziebarth et
al," respectively) that were checked for consistency with the
HAADF images.

Figure la is a low-magnification bright-field STEM image of
a focused ion-beam prepared silicon sample in [110]
orientation exhibiting the 23, 39, and (111)I(115) boundaries.
Dark areas originate from carbon contamination that arose
during previous experiments in a non-UHV microscope14 and
have been avoided in the present study. HAADF images
acquired for the symmetric 3 (111), the symmetric 9 (221),
and the asymmetric (111)I(115) GBs are depicted as Figure
1b—d, respectively, from the areas marked with stars in Figure
la. A simplified diagram of the EELS experiments performed in
a Nion HERMES STEM with an IRIS spectrometer is shown
in Figure le. A convergent electron probe is focused on the
sample and electrons scattered over a range of angles defined
by the spectrometer entrance aperture are collected. These
electrons are dispersed in energy by the prism of the
spectrometer and recorded using a Dectris ELA direct electron
detector. In our experiments the primary beam energy was 60
keV, the probe on the specimen had a 30 mrad convergence
semiangle, and the spectrometer collection semiangle was 42
mrad. Further experimental parameters are given in the
Supporting Information. A spectrum from bulk Si along
[110] is shown in Figure 1f with the blue curve depicting the
raw data and the orange one depicting the result after
subtracting the zero-loss peak (ZLP), revealing the phonon
signatures.

Since Si has two atoms in each primitive unit cell, it has both
an optic and acoustic mode. However, there is no oscillating
dipole that results in a spatially delocalized signal, because the
two atoms are identical. Following Venkatraman et al.” and
Gadre et al,,'® it is then possible to collect the EELS signal on
axis which results in a much stronger signal than would be
collected with the displaced collection aperture required when
dipole scattering is significant to not obscure atomic resolution
through delocalization.®

The silicon optic mode with a relatively flat dispersion gives
a peak in the density of states at about 60 meV and flat regions
of the acoustic mode near the Brillouin zone boundaries result
in a smaller peak at 40 meV.

Calculated phonon dispersion and densities of states (DOS)
of phonons in crystals can be obtained by diagonalization of
the dynamical matrix using force constants computed by
methods of density functional theory (e.g, with the codes
VASP'® and Phonopy),'” and the results agree well with
experimental measurements.’”~'* However, this approach is
computer-resource-intensive and is not practical for systems
with large numbers of atoms, such as the supercells
representing GB structures. Instead we take the Fourier
transform of the velocity—velocity correlation function of MD
trajectories computed using the Tersoff”’ empirical potential.
It has been shown that this gives equivalent results, though the
peaks are shifted to slightly higher energies with this empirical
potential.”'
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Figure 2a—c shows HAADF images that were acquired in
parallel with EELS maps of the 3 (111), symmetric £9 (221),
and asymmetric (111)I(115) GBs, respectively. The change in
appearance compared to the high-resolution HAADF images
of Figure 1b—d stem from different experimental parameters
(see the “Methods” section in the Supporting Information and
Figure S1). In Figure 2d—f, the amplitude of the 60 meV peak
is mapped out for the three GBs. In Figure 2g—i, spectra from
the regions indicated by squares in Figure 2d—f for the GB and
bulk on both sides are shown. While almost no variation is
visible for the case of the 23 (111) GB, a clear dip in intensity
is apparent for the symmetric £9 (221) GB which is even more
pronounced for the asymmetric (111)I(115) GB. Variation of
the phonon DOS is even clearly correlated with the structure
along the boundary for the asymmetric (111)I(115) GB in the
map. This correlation exists also for the X9 (221) GB, which
can be better seen when extracting the averaged structural
motif via template-matching (cf. Figure S2).

To ensure that indeed variations of the phonon DOS are
mapped and not geometric effects due to being on or off an
atomic column, the intensity of the peak around 40 meV was
also investigated (see Figure S3). Since geometric effects
would influence the relative intensity variations of the 40 meV
peak in a similar manner, they can be ruled out.

Calculated phonon DOS that are derived from MD of
structural models, based on or confirmed by the HAADF
images in Figure 1b—d as mentioned above, are given in Figure
2j—k. Good agreement between the calculated and exper-
imental spectra can be observed for the peak around 60 meV.
Table 1 shows quantitative values for the height ratio and also

Table 1. Experimental and Calculated Height and Position
of the 60 meV Peak for Different GBs in Si

calc. GB exp. GB to calc. GB to
exp. GB to to bulk bulk shift bulk shift
GB type bulk ratio ratio (meV) (meV)
3 (111) 0.99 + 0.03 1.01 (=03 +02) —-0.1
9 (221) 0.89 + 0.02 0.86 (0.0 + 0.3) +1.1
asymmetric 0.79 + 0.01 0.78 (=32 +02) -13

(111)I(115)

the energy shift of the 60 meV peak for GB atoms relative to
the same peak from bulk regions, shown as red and black
boxes, respectively, in Figure 2d—f. The uncertainties were
determined by measuring peak height and position over similar
10 X 10 pixel regions at different positions in the bulk (both
sides of the GB were sampled) and calculating the standard
deviation. The calculated depression of the 60 meV peak at the
different boundaries is in excellent quantitative agreement with
experimental results.

