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Recent advances in monochromatic aberration corrected electron microscopy make it possible to detect the lattice
vibrations with both high-energy resolution and high spatial resolution. Here, we use sub-10 meV electron energy
loss spectroscopy to investigate the local vibrational properties of the SiOs /Si surface and interface. The energy
of the surface mode is thickness dependent, showing a blue shift as z-thickness (parallel to the fast electron beam)
of SiO9 film increases, while the energy of the bulk mode and the interface mode keeps constant. The intensity
of the surface mode is well-described by a Bessel function of the second kind. The mechanism of the observed
spatially dependent vibrational behavior is discussed and compared with dielectric response theory analysis. Our
nanometer scale measurements provide useful information on the bonding conditions at the surface and interface.

PACS: 68.37.Lp, 63.22.—m, 68.37.Ma

Lattice vibrations play a major role in many phys-
ical properties of condensed matter.l'! At the surface
and interface of solid materials, the change of atomic
bonding is expected to alter the local vibrational
behavior.”) Therefore, exploring the localized vibra-
tional properties is of significant importance, particu-
larly in low dimensional systems.l”"] The vibrational
properties are commonly measured by high-resolution
electron energy loss spectroscopy (EELS),[>‘] inelas-
tic neutron scattering, infrared spectroscopy (IR),[T‘S}
and Raman spectroscopy,’] which is typically at mi-
crometer scale (unless assisted by a sharp metal tip!'"!
~20nm). However, the recent advances of dedicated
scanning transmission electron microscopes (STEMs)
enable an electron probe with ~10meV in energy res-
olution and ~0.1nm in spatial resolution, allowing
us to spatially map the lattice vibrations of a single
nanostructurel'' 2!l and correlate property measure-
ments with microstructures.

In this Letter, we use a ~8meV electron probe
based on a Nion UltraSTEM™ 200 microscope
to study the vibrational properties of the SiOs/Si
heterostructure, which is of importance for design
of metal-oxide-semiconductor field effect transistors
(MOSFETs)[P*?%l with the device size down to tens of
nanometer or lower.l”*l We acquire three vibrational
modes (i.e., TO; (~60meV), TOs (~103meV), TO3
(~130meV-150meV)) at different locations and cap-
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ture the subtle changes of vibrational energy and in-
tensity. We find that the vibration is highly spatially
dependent and each optical mode splits into three
branches (surface modes, bulk modes and interface
modes). In particular, as the z-thickness decreases,
the vibrational energy of surface modes shows a sub-
stantial red shift that is attributed to the enhanced
coupling of upper and lower surface,[*”) while the en-
ergy of bulk modes and interface modes remains un-
changed. The intensity of the surface modes is well-
described by a Bessel function of the second kind and
the intensity of bulk mode is proportional to the slab
thickness. Approaching the interface, the interface
mode and guided mode cannot be distinguished due
to their similar vibrational energy, but their total in-
tensity decreases sharply. These results can be in-
terpreted by a semiclassical relativistic local dielectric
theory.l””~ 27 Our study reveals the vibrational behav-
ior of SiO5/Si with nanometer resolution and it pro-
vides useful insights into the fundamental electrical,
optical and thermal properties of SiO5/Si and thus
may help to design better silicon-based electronic de-
vices via surface and interface treatments.

