Open Access Article. Published on 05 2022. Downloaded on 09.01.26 05:58:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Faraday Discussions

Cite this: Faraday Discuss., 2022, 237, 27

#® ROYAL SOCIETY
P OF CHEMISTRY

Visualizing optically-induced strains by
five-dimensional ultrafast electron
microscopy

A. Nakamura, 2*@ T. Shimojima {22 and K. Ishizaka ) 3°

Received 14th March 2022, Accepted 28th March 2022
DOI: 10.1039/d2fd00062h

Ultrafast optical control of strain is crucial for the future development of nanometric
acoustic devices. Although ultrafast electron microscopy has played an important role
in the visualization of strain dynamics in the GHz frequency region, quantitative strain
evaluation with nm x ps spatio-temporal resolution is still challenging. Five-dimensional
scanning transmission electron microscopy (5D-STEM) is a powerful technique that
measures time-dependent diffraction or deflection of the electron beam at the
respective two-dimensional sample positions in real space. In this paper, we
demonstrate that convergent beam electron diffraction (CBED) measurements using
5D-STEM are capable of quantitative time-dependent strain mapping in the nm x ps
scale. We observe the generation and propagation of acoustic waves in
a nanofabricated silicon thin plate of 100 nm thickness. The polarization and amplitude
of the acoustic waves propagating in the silicon plate are quantitatively determined
from the CBED analysis. Further Fourier-transformation analysis reveals the strain
distribution in the momentum-frequency space, which gives the dispersion relation in
arbitrary directions along the plate. Versatility of 5D-STEM-CBED analysis enables
quantitative strain mapping even in complex nanofabricated samples, as demonstrated
in this study.

1 Introduction

Transmission electron microscopy (TEM) and scanning transmission electron
microscopy (STEM) are fundamental tools for modern material and biological
science due to their potential to visualize nanoscale structures. Although time
resolution of conventional TEM and STEM is limited by the shutter speed of the
camera and scan speed of the electron beam (~ms), recent advances in ultrafast
electron microscopy that uses ultrashort electron pulse, enables the observation of
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ultrafast dynamics after photoexcitation on the ultrafast (fs-ns) temporal scale.'? In
the last couple of decades, ultrafast electron microscopy and diffraction have been
utilized to reveal various structural, electronic and magnetic phenomena such as
structural phase transition,** acoustic wave propagation,® dielectric response,® and
dynamics in magnets.”® In particular, dynamics of strain, i.e., acoustic waves, is one
of the fundamental excitations in a solid system and therefore should exist in all
samples: indeed, confined and propagating acoustic waves have been observed in
many solid systems.>*™** Ultrafast electron microscopy and diffraction is a unique
method that can observe nanometric acoustic waves, and therefore play a signifi-
cant role in novel acoustic device development in nano-fabricated systems such as
phononic crystals. In previous ultrafast TEM experiments, bright-field imaging and
electron diffraction have been mainly used to elucidate acoustic responses.>’
However, quantitative evaluation of amplitude and polarization of acoustic waves in
these samples has been difficult using such methods, due to the rather indirect
relation between the strain and the diffraction intensities,"” although extensive
effort in this field has been made recently.*

In conventional (static) TEM, quantitative evaluation of local strain has been
achieved by analyzing electron diffraction patterns such as convergent beam
electron diffraction (CBED). In this method, the electron beam is focused on the
nanometer-micrometer scale with ~10 mrad convergent angle, and diffracted
electrons appearing as disks and lines are recorded by a camera. By calculating
the scattering angle of electrons from the two-dimensional diffraction pattern in
momentum space (ky,ky), local lattice strain can be quantitatively evaluated.
Recently, development of two-dimensional pixelated detectors with high sensi-
tivity and fast (~ms) readout time has enabled us to obtain two-dimensional
mapping of CBED information by scanning the sample in real space (x,y),
which is called four-dimensional scanning transmission electron microscopy (4D-
STEM). By analyzing four-dimensional data by high-performance computers,
various structural properties in solid samples, such as crystalline orientation and
lattice parameters are mapped in two-dimensional real space.' Therefore, time-
resolved 4D-STEM using ultrafast TEM, ie. five-dimensional scanning trans-
mission electron microscopy (5D-STEM),* is a promising method to quantita-
tively obtain two-dimensional strain movies in nm X ps spatiotemporal
resolution. By combining the STEM and pump-probe method using the femto-
second laser, the time resolution of STEM, which has been determined by the
scan speed, can be significantly enhanced from the seconds to picoseconds.
Realization of 5D-STEM is crucial to quantitatively analyze phononic phenomena
especially in nanometric acoustic devices, because its time scale becomes the ps
range as is determined by sound velocity (~nm ps™).