The detailed theory for the intensity of features related to
phonon scattering in STEM EELS is given by Rez and Singh**
and Zeiger and Rusz.”® It would seem that the dynamical
diffraction of the probing and scattered electrons would have
the same effect for spectra acquired from the boundary and
bulk regions. For the position of the 60 meV peak, there is
good agreement for X3 (111) and reasonable agreement for
the asymmetric (111)I(115) GB, while for the symmetric %9
(221) GB a +1.1 meV shift is expected but none is observed.
As discussed by Rez et al,”" any shifts could depend on the
nature of the empirical potential so perfect agreement is not
expected.

https://doi.org/10.1021/acs.nanolett.3c01089
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Figure 3. Ab-initio DOS and modes for £9 (221). (a) Calculated DOS for the X9 (221) GB as histogram plot (orange) and convolved with the
experimental energy resolution (blue). (b) Super cell of the structure in the [110] direction (GB running from top to bottom in the center) with
arrows representing the atom vibration direction and magnitude (exaggerated) of the bulk mode marked in the histogram in (a). (c) Visualization
of a localized mode from the histogram in (a). (d) Profile of atomic vibration magnitudes across the GB in the super cell shown in (c) and summed
perpendicular. The inset shows an overlay of (c) on top of an experimental HAADF image of the £9 (221) GB and the arrow indicates the profile

direction.

The changes we observe are localized at individual atomic
columns as shown in Figures 2, S2, and S3. The X9 (221)
boundary has a 5- to 7-member ring pair per repeat distance,
while the asymmetric GB has two. Although bond lengths are
slightly changed in the 5- to 7-member rings, there are
significant changes in the bond angles. As shown by Rez et al.”’
(Figure S2 in that article) this leads to a reduced amplitude of
the displacements related to the 60 meV optic mode. Given
that the bond lengths are minimally changed in the boundary
region, it is not surprising that there are such small shifts in the
peak energy. Furthermore, we see no evidence of peaks that
might be due to interface states in the band gap in spectra from
the boundary region (Figure S4). Recent reviews”"*® show
that since all boundary atoms are 4-fold coordinated, there
should be no interface states at the boundary. The X3
boundary is coherent, a perfect twin, with the atomic structure
unchanged right up to the boundary plane and thus produces
virtually no modification of the phonon DOS. However, the
same could be said for the stacking fault in SH SiC investigated
by Yan et al. where an enhancement of the acoustic mode
intensity was observed when the probe was positioned at the
stacking fault.” A more careful analysis shows that this fault was
in fact a two-layer region of a different polytype, 3C SiC, and
that the change in phonon DOS could therefore be explained
by the difference in DOS between the two polytypes, so it is
likely that these measurements are a consequence of a bulk
property. It is interesting to note that the acoustic mode
intensity at 40 meV is enhanced for some atoms on either side
of the 39 (221) boundary plane as shown in Figure S3b.

The excellent agreement between experiment and simulation
gives us high confidence in the predicted modes. Figure 3a
depicts the DOS for the X9 (221) GB obtained from ab initio
calculations. In Figure 3b, a typical bulk mode is depicted using
arrows indicating the movement of each atom in the super cell
of the calculation. A localized mode is shown in Figure 3c:
Only the atoms constituting the boundary vibrate strongly,
while the other (bulk) atoms exhibit negligible movement. It
should be noted that the super cell exhibits a GB not only in
the center but also at the left and right edges. To stress the
localization of the mode, Figure 3d shows a profile of vibration
magnitudes perpendicular to the GB and averaged along it with
the inset showing the super cell overlaid to the HAADF image
and the sketched profile direction. Large vibration amplitudes
exist only where the GB atoms are located (center and both
edges). As this mode is solely supported by the GB atoms, it
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should propagate with little damping. Therefore, the GB would
act as a waveguide for such a localized mode, allowing it to be
used in phononic devices.

We have demonstrated measurements of phonon DOS at
atomic resolution at grain boundaries in silicon. Both from
experimental STEM-EELS measurements and molecular-
dynamics simulations, it could be established that changes in
the optical phonon modes at GBs are associated with
significant changes in bond angles (not lengths) as occurring
in the S- and 7-fold rings. Calculations of the relevant modes
show that this arises from neighboring atom bonds that are no
longer aligned. We expect that this will apply to similar
materials, where measurements with high spatial resolution
combined with high energy resolution will be more
challenging. Our self-consistent scheme to determine and
validate local DOS at the atomic scale by means of experiment
and simulation should prove to be a powerful approach for the
development of phononics.
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