A ~6 meV zero-loss peak can be tuned up at 60 kV
(Fig.S1 in the supplementary material). For a higher
ratio of signal to noise, we significantly increase the
acquisition time which only sacrifices the energy res-
olution slightly. Figure 1(a) shows three typical re-
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gions to record the spectra, corresponding to surface
(blue), mixture of bulk and surface (orange) and inter-
face (cyan). Figure 1(b) shows the typical measured
EELS with a probe beam located near the surface in
vacuum side (cyan) and the vacuum far away from
the specimen (orange). After background subtrac-
tion, the spectrum in Fig. 1(c) shows the three peaks,
which are in agreement with previous IR spectroscopy
and neutron scattering experiment.”*?’l The TO,
mode is associated with Si—-O-Si rocking motions, with
bridging oxygen moving perpendicular to the Si-O-Si
plane. The TO5 mode is associated with transverse-
optical stretching motions, with oxygen atoms mov-
ing along a line bisecting the Si-O-Si bond. The
TO3_surface mode is associated with Si—-O—Si antisym-
metric stretching motion, with oxygen atoms moving
along a line parallel to the Si-Si axis, as shown in
Fig. 1(c).*”l The TO3_pui mode is associated with
the network disorder.[*"! The spatially resolved spec-
tra show that these modes have different energies and
intensities in different regions, indicating that the vi-
brational properties are sensitive to the surface and
interface.
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Fig. 1. Electron energy loss spectroscopy measurements
of SiOg vibrational modes in a monochromatic aber-
ration corrected electron microscope. (a) The spectra
recorded from different regions represent different vibra-
tional modes, surface mode (cyan), bulk mode+surface
mode (orange), interface mode (blue). (b) Normalized
spectra acquired with the electron beam located near the
surface in vacuum side (cyan) and vacuum (orange) far
away from specimen with energy resolution ~8meV. (c)
Typical spectra after background subtraction. The insets
show the schematic representation of the vibrational mo-
tions: TO; mode, rocking motion perpendicular to Si—-O—
Si plane. TO2 mode, symmetric stretching motion along
the bisector of the Si—O-Si bridging angle. TO3 mode,
antisymmetric stretching motion parallel to the Si-Si line
between the two bridged cations. The orange region shows
the Si—~O-Si plane. The blue and red arrows indicate the
atom motion directions.

We first investigate the surface effects on the vibra-
tional spectra. Generally, the vibration changes at the
surface due to the asymmetric bonding and the reso-
nance condition is £, + £2 = 0.1l Figure 2(a) shows
a high angle annular dark field (HAADF) image of
amorphous SiOs (a-SiO2) film on the Si substrate. In
Fig. 2(b), the selected line profiles of spectra recorded
from the vacuum to a-SiO4 with 6.3 nm every step dis-
play that the peak of the TO3 mode becomes broader

and shifts to higher energy in the a-SiO5 region be-
cause the surface mode (originating from upper and
lower surfaces) and the bulk mode are mixed together
due to the small difference in energy. Figures 2(c)
and 2(d) are the corresponding EELS mapping for ex-
periments and simulations, respectively, in which the
surface position is set to zero, and the negative (pos-
itive) distance denotes that the electron beam is in
vacuum (a-SiOz film). The experiments and simula-
tions both show that the TO; mode and TO3 mode
can spread over ~600nm in vacuum, while the TO2
mode only concentrates near the surface. Using Gaus-
sian functions (for details see Fig. S2 in the supplemen-
tary material) we decompose the signal in 120 meV—
170 meV into two peaks, TO3_gurface and TO3_puixk,
which represent the surface mode and bulk mode, re-
spectively (the surface mode is 13 meV lower than the
corresponding bulk mode). For the TO; mode, the en-
ergy difference between the bulk mode and the surface
mode is subtle (about 3 meV), which is also consistent
with the analysis of energy loss functions, while for the
TO> mode, the significant broadening makes it hard
to identify the peak positions in the SiOs.

The energies of TOh TOZ; T037surfacea Tofifbulk
varying with position (for calculation details see
Fig.S3 in the supplementary material) are plotted
in Fig.2(e). When the electron beam is positioned
near the surface, the vibrational energies of TOq,
TOs and TO3_gurface mode are 59meV, 100meV
and 137meV, compared to the calculation results:
60.5meV, 100.4meV and 139meV (Fig.2(d)). In
agreement with previous reports,’**? the energy of
TO3_puk is 150meV. It should be noted that the in-
tensity of TO2 mode is too weak to be extracted from
the tail of the TO; peak when the probe is positioned
at 150 nm away from the SiOs surface.