In this study, we investigate the time (f) dependent strain mapping at two-
dimensional sample positions (x,y) by analyzing the 5D-STEM data for single-
crystalline silicon. Although a previous study already shows one-dimensional
scan of strain in graphite,' two-dimensional mapping requires qualitative
change in software as well as hardware. As a demonstration, we perform 5D-STEM
on a nanofabricated silicon single-crystalline plate. We also develop software that
can efficiently handle the huge amount of 5D-STEM data - more than hundreds of
gigabytes. The displacement gradient tensor D(x,),t) = Vu(x,y,t) is evaluated by
detecting the scattering angle of electrons in CBED images, where u is the atomic
displacement vector. The movie of AD = D(x,y,t) — D(x,y,0) clearly visualizes the
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photoinduced generation and propagation of acoustic waves. We further apply
Fourier-transformation analysis on AD(x,y,t) and obtain the spectrum AD(k,ky,w)
in momentum (ky,k,) and frequency (w) space. Typical application of 5D-STEM on
nano-fabricated samples indicates that the 5D-STEM-CBED is a powerful tool for
the quantitative evaluation of optically-induced strain on the nm x ps scale.

2 Materials and method
2.1 Setup of 5D-STEM

Fig. 1(a) shows the setup of our 5D-STEM measurement system, based on the
pump-probe method utilizing a combination of laser pulses shorter than 1 ps and
TEM (Technai Femto, Thermo Fisher Scientific). The trail of optical pulses with
o = 1.2 eV photon energy is generated by a Yb:KGd(WO,), solid-state laser
(PHAROS, Light Conversion). They are separated into pump and probe beams.
The pump beam passes through the delay stage and excites the sample mounted
in the electron microscope. Typical spot size of the pump beam at the sample
position is 100 pm, which is much larger than the typical field of view of STEM
(~10 pm at maximum). The photon energy of the probe beam is quadrupled by
two B-Ba,B,0, (BBO) crystals. The generated 4w = 4.8 eV optical pulse is irradi-
ated onto the carbon-coated LaBs photocathode (Applied Physics Technologies)
with a diameter of 50 um, which is mounted at the electron source of TEM. The
optical pulse is converted into an electron pulse by the photoelectric effect and
then accelerated to 200 keV. In the present CBED measurement setup, the elec-
tron pulse is focused on the sample to less than 15 nm, with a convergence angle
of 30 mrad. Two-dimensional CBED patterns are recorded by a pixelated detector
that can be synchronized with the scan clock signal of the scan coil. For such
a pixelated detector, we employed a MerlinEM direct electron detector (Quantum
Detectors) whose readout speed of 256 x 256 pixels is less than 2 ms.

STEM system
(a) M, T M (b) Pulsed electron probe
20 ) Photoexcitation
L= L BBO L - LaB, cathode
BBO—o L
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L=
-
Scan coil
BS[ > -
— Sample
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“ i Delay stage 9 Time ¢ 5D-diffraction mapping

Fig. 1 (a) Schematic of the 5D-STEM system. L, M, and BS denote lens, mirror and beam
splitter, respectively. Fundamental 1.2 eV light pulse is converted to 4.8 eV by two B-
Ba,B,O4 (BBO) crystals and then focused on the LaBg cathode in the STEM system. The
CBED pattern of the photoexcited sample is recorded by the pixelated detector, which is
electrically synchronized with the scan coil of STEM. (b) Schematic of the 5D-STEM. The
photoexcited sample is probed by scanning the convergent electron pulse in two-
dimensional real space (x,y). The time (t)-dependence of two-dimensional (k,.k,) CBED
images are obtained at the respective positions.
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Fig. 1(b) shows the schematic of strain imaging using the CBED setup in our
5D-STEM system. The sample is excited by the optical pump pulse with 290 fs
duration, and strains are induced via a variety of mechanisms, e.g., thermo-
elasticity.”*®* The pulsed convergent electron beam propagating along the z
direction is focused onto a certain position (x,y) of the sample. In this paper, we
define the Cartesian coordinates x, y, and z axes based on the propagation
direction of the probe electron beam, which is fixed to the laboratory system.
There, the two-dimensional (k,,k,) CBED pattern is recorded by the pixelated
detector. By scanning the position of the electron beam in the x and y direction,
two-dimensional (x, y) mapping of the two-dimensional (k,,k,) CBED patterns can
be obtained. Such 4D-STEM data are repeatedly obtained by changing the relative
arrival time (¢) of the optical pulse (pump) and the electron pulse (probe). This
enables us to record the time-evolution of the 4D-STEM data with the time
resolution determined by the duration of electron and optical pulses. By analyzing
the obtained five-dimensional (x,y,k,k),t) dataset, the ultrafast movies of
displacement gradient tensor D(x,y,t) can be obtained, as described in Sections
2.3 and 2.4.

