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ABSTRACT

Here, we demonstrate ultrafast scanning electron microscopy (SEM) for making ultrafast movies of mechanical oscillators at resonance with
nanoscale spatiotemporal resolution. Locking the laser excitation pulse sequence to the electron probe pulses allows for video framerates over
50 MHz, well above the detector bandwidth, while maintaining the electron beam resolution and depth of focus. The pulsed laser excitation
is tuned to the oscillator resonance with a pulse frequency modulation scheme. We use an atomic force microscope cantilever as a model
resonator, for which we show ultrafast real-space imaging of the first and even the 2 MHz second harmonic oscillation as well as verification
of power and frequency response via the ultrafast movies series. We detect oscillation amplitudes as small as 20 nm and as large as 9 ym. Our
implementation of ultrafast SEM for visualizing nanoscale oscillatory dynamics adds temporal resolution to the domain of SEM, providing
new avenues for the characterization and development of devices based on micro- and nanoscale resonant motion.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0089086

Scanning electron microscopy (SEM) is characterized by reso-
lutions capable of imaging deep below the optical diffraction limit
and is, therefore, a fundamental tool for the inspection of nanoscale
devices. SEM images have a highly desirable combination of res-
olution, depth of focus, and ease of interpretation of the data.’
However, limited time resolution of SEM constrains their applica-
bility to (quasi-)static samples. Long image scanning times of tenths
of seconds at least, limited detector bandwidth, and low current in
the electron beam are the factors limiting time resolution in con-
ventional SEM.” The scan time limitation has been addressed with
hyperspectral motion visualization SEM, which analyzes frequency
components in the secondary electron signal to gain information on
the movement of the sample,” but temporal resolution is still lim-
ited by detector bandwidth.” Ultrafast scanning electron microscopy
(USEM), in which a sample is pumped and probed with ultrafast
laser and electron pulses, respectively, in a stroboscopic fashion, has
been developed to do SEM with time resolutions limited by laser and
electron pulse duration.”

USEM applications have focused on studying photoexcited
charge carrier dynamics in semiconductors, measuring ultrafast life-
times and diffusion of carriers in a multitude of materials.” ’ Direct
quantitative observation of the motion of micro- and nanoscale
objects such as mechanical resonators has to our knowledge not yet

been pursued despite their importance for sensing” ° and probe-
based microscopy *'” and the fact that SEM is routinely used for
(static) quality inspection after fabrication. Optical interferometry
is typically used to characterize micro- and nanomechanical res-
onators, but it has limited lateral resolution and the data acquired
require extensive analysis and interpretation. ™'’ Ultrafast trans-
mission electron microscopy (UTEM) has been used to measure
nonresonant cantilever motion,”’ and the movement of a reso-
nant beam structure has been studied through the analysis of
motion blur in images recorded with continuous beam transmis-
sion electron microscopy.”! Further applications of UTEM have
focused on measuring strain wave dynamics in thin materials.”*”’
Combining the advantages of SEM with the temporal resolution
required for dynamical imaging of high-frequency miniature res-
onators would enable direct real-space imaging and monitoring
amplitude, phase, and frequency under resonant and nonresonant
excitation.

Here, we present ultrafast movies of a single clamped beam res-
onator, an atomic force microscope (AFM) cantilever, performing
real-space imaging of the fundamental resonance to demonstrate
our approach. We determine the power dependency of the oscil-
lation amplitude and run a frequency sweep to determine the res-
onator quality factor (Q-factor). Additionally, we capture the 2 MHz
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second harmonic oscillation, where USEM enables straightforward
visualization of the mode shape while pushing the framerate to an
effective 50 MHz.

Our USEM setup [Fig. 1(a)] is based on a commercial scan-
ning electron microscope,” which has been modified to enable
pulsed beam operation through electron beam blanking”* and to
accommodate femtosecond laser excitation of the sample through an
optical objective positioned below the sample in the vacuum cham-
ber. The laser, a Coherent Vitara-T with 800 nm central wavelength
and 95 MHz pulse repetition rate, is used in conjunction with a
pulse picker based on a Conoptics Model 350-160 E-O Modula-
tor. The pulse picker allows us to control the pulse repetition time
and tune the laser excitation rate to the resonator we examine. For
these experiments, we have used a NANOSENSORS PPP-NCHR
300 kHz AFM probe, for its trapezoidal cross section and aluminum
coating on the detector side make it very suitable for photother-
mal excitation.””” In this process, laser pulses prompt local heating
of the material and thermal expansion initiates a bending motion.
The cantilever is mounted horizontally, rotated along the longitu-
dinal axis such that the direction in which the tip points makes a
55° angle with the electron beam [see Fig. 1(a) inset]. This makes
the displacement of the cantilever clearly visible in electron beam
imaging.