Figure 2(f) shows the normalized intensity as a
function of distance from the surface. The intensity
of TO3_puk mode reaches 80% of its maximum value
at 20nm from the surface, while the TO3_gurface In-
tensity has the maximum value at the edge of surface
and gradually decreases away from the edge (inset in
Fig.2(f)). At the edge, all of the top surface, bot-
tom surface, and edge surface make significant con-
tributions while far away from the edge only the top
and bottom surface make contributions. The inten-
sity distribution of the TOj3_gurface in the vacuum
can be described by the relativity-modified dielec-
tric response theory,””] based on which the inelastic-
scattering probability per unit energy loss F per unit
length ¢ for aloof-beam spectroscopy is

di;t N %ﬁcaﬁQ IIH(ESiOQ(_;) + 1) 0(3258)’ (1)

where ¢ is the specimen thickness, a = 1/137 is the
fine-structure constant, A is the reduced Planck con-
stant, 8 = v/c is the ratio of beam velocity v to the
speed of light ¢, v = (1—%)~1/? is the Lorentz factor,
and b is the impact parameter (the distance between
the beam and the sample surface). The function Ky
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is the zero-order modified Bessel function of the sec-
ond kind. The vibrational intensity of the TO1_gurface
mode and the TO3_gurface mode is very well described
by Eq.(1). The blue and the red solid lines are the
theoretical vibrational intensities derived from Eq. (1).
The decay behavior can also roughly be fitted with the

exponential function I = Ioexp(—b/by).[""**] With
this approximation, the decay distance is fitted to
be ~400nm for TO1_gurface, ~350nm for TO,, and
~250nm for TO3_gyrface (detailed data see Table 1 in
the supplementary material).
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Fig. 2. Vibrational energy and intensity of SiOz surface. (a) HAADF image of vacuum/a-SiO2/Si specimen viewed
in cross-section. (b) Selected line profiles of the SiO2 vibrational signal with 6.3nm every stack. [(c), (d)] Two-
dimensional plots of normalized intensity for experiment and simulation, respectively. The surface position is set to
be zero, and negative distance denotes that the electron beam is in vacuum. Color bar represents the intensity. (e)
The vibrational energies of different modes with different colors, and z-thickness (black) of SiO2 slab is plotted as
a function of the probe position. (f) Vibrational intensities are plotted as a function of the probe position. A solid
line represents the theoretical calculation.
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Fig. 3. Effects of film thickness on the vibrational energy and intensity. (a) HAADF image of vacuum/ a-SiO2
viewed in cross section. (b) Selected line profile of the SiO2 vibrational signal with 4.7nm every stack. Two-
dimensional plots of normalized intensity for (c¢) experiments and (f) simulations, respectively. The surface is set to
be zero, and negative distance denotes that the probing beam is in vacuum. Color bar represents the normalized
intensity. (d) Energy of vibrational modes (colored) and z-thickness (black) of SiO2 slab as a function of the probe
position. (e) Enlarged view of TO3_gyrface mode and TO; mode shows that the peak shift depends on the film
thickness. (g) Energy loss function for different thicknesses. (h) Vibrational energy of the TO3 mode as a function
of z-thickness of SiOg2 slab. Colored data are recorded from different samples and the black points are calculated
from the Kroger formula. (i) The intensity of TO3 mode is plotted as a function of z-thickness of SiO2 slab. The
colored data represents different samples and a black point represents the calculation from the Kroger formula.
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When the thickness of specimen is in the order of
v/w (where w is the frequency of vibration and v is
electron beam velocity) or less, the coupling of upper
and lower surfaces would give rise to symmetric and
asymmetric guided modes.””] Figures 3(a) and 3(b)
show an HAADF image and the selected line profile
of SiO4 spectra (4.7 nm every step) with non-uniform
thickness, respectively. Figures 3(c) and 3(f) show the
two-dimensional plots of normalized intensity for ex-
periments and simulations, respectively. As the beam
is moved from the edge to the inner, the energy of
the TO3_gurface mode (blue line) shows a significant
blue shift while the energy of TOi_gurface Shows a
smaller blue shift, as shown in Figs.3(d) and 3(e).
We attribute the blue shift to the reduced strength
of coupling when z-thickness of SiOs slab increases
(note that the sample thickness can be estimated from
the low-loss EEL spectra). This energy shift behavior
can be interpreted by the thickness dependent energy-

loss functions plotted in Fig.3(g) based on Kroger
formula.””] Specifically, the energy of the TO3_gurface
mode at the edge is 133 meV and increases to 136 meV
distanced ~200nm from the edge inside the film. In
Fig. 3(h), three datasets from different specimens and
calculations further confirm that the energy of the
TO3_gurface mode is very sensitive to SiOy thickness.
The difference between the experiments and theory is
likely to be due to the non-uniform specimen instead
of ideal wedge-shaped films.