We should note that the temporal resolution of the ultrafast electron
microscope (and consequently the 5D-STEM) is mainly dominated by the
duration of electron pulses, which tend to elongate by the repulsion of electrons
within a single pulse, i.e. the space charge effect.” Therefore, the number of
electrons in a single electron pulse must be eliminated to achieve a high enough
time resolution. We confirmed that the best temporal resolution of our 5D-
STEM system is below 2 ps when we set the number of electrons per pulse to
be less than ~1000.° In our system, the spatial resolution (15 nm) is restricted by
the drift motion of the sample during data acquisition, in contrast to conven-
tional static STEM where it is determined by the spot size of the probe electron
beam. This is because the typical 5D-STEM-CBED measurement in our setup
requires more than a day for the data acquisition due to the reduced intensity of
the photoelectron beam.

2.2 Sample preparation

We use a [001] oriented single-crystalline silicon plate 100 pm x 100 um X
100 nm as a sample. We deposited a metallic tungsten patterned onto the
silicon plate, with ~100 nm thickness, by the focused-ion beam (FIB) method
using NB5000 (Hitachi High-Tech). This metallic tungsten absorbs the pump
optical pulse (1.2 eV) while the silicon part shows a very low absorption rate.?
Thus, the patterned tungsten part immediately gets photo-thermalized by the
pump and acts as the acoustic phonon generator at the silicon interface. We
also fabricated the triangular patterns of voids in the silicon plate by FIB
(appearing in Fig. 5). For all of these nanofabrications, we set the acceleration
voltage to 40 kV and used the small (15 um) aperture to avoid damage to the
sample.

2.3 Calculation of displacement gradient tensor from the CBED pattern

Here, we express the lattice vectors a,b,c and reciprocal lattice vectors a*,b*,c* of
the original non-deformed crystal, using matrices A and A* as
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When we assume that R is a rotation matrix that represents the rotation of the
crystal with respect to the probe electron beam, and D is the displacement
gradient tensor that describes the deformation of the crystal, the lattice parameter
of the deformed crystal Aq can be newly expressed as

Ay = R(E + D)A,

where E is the identity matrix. When we ignore the second- and higher-order

. . * T .
terms of D, the new reciprocal lattice vectors A = (ay, by, ¢;) can be approxi-
mately expressed by

A, =2m[Ay") =R(E - D7) 4%, (1)

We use the relations A* = 2w[A"']", R =R", and (E+ D)™ = E — D to derive
eqn (1). The superscript T indicates the transpose matrix.

In conventional CBED analysis, the displacement gradient tensor D is calcu-
lated from the excess and deficit line positions appearing in the CBED patterns.
When the propagation direction of the convergent electron beam is parallel to the
z axis, the relations ¥ — k = g and k> = Kk'> are satisfied, where

k= (ke ky, —\/ko> — k> — ky*) and k' are the wave vectors of the incident and

scattered electron beams, and k, is the wave number of the incident electron
beam. Note that |/k,”* + k,*/ko should be smaller than the convergence angle of
the probe electron beam. g is the scattering vector that satisfies

g = (20:8,,8.) = haj + kb + I, 2)

where A, k, [ are the Miller indices. The deficit and excess line satisfies the conditions
Deficit line: k-g = —|g|*/2,
Excess line: k- g = |g|*/2,

which give the set of diffracted lines [ky,k,] and [Ky, k)] in reciprocal space. In
addition, the relations k,,k, < ko and 27 < gx2 + gy2 are satisfied considering that
the electrons are accelerated to 200 keV. Using these relations, the positions of the
deficit and excess lines with respect to the origin of reciprocal space, rq and r., are
expressed by

kog: Vet +g?