The laser is focused on the back (detector) side of the cantilever
[see Fig. 1(a) inset] through a Nikon objective with 10x magnifica-
tion and an NA of 0.3. Through optical imaging of the laser spot
on the sample, we focus the laser near the cantilever base to excite
the first mode. A pulse frequency modulation (PFM) scheme is
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e-beam

Moving
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1 Dooee

Blanking
aperture

Gating signal

s

Pulse picker
electronics
Optical
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Modulated EOI
laser modulator¥” ¢ |ager
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implemented to approximate sinusoidal excitation near the 300 kHz
specified cantilever resonance frequency, which is much lower than
the 95 MHz laser pulse repetition frequency. To this end, we
operate the laser pulse picker in gated mode, and supply a 1024-
character PFM sequence [Fig. 1(b)] to the gating input with a
Thurlby Thandar Instruments TG1010A programmable function
generator. Laser pulses are only transmitted when the gating input is
high, and the PFM sequence is repeated to create periodic modula-
tion. Continuous beam electron imaging easily identifies the result-
ing movement of the cantilever through motion blur [Fig. 1(c)].
When laser excites the cantilever at its resonance frequency of
316.71 kHz with 48 mW of laser power, we see a multi-micron
displacement of the tip. The mode shape features a single node
and antinode at the base and tip, respectively, indicating this is the
fundamental frequency.

Electron pulses are generated by electron beam blanking, a
scheme in which the electron beam travels between two blanker
plates with an electric field between them that can deflect the beam
over an aperture placed lower in the column. By rapidly switching
the polarity of the blanker voltage and thereby the field direction,
the beam is quickly swept over the aperture, creating a sub-ns
electron pulse during the brief moment the electron beam is directed
through the aperture. Electron pulse generation is also triggered by
the function generator, synchronizing the laser excitation and elec-
tron probing of the cantilever. Pulses as short as 90 ps have been
demonstrated on our setup.”* Longer pulses can be generated by
switching the blanker voltage to zero to transmit the beam for as
long as the desired pulse duration and then back to the original value

Gating signal [a.u.]

I Gating high
[Jcating low

Sine modulation

0 100 200 300 400 500 600 700 800 900 1000

FIG. 1. (a) Schematic for USEM on laser-excited resonant cantilevers. Electron pulses, illuminating the sample from above, are created using a beam blanker. The
cantilever is excited using a fs-laser focused on the sample via an objective lens below the sample. Secondary electrons (SEs) are used as signal and are detected with an
Everhart-Thornley detector (ETD). (b) The fs-laser excitation is modulated with a pulse frequency modulation (PFM) scheme, approximating sinusoidal excitation. We use
the pulse sequence to gate the pump laser, resulting in periodic modulation of the laser power to get the cantilever into resonant motion. (c) SEM image of the cantilever
recorded with a continuous electron beam with laser actuated near the cantilever base at its 316.71 kHz resonance frequency. A multi-micron amplitude motion is seen
through motion blur, with the shape representing the fundamental mode. A detailed view of the region marked by the red box is found in Fig. 2.
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to block the beam again. This flexibility in pulse duration offered
by beam blanking can be useful as the current in the pulsed beam
and consequently the acquired signal is directly proportional to the
pulse duration, meaning that longer pulses can drastically shorten
measurement times. We, therefore, adapt the pulse duration to the
timescale of the dynamics measured, using either 20 ns or 100 ns
pulse durations.