The vibrational intensity also depends on the
thickness of SiO5 film. Compared to the TO3_gurface
mode, the probability of TO3_p,x mode decreases
more quickly as the z-thickness decreases. The nor-
malized intensity of TO3_pu mode is plotted as a
function of SiO5 slab thickness for the three datasets,
which are all proportional to the slab thickness as we
expect from the theoretical calculation (shown in in-
set).
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Fig.4. Lattice vibrations near the SiO2/Si interface.
viewed in cross section.
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(a) An atomically resolved HAADF image of a-SiO2/Si
b) Line profile of the SiO2 vibrational signal with 0.78 nm every stack. [(c), (e)] Two-
dimensional plots of normalized intensity for experiments and simulations, respectively.
be zero, and positive distance denotes that the beam is in the SiOs.

The interface is set to
The color bar represents the normalized

intensity. (d) Energy loss function based on dielectric theory. [(f), (g)] The energy and intensity of the TO3_pyuix

and TOgz_interfacetsurface Modes as a function of the probe position.

The open and the half up-filled squares

represent the TO3_puk and TO3_interfacet+surface modes, respectively. (h) The intensity of TOs_ipterface+surface
to TO3_puik ratio. The colored data points represent three sets of data recorded from different samples.

In the following, we discuss the interface effects
on the lattice vibrations. Figures 4(a) and 4(b) show
the atomically resolved HAADF image of SiO5/Si in-
terface and the selected line profile of SiOy spectrum
(4.7 nm every step) with non-uniform thickness. Fig-
ures 4(c) and 4(e) show the two-dimensional plots of
the normalized intensity for experiments and simula-
tions, respectively. Note that when the beam is lo-
cated in the SiO, side, the acquired signal is mixed
with the signals of SiOy (both surface mode and bulk
mode) and SiO5/Si interface mode. Figure 4(d) shows
the simulated energy loss function near the SiO5 /Si in-
terface, where the interface mode and bulk mode are
predicted to be obtained. In principle, the simula-

tions show that the pure signal of SiOs/Si interface
vibrational mode can be obtained by placing the elec-
tron beam in the Si substrate for long-range Coulomb
interaction because the retardation effects mask any
inherent vibrational signal of the Si substrate.[*”] Un-
fortunately, the signal in Si side is too weak to be
extracted, even after very long acquisition time.

The energy of surface vibration in thickness
of 80nm is 137meV, similar to the interface vi-
bration at 136 meV. Thus we decompose the sig-
nal between 120meV and 160meV into two Gaus-
sian peaks as the TOs_puk and TO3_gurfacetinterface
modes. Their energy, intensity and the intensity ra-
tio of TO3—surfacc+intcrfacc to TOS—bulk are shown in

026801-4


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 36, No.2(2019) 026801

Figs. 4(f)—4(h), respectively. The energy of interface
mode is 136 meV, which is expected from the energy
loss function shown in Fig.4(d). No significant en-
ergy shift of both the modes is observed in Fig. 4(f).
The intensity of the TO3_pu mode reaches 70% of
its maximum at 3nm from the interface and the in-
tensity of the TO3_gurfacetintertace mode drops steeply
to zero within ~10nm from the interface. The black
solid line is the expected retarded signal intensity of
the TO3_pu mode,*?l which well describes the ex-
perimental data in the SiO4 side.

The weak vibrational signal in the Si side may
be due to the surface oxide layers in Si substratel*”!
or the diffused electron probe. From the inten-
sity ratio profile in Fig.4(h), the intensity ratio of
T037surface+interface to TO?)fbulk in the SIO2 side is
almost a constant ~0.5 rather than a bulge at the
interface. This indicates that the contribution from
the top and bottom surfaces to total intensity of
TO3_surfacetinterface 1S likely to be dominated due to
thin foil geometry. However, on the Si side, the value
of ratio is significantly larger than that in the SiO,
side evidenced from three sets of data in Fig.4(h).
This can be understood by the fact that in the Si side
the intensity of the interface mode is dominated based
on the simulation in Fig.4(d). Thus, the residual sig-
nal in the Si side near the interface mainly represents
the interface mode.