Deficit line : rg= — + , 3
gl +eg yz 2 G)

. kog- V& 2
Excess line : r,= — g V& 2+ & (4)

g’ + g’
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Using eqn (1)-(4), the displacement gradient tensor D can be calculated from the
excess and deficit line positions in the CBED patterns.

In this study, we approximate R = E since the tilting angle of the sample with
respect to the electron beam is less than 2° (see Section 3.1). For single-crystalline
silicon, A* = 2mE/a holds, where a is the lattice constant of the cubic crystal.
When we focus on 200 diffraction in a single-crystalline silicon and ignore the
second- and higher-order terms of D, the positions of the deficit and excess lines
can be calculated as

h
Deficit line : rq = koD-, + g (1 = Dyy), (5)
. htt
Excess line : r, = koD., — o (1 = Dyy). (6)

Therefore, D,, and D,, can be calculated form the positions of excess and
deficit lines experimentally. Note that all 9 components of D can be determined by
measuring the multiple excess and deficit lines at different tilting angles, in
principle.”* We determined Dy, D, D, D,, as we scanned the beam position and
the delay time (x,y,t), by recording the positions of the excess (deficit) lines ob-
tained from the local maxima (minima) of 800 and 080 diffraction intensities.

2.4 Derivation of time-dependent strain from 5D-STEM-CBED

Calculation of the photoinduced time-dependent displacement gradient tensor
AD(x,y,t) = D(x,y,t) — D(x,y,0) from the 5D-STEM data I(x,y,ky,k,,t) can be achieved
by simply repeating the CBED analysis for 4D-STEM data, in principle. However,
in practice, an additional pre/postprocess is required due to the very low intensity
of the probe electron beam. As the number of electrons in a single electron pulse
for 5D-STEM is limited to less than <1000 for high time resolution measurements
(see Section 2.1), the data acquisition time of more than several weeks is typically
required if we simply apply the above analysis for I(x,y,k,k,,t) at 100 x 100 x 256
X 256 x 100 points. To avoid this problem, we applied an additional process to
the 5D-STEM data: (1) 1 x 1 x 3 x 3 x 1 median filterand (2) 5 x5 x1x1x 3
average filter are applied to the 5D I(x,y,k,,k,,t) data. Then AD is derived by the
CBED analysis as described in Section 2.3. Afterwards, (3) 3 x 3 x 1 median filter
is applied to the AD(x,y,t) data. The two median filters [(1), (3)] are used to remove
the impulse noise caused during the measurement and the analysis, respectively.
Owing to the average filter (2), the signal-to-noise ratio at a respective point (x,y,t)
is improved by ~100 times. Although the total space- and time-resolutions
become slightly worse through these processes, the statistics of the analyzed
data greatly improves. These processes are indispensable in practice, since a long
acquisition time suppresses the effective space resolution due to the sample drift.
It should be noted that owing to these pre/postprocesses, the experimental results
appearing in this paper require only about 1 day of data acquisition time. Yet this
limits the total space resolution to ~15 nm, as mentioned above.

We parallelized these data processes on a high-performance computer with
sufficient memory and calculation cores. This is because the data size of the typical
5D-STEM data (100 x 100 x 256 x 256 x 100 of 32-bit float) is about 300 gigabytes
and applying the CBED analysis takes more than a few hours when a single-core
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system is used for calculation. We employed the shared-memory high-performance
computer with 3 terabytes memory and 112 cores for the analysis. For parallelization,
we employed Python-based library Dask,*>** which enables the parallel computation
of the above-mentioned processes. Using Dask, the calculation can be easily extended
to the much larger data size by utilizing the distributed-memory system, if required.

3 Results and discussion
3.1 Static CBED measurement on 100 nm thick Si plate

To begin with, we show the result of static CBED measurements on a single-
crystalline silicon plate. As shown in Fig. 2(a), we set the [001] oriented silicon
plate with [001] parallel to the probe electron beam, and then rotate it by o = 1.9°
and § = 0.8° around the x and y axes, respectively. As a result, a, b, and ¢ axes of
the single-crystalline silicon are slightly deviated from the x, y, and z axes. The
typical CBED pattern under this setup is shown in Fig. 2(b). In the transmitted
electron disk, we observe several dark deficit lines, where the electrons are dif-
fracted while travelling through the silicon plate. Correspondingly, the diffracted
electrons form the bright excess lines. To determine the Miller indices of these
excess and deficit lines, we simulate the CBED pattern of the single crystalline
silicon as shown in Fig. 2(c), based on the method described in ref. 16. Most of the
observed CBED patterns are reproduced by the simulation, and thus we can
assign the Miller indices of the respective lines. Hereafter, we focus on the time
dependence of 800 and 080 deficit/excess lines to determine the time-dependent
displacement gradient tensor AD(x,y,t) = D(x,y,t) — D(x,y,0).