Ultrafast movies are constructed from stroboscopic images,
recorded by scanning full images of the cantilever with a 10 kV
pulsed electron beam and the modulated laser focused on the can-
tilever [Fig. 2(a)]. As the laser excitation and electron beam probing
are phase locked, the cantilever appears to be standing still and the
resulting image looks like a regular SE micrograph. Upon comple-
tion of an image frame, a phase shift is added to the PFM signal in
order to vary the point in the oscillation probed by the electron pulse.
The next frame is scanned, showing the cantilever at another point
in its oscillatory cycle [Fig. 2(b)], and this is repeated until the phase
shifts cover the full 27 oscillation. All frames are combined into a
video of the oscillatory movement, which constitutes our ultrafast
movie.

a) Ultrafast movie frame 0

ARTICLE scitation.orgljournal/rsi

Stroboscopic imaging with a 20 ns pulsed electron beam allows
for time resolved real-space imaging of the beam without signif-
icant motion blur. By sequentially acquiring frames and increas-
ing the pump-probe delay in 88 ns steps between scans, we map
the full oscillation period and combine the frames into an ultra-
fast movie of the beam vibration (see Fig. 2, multimedia view).
Stroboscopic images recorded with two different delays between
cantilever excitation and electron pulse generation are shown in
Figs. 2(a) and 2(b), where the cantilever is probed at different
time points in the oscillation. Figure 2(c) shows sections of all
recorded frames, with the image cropped to the AFM sensing tip
for clarity. Difference images between frame zero, which func-
tions as a reference, and the other movie frames can be seen in
Fig. 2(d). The tip moves away from its original position until max-
imum displacement is reached, at which point the tip returns to
its starting point with good focus throughout the image sequence.
Imaging with 100 ns electron pulses gives more motion blur, but
it is an option to reduce noise (see the supplementary mate-
rial). Tip displacement relative to the reference frame is quantified
using an image shift algorithm”” [see Fig. 2(e)]. A sinusoidal fit

b) Ultrafast movie frame 18

Ultrafast movie frame sections
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FIG. 2. (a) Stroboscopic USEM images of an AFM cantilever are recorded with a pulsed electron beam locked to the laser frequency. The cantilever is excited with the laser
and probed with electron pulses at 316.72 kHz. (b) By changing the phase delay [here 1585 ns with respect to (a)] between the cantilever laser excitation and electron pulse
generation, stroboscopic images at different time points in the oscillation are recorded. (c) Multiple stroboscopic images are combined into an ultrafast movie of the motion of
an AFM cantilever. Shown are sections of the movie frames cropped to the AFM sensing tip, marked by the red box in Figs. 2(a) and 2(b). Each frame corresponds to a 83 ns
step. (d) Difference images relative to a reference frame (frame 0, shown in (a)) show the position of the cantilever tip at various times during an oscillation cycle. () The tip
displacement as a function of laser—electron pulse delay follows a sine curve with an amplitude of 5.0 + 0.2 um. Multimedia view: https://doi.org/10.1063/5.0089086.1
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represents the data well and indicates a peak-peak amplitude of
5.0+0.2 ym.

Power dependence of the oscillator amplitude is measured by
successively recording ultrafast movies of the cantilever motion at
various power levels ranging from 0 to 58 mW. We extract the
displacement of the tip from the movie frames [Fig. 3(a)] and fit
sinusoidal functions to obtain amplitude data. Figure 3(b) shows
the amplitude as a function of laser power, with error bars indi-
cating the fitting uncertainty. Amplitudes are lower than seen in
Fig. 2, as we excited slightly off-resonance at 317 kHz to miti-
gate the effect of frequency drift between acquisition of different
movies. We see a consistent trend of increasing amplitude with
increasing laser power within the error margins. For low power,
the relation is linear, but a saturation effect is observed at high
power as illustrated by linear and exponential fits, respectively. The
linear fit includes the power levels up to 5.4 mW and yields 36
+ 5 nm/mW at this excitation frequency. Saturation at higher pow-
ers is attributed to nonlinear dynamics of the cantilever itself that
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become non-negligible at high amplitudes.”**’ Cantilever amplitude
strongly depends on laser focus and spot position as well as the
excitation frequency and cantilever type.”””’ Keeping in mind these
possible variations, the measured linear relation at low power and
the obtained slope are in line with those found in literature,”"* indi-
cating that USEM can be a tool for investigating cantilever power
response.