In summary, we have investigated the vibrational
behavior of the SiOy/Si surface and interface us-
ing STEM-EELS. With sub-10meV energy resolu-
tion, three optical vibrational modes of ~60meV,
~103meV and 150meV are recorded. We find that
the vibrational energy of the surface modes is lower
than that of the corresponding bulk modes, which is in
good agreement with the local dielectric theory. The
maximum intensity of the surface mode occurs at the
edge of the surface and gradually decreases obeying
the zero-order modified Bessel function of the second
kind in vacuum.[*”] Inside the SiO, film, the vibra-
tional energy of bulk modes keeps constant while the
energy of surface modes strongly depends on the thick-
ness. Approaching the SiO5/Si interface, a weakly
excited interface mode response at ~136 meV is ob-
tained. All the vibrational signal drops sharply within
a few nanometers from the interface on the SiO5 side.
Our experimental measurements of local vibrational
properties of SiOy/Si give useful clues for further un-
derstanding and controlling the properties of SiO5/Si
heterostructure via surface and interface treatments,
particularly for nanometer sized devices.

We acknowledge Electron Microscopy Laboratory
in Peking University for use of the Cs corrected elec-
tron microscope.
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Data acquisition In our experiments, we used a Nion UltraSTEM™ 200
microscope with both monochromator and the aberration corrector operating at 60kV.
The beam convergence semi-angle was 15mrad and the collection semi-angle was 24.4
mrad with a 1 mm spectrometer entrance aperture. The typical energy resolution (half
width of the full zero loss peak, ZLP) was 8 meV, the probe beam current was ~5-10
pA and the dispersion of per channel was 0.47 meV. The typical dwell time was 100-
200 ms to obtain good signal-noise ration spectra. The specimen studied in this work
was 300 nm amorphous SiO> (a-SiO2) on Si substrate. The cross-section sample was
prepared by traditional mechanical polishing. We acquired single spectrum from
different regions, line scan spectra, and map spectra to resolve the spatially dependent

vibrational properties.



Calibration and background subtraction To correct the energy shift, we shifted
the maximum point of ZLP to zero for unsaturated ZLP and shifted the centroid of two
energies whose intensity was 5% lower than its peak value for saturated ZLP. To obtain

more precise information from the spectra, we fitted the background with power law

I (AE) = A, -AE™" . Note that generally, the third-order exponential function provides a

more accurate fit, but due to the high energy resolution (~8.3 meV), there is little benefit
using the exponential function.!!

Theoretical analysis To quantitatively interpret the experiments, calculation of
the vibrational response was performed. There are many theories and models based on
classical dielectric response or quantum mechanical exploration to explain nanometer
confined vibrations.[>® Here we do calculations mainly based on a semiclassical
relativistic local dielectric model developed by E. KROGER,? which considers the
coupling of the upper and lower surface and gives rise to symmetric and asymmetric
guided slab modes.

There are two reasons to choose Gaussian function to fit the peak rather than
Lorentz function: (1), SiO> sample is amorphous; a dielectric function based on a
modified Gaussian profile was used to reproduce the infrared reflectivity spectra of
silicate glass;[® (2), the probing function (ZLP) is approximated as Gaussian
distribution. It should be noted that to get a better decomposition, a new background
function was subtracted to make two sides of the TO3.puik + TO3-surface Signal approach
zero, where two fitting region (105meV~115meV, 175meV~195meV) was chosen.

We calculate film thickness through plasmon peak, using formula:

t=71In Lot

ZLP
where, /o 1s the sum of all counts in a spectrum containing main plasmon signal, Iz.p
is the sum of zero loss peak, 4 is the electron mean free path, whose detailed expression

can be obtained from Ref. [7].
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Fig. S1. The energy resolution is characterized by the FWHM of zero loss peak. The best energy resolution is ~

6meV.
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Fig. S2. Gaussian function to fit the peak. The black open square: experiment data; pink line: the fitted TO3-surface
mode component; orange line: the fitted TO3-buk mode component; blue line: sum of TO3-surface mode component and

TO3-buik mode component.
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Fig. S3. Sketch diagram of calculating thickness by log-ratio method.!"]

#1 #2 #3 #4
TO; | 415 | 380 | 394
TO> | 357 | 338 |333 |353
TOs3 | 259 | 276 |242 | 251

Table 1. Decay constant o (nm) for different vibrational modes. Different sets of data were fitted with exponential

function I = Iyexp(—b/by).
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