3.2 Strain dynamics in Si plate obtained by 5D-STEM-CBED

In this section, we demonstrate the quantitative evaluation of the displacement
gradient tensor AD(x,y,t), derived from the single 5D-STEM data. Here we use the

(a) Probe electron

< 100-nm Si

Fig. 2 (a) Schematic of the CBED experimental setup. x, y, and z axes are fixed to the
laboratory system, and —z corresponds to the propagation direction of the convergent
electron beam. The a, b, and ¢ axes of the single-crystalline silicon sample are aligned
parallel to x, y, and z axes, and then the sample is rotated by « = 1.9° and 8 = 0.8° around x
and y axes, respectively. (b) Typical CBED pattern for the single-crystalline silicon with
a thickness of 100 nm. 800 and 080 excess and deficit lines are indicated by white arrows.
(c) Simulated CBED pattern for the single-crystalline silicon sample.
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100 nm-thick silicon plate with a small tungsten nanodisk deposited at the center,
which acts as a single point-like source of the photoinduced strain. Fig. 3(a) shows
the bright-field image of the sample reconstructed from the 5D-STEM data (¢ < 0).
The metallic tungsten nanodisk (diameter: 700 nm, thickness: 100 nm) is
deposited at the center using FIB. The x and y directions are depicted in Fig. 3(a).
When the sample is photoexcited by the 1.2 eV pump optical pulse, only the
tungsten nanodisk is immediately photo-thermalized because silicon hardly
absorbs the 1.2 eV light.*® As a result, the strain is first locally generated around
the tungsten nanodisk and starts to propagate in the silicon plate as the radial
acoustic waves.”® We quantitatively estimated the amplitude of such acoustic
waves by analyzing the ¢-dependent CBED patterns. The CBED pattern at the
position indicated by the green cross is displayed in Fig. 3(b). We analyzed the
time dependence of 800 excess line [Fig. 3(c)] and estimated AD(x,y,t) from the
peak position of 800 excess line, following the equations in Section 2.3. We
confirmed that the shift of the excess line is identical with the deficit line, which
indicates that the observed 800 line shift is mainly caused by AD,,, and the
contribution from AD,, is invisibly small in the present setup. Resulting time
dependent imaging of AD,,(x,y,t) is shown in Fig. 3(d). The generation and radial
propagation of the strain is clearly visualized quantitatively. In the same way, we

a)
W nanodisk |— T — o) F
ﬂl 2 pum
500 1000 1500
(d) AD_ (x,y,1) Delay time (ps)
s ~ ™ ; -~ [1x10°
o e} [THad Be

t<0 500 ps 1000 ps 1800 p; -1x103
(e) AD, (%)

iy | A

B e : “il1x10°
E ) = L
& L Vo "’ '§.-":.'| ’

<0 500 ps 1000 ps 1800 ps  -1x10°

Fig. 3 (a) The bright-field image of silicon single crystal on which a tungsten nanodisk
(700 nm diameter) is deposited. (b) CBED pattern at the position depicted by the green
cross in (a). (c) Time dependence of 800 excess line. The position of 800 excess line is
shifted after photoexcitation. (d, and e) Time dependence of displacement gradient tensor
component AD,,(x.y.t) and AD,,(x.y.t) calculated from the 5D-STEM data. The scale bars
indicate 2 um. The black circle at the center indicates the tungsten nanodisk.
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estimated AD,(x,y,t) from the 080 excess line position as shown in Fig. 3(e). As the
(100) and (010) planes are crystallographically equivalent, the amplitude of AD.
(x,),t) is almost identical with AD,(x,y,t) when the image is rotated by 90°. These
measurements can determine the amplitude and polarization of the propagating
acoustic waves experimentally, which had been technically difficult in the
conventional time-dependent bright-field image and diffractions.>®