We next characterize the frequency response and Q-factor of
the resonator by means of movies recorded with varying the exci-
tation frequency at 42 mW laser power. Figures 3(c) and 3(d)
show the amplitude and relative phase of the recorded oscillation
as a function of excitation frequency. The resonance frequency at
316.76 kHz is easily identifiable by the sharp increase in amplitude
and a phase change of 7 centered at this frequency. Despite the high
excitation power, fits based on theoretical relations valid for small
actuation force and amplitude®™ mostly show agreement with the
experimental data. The amplitude is fitted to a Lorentzian equation
and the phase to an inverse tangent relation. We extract mutually

800 r
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T 600
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Q 400 r
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Té_ 200 I Data 1
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FIG. 3. Power and frequency dependency of cantilever oscillation as characterized with USEM. (a) Displacement derived from ultrafast movies for the indicated range of
excitation powers at 317 kHz driving frequency. (b) The oscillation amplitude increases linearly with laser power in the low power regime, but it saturates according to
a single exponential function for exciting powers on the order of tens of mW. (c) Varying the excitation frequency shows a clear resonance peak at 316.75 kHz and (d)
corresponding shift of 7z for the phase between laser modulation and cantilever motion. The resonator has a Q-factor of 1.1 - 10*.
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corresponding Q-factors of 1.03 +0.15 - 10* and 1.15+0.11 - 10*
from fits to the amplitude and phase response, respectively. Further-
more, we notice the amplitude of the oscillation reaches a high peak
value of 9 ym, which brings imaging higher harmonic oscillations
with reduced amplitude within reach.

Higher harmonic oscillations have a more complex mode shape
as well as smaller amplitudes than the fundamental mode, adding to

a)

ARTICLE scitation.org/journal/rsi

the utility of large depth of focus real-space imaging combined with
high resolution of the electron beam that USEM offers. We excite
the second harmonic by focusing the laser on the middle of the
cantilever for optimum excitation efficiency’*’ with a power of
60 mW and a repetition frequency of 1.953570 MHz and probe
it with 20 ns electron pulses. An ultrafast movie of the oscillation
was recorded and the dynamics visualized in Fig. 4 (multimedia

Second harmonic difference image

b) Ultrafast difference images
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FIG. 4. The combination of high resolution and focus depth allows for tracking the mode shape of the second harmonic in time over the full length of the cantilever.
(a) Difference image between 230° and 50° at second harmonic frequency showing movement in opposite direction at central part and tip of cantilever as indicated
by the arrows. (b) Ultrafast difference images series of movement of cantilever tip [marked area in (a)]. (c) Plotting the displacement as a function of position for all
phases highlights the characteristic shape of the second harmonic. (d) The tip displacement over time is sinusoidal in shape with 590 nm amplitude. Multimedia view:
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view). The movie is constructed of 37 frames with 14 ns time steps,
equivalent to a 70 MHz sampling frequency; but with the 20 ns
pulse duration, we effectively imaged at 50 MHz. This rate exceeds
the 10 MHz detector bandwidth, and it can be further improved if
required by simply reducing the electron pulse duration.

Both the movie and the difference images in Figs. 4(a) and 4(b)
give qualitative insight into the mode shape, featuring displacement
of the cantilever near the middle with the tip moving in opposite
direction. The quantitative displacement over the full length of the
cantilever, determined by comparing individual columns of pixels in
the movie frames, is displayed in Fig. 4(c). Displacement down to the
tens of nm scale is well defined over the full cantilever length. The
curve shapes clearly represent the second harmonic with a node at
around 75% of the cantilever length from the base and an amplitude
of a few hundred nanometers at the antinodes. Displacement of the
tip over time [Fig. 4(d)] shows sinusoidal motion with 590 + 20 nm
peak-peak amplitude.

In conclusion, we have performed real-space time resolved
imaging on a nanomechanical resonator at resonance, construct-
ing ultrafast movies of a laser actuated cantilever with USEM.
Large depth of focus allows for imaging the full cantilever in focus
throughout the oscillation while the resolution is high enough to
register displacement on the micro- and nanoscale. Moreover, the
pulse duration can be selected to achieve high current to speed up
acquisition or prioritize time resolution to image dynamics at rates
beyond the detector bandwidth. Our work provides the prospect
of real-space characterization and visualization of nanomechani-
cal movement in MEMS resonators, aiding the development of
new and bolstering our understanding of existing devices. Direct
imaging of tip movement in close proximity to and interaction
with a surface would be possible as is imaging nanomechanical
cantilever mass sensors and other resonators exhibiting in-plane
movement.

SUPPLEMENTARY MATERIAL

See the supplementary material for an additional ultrafast
video, measured with 100 ns electron pulse duration.
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