Fourier-transformation analysis on AD,(x,y,t) and ADg(x,),t) reveals the
distribution of strains in the momentum-frequency (k-w) space. Fig. 4(a) shows
the time dependence of AD,,(x,y,t) recorded along the red arrow in Fig. 3(a). The
wavelength of the strain wave seemingly changes as a function of position and ¢,
indicating that the oscillatory behavior is composed of multiple modes with
different sound velocities. We applied the x, y, ¢ Fourier transformation to AD.
«(%,,t) and obtained ADZX(KX,KJ,,UJ), which shows the strain distribution in x-w
space. In Fig. 4(b), we show AD,, corresponding to the Fourier transformation of
Fig. 4(a). The red curves show the theoretical acoustic eigen modes in a 100 nm
thick silicon plate, calculated using the partial wave technique.> In this frequency
region, there are two dispersion curves corresponding to the so-called symmetric
(So) and asymmetric (4,) modes, which describe the plate-wave mode with
symmetric and asymmetric strain distributions along the thickness direction,
respectively. The obtained strain distribution in the x-w space suggests that the
asymmetric 4, mode is mainly excited in the frequency region of w < 0.5 GHz.
Since the tungsten is deposited only on the top side of the plate sample, the
asymmetric A, mode is more likely to be excited by the photo-thermalization of
the tungsten disk. In addition, we further obtained the constant frequency cut of
Sk, Ky, @) = [ADy” (K, Ky, @) + ADyy” (ky, Ky, )], which successfully visualizes the
in-plane anisotropy of the sound (4, mode) velocity. To remove the contribution
from the static structure at @ = 0, we Show S(ky,ky,®)/S((kx,ky,0) in Fig. 4(c—e).
Moreover, we applied four-fold symmetrization based on the crystallographic
symmetry of the silicon single crystal. Although the constant frequency cut shows
the almost isotropic circular feature of the A, mode dispersion relation, slight 4-
fold anisotropy appears at 1.43 GHz. This may be caused by the crystallographic
anisotropy of the cubic silicon single crystal.

(a) O (b) £ 19
T 1x10° 249
£ [ | 3
c 'g 0.5F ‘52
S .5 [
E o) “
£ 5 0f

0 500 1000 1500 -1x10° £ 0 1 2

Delay (ps) Frequency (GHz)
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N/ )

0.48 GHz 0.95 GHz 1.43 GHz

Fig. 4 (a) Space-time dependence of AD,, along the red arrow in Fig. 3(a). (b) Fourier
transformation of the AD,, in (a). Red curves indicate the theoretical acoustic dispersion
relation of zeroth-order asymmetric (Ag) and symmetric (So) modes in the 100 nm silicon
thin plate. (c—€) 5/So = Slkyk,,©)/S((kxk,,0) at 0.48, 0.95, and 1.43 GHz, respectively.
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3.3 Pros and cons of the 5D-STEM-CBED method

The data in Fig. 3 and 4 demonstrate that the quantitative estimation of strains
with nm x ps resolution can be achieved by analyzing 5D-STEM-CBED. We can
also extract the strain distribution in k-« space, from which the in-plane
anisotropy of the sound velocities and acoustic dispersion curves can be ob-
tained. We emphasize that all images in Fig. 3 and 4 are obtained by analyzing
a single 5D-STEM piece of data with 5 axes (x,),kx,k;,t). Once the single 5D-STEM
data is obtained, the displacement gradient tensor D(x,)y,t) at arbitrary position
and time can be evaluated by postprocessing. As compared to ref. 16 where
ultrafast CBED-STEM analysis has been done along a single axis in real space, our
5D-STEM system is capable of taking a full two-dimensional ultrafast movie of the
strain. As a result, propagation of strain along the arbitrary direction can be
evaluated at the same time as demonstrated in Fig. 3(d, €) and 4(c-e). We also note
that the quantitative estimation of the displacement gradient tensor can be
applied to all types of single crystals. Such a method should play an important
role in exploring the unique ultrafast strain dynamics in future acoustic nano-
devices.

On the other hand, 5D-STEM-CBED suffers from long data acquisition time as
compared to the usual ultrafast bright-field imaging method, where the spatial
resolution also tends to get worse due to the sample drift. Although increasing the
repetition rate of the laser should partly solve this problem, there is a clear limit
because of sample damage becoming serious at higher repetition rates. There-
fore, practically, compensating such low S/N ratio by data processing is one of the
key techniques in 5D-STEM. As described in Section 2.4, we applied several
median and average filters along the x, y, and ¢ axes which significantly improve
the data quality. Increasing the number of electrons per pulse without spreading
the pulse duration may be necessary to achieve ~1 nm space resolution in future.
Such improvement of a future 5D-STEM system may become possible by utilizing
pulse compression techniques.>*®

3.4 Practical application of 5D-STEM-CBED on nano-patterned Si plate

Finally, we show a practical demonstration of 5D-STEM-CBED for nanofabricated
samples. We prepared two types of samples as shown in Fig. 5(a and b). Similar to
Fig. 3(a), the metallic tungsten is deposited in a bar shape (400 nm width, 100 nm
thickness) at the left side of each sample. They work as the line-like source of the
photoinduced strain waves. Moreover, we fabricated the array of the 700 nm
triangular voids at the center, the direction of which in Sample #1 is opposite to
Sample #2. As previously reported,*”*® scattering of the acoustic waves is strongly
affected by the direction of the triangles in such samples. We quantitatively
evaluated the ¢-dependent displacement gradient tensor AD(x,y,t) in these
samples. In Sample #1, the acoustic strain waves are emitted from the metallic
tungsten bar at the left edge and start to propagate horizontally [Fig. 5(c1-c3)]. As
the acoustic wave passes through the array of triangular voids, the amplitude is
seemingly not strongly affected [Fig. 5(c4-c6)]. This is also confirmed by the
space-time dependence of AD,,*(x,t) in Fig. 5(e), which is obtained by averaging
AD,(x,y,t) along the vertical (y) direction. In Sample #2, we also observed similar
emission of the acoustic wave from the tungsten bar in the ¢ = 0-2 ns region
[Fig. 5(d1-d3)]. However, as the strain wave propagate through the triangular
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Fig. 5 (a and b) Bright-field images of Samples #1 and #2. The scale bar denotes 2 pm.
The black region corresponds to the deposited tungsten bar. The white triangles are voids
fabricated by FIB. (c and d) Time dependence of AD,,(x,y,t) calculated by the 5D-STEM-
CBED analysis. The black line and triangles indicate the deposited tungsten bars and the
triangular voids, respectively. (e and f) Position and time dependence of AD,,*"(x,t) for
Samples #1 and #2, obtained by averaging AD,,(x.y.t) along the y direction. (g and h)
AD,,(x,t) at 800 and 4200 ps, respectively. The gray shaded regions in (e—j) denote the
position where the triangular void patterns are fabricated.

voids, the amplitude apparently becomes suppressed [Fig. 5(d4-d6)]. To quanti-
tatively compare the amplitudes of strain waves in Samples #1 and #2, we show
AD,,™ att = 800 ps in Fig. 5(g). AD,, in Samples #1 and #2 are comparable in this
t-range, indicating that the photogeneration of strains similarly occurs for both
samples. In contrast, the amplitude of the acoustic wave in Sample #2 at 4200 ps
[Fig. 5(h)] is significantly suppressed as compared to that of Sample #1. These
results suggest that the scattering process of the acoustic strain is quantitatively
different in such directionally nano-patterned artificial systems.

4 Conclusions

We have demonstrated 5D-STEM-CBED analysis for the quantitative time-
dependent mapping of optically-induced strains. 5D-STEM measurement on
100 nm silicon single crystal with the metallic tungsten patterns deposited as the
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acoustic wave source demonstrated that time-dependent strain and polarization
can be quantitatively mapped in two-dimensional space from the CBED analysis.
By Fourier-transformation analysis, we further characterized the distribution of
strains in the momentum-frequency space, which can be used to reveal aniso-
tropic sound velocities and dispersion curves along an arbitrary direction within
the plate. We emphasize that the analysis of 5D-STEM requires additional pre/
postprocesses to compensate the low S/N ratio. The data size of 5D-STEM is
more than a few hundreds of gigabytes, and thus the analysis requires efficient
parallel computing. Nonetheless, the quantitative evaluation of strains by 5D-
STEM-CBED enabled us to visualize the directional properties of acoustic waves
realized in the Si plate that was artificially patterned with arrays of triangular
voids. Such a 5D-STEM method will play a versatile and important role in the
future development of optically controlled nanometer-scale acoustic phenomena
and functions.
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