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Practical techniques to identify heat routes at the nanoscale are required for the thermal control of microelec-
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tronic, thermoelectric, and photonic devices. Nanoscale thermometry using various approaches has been ex-
tensively investigated, yet a reliable method has not been finalized. We developed an original technique using
thermal waves induced by a pulsed convergent electron beam in a scanning transmission electron microscopy
(STEM) mode at room temperature. By quantifying the relative phase delay at each irradiated position, we dem-
onstrate the heat transport within various samples with a spatial resolution of ~10 nm and a temperature reso-
lution of 0.01 K. Phonon-surface scatterings were quantitatively confirmed due to the suppression of thermal
diffusivity. The phonon-grain boundary scatterings and ballistic phonon transport near the pulsed convergent

electron beam were also visualized.

INTRODUCTION

More than half of electronic device failures are caused by heat-
related factors (1). During operating and repeated on/off cycles
over the lifetime, changes in the device’s temperature lead to thermal
fatigue, resulting in deformation, breaking, or cracking and, even-
tually, product failure. Therefore, thermal management is crucial
for electronic devices across various industries. In addition, the
development of microelectronic, thermoelectric, and photonic
devices requires them to be smaller and more powerful, making
thermal management a more critical issue than ever before. Fur-
thermore, recent advances have reduced the size of these devices
to be comparable to the phonon mean free path (MFP), pushing
thermal transport to a regime where its behavior is different from
that of bulk-sized counterparts (2, 3). This substantial change
complicates the issue and underscores the need for adequate ther-
mal management at the nanoscale to prevent device failures. As
a result, nanoscale spatial-resolved and precise thermometry is
urgently required.

Many studies have aimed to characterize the thermal proper-
ties of nanostructures using well-known methods, such as time-
domain thermal reflectance (TDTR) (4-6), transient Raman
method (7, 8), laser-assisted atom probe (9, 10), atomic force mi-
croscopy-based thermometry using scanning thermal microscopy
(SThM) (11-13), and scanning near-field optical microscopy (14,
15). While SThM and near-field light adopting techniques are
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limited to surface measurement, TDTR and other methods using a
laser as a heat source have challenges in achieving a spatial resolu-
tion of sub-10 nm. To enhance local heating capability, adopting
an electron beam of a transmission electron microscope (TEM) as
a nanosized heat source has been reported (16-18). So far, using
the electron energy loss spectroscopy (EELS) technique, tempera-
ture mappings have been obtained by detecting the shifting of the
plasmon peak (19), phonon peak (20), and the ratio between the
intensity of gain and loss peaks (21, 22). This approach yields ex-
cellent spatial resolution without affecting the specimen. However,
even with the outstanding energy resolution of sub-10 meV, there
is still a deviation of several to tens of degrees in the measurement
precision (21). Furthermore, generating a thermal gradient is es-
sential, making it challenging to characterize thermosensitive mate-
rials. Instead of detecting temperature via changes in other physical
properties, in our previous studies, we directly measured a subtle
temperature change induced by the electron beam in a TEM using a
nanosized thermocouple (23, 24). However, according to Fourier’s law,
determining local temperatures requires knowing specimen thickness,
which complicates the measurements.

Here, we report a method using a pulsed convergent electron
beam under a scanning transmission electron microscopy (STEM)
mode in a TEM to heat microfabricated specimens and measure
the phase delay and amplitude of thermal waves induced by the
pulsed focused electron beam at room temperature (RT). The fun-
damental theory of this study is described in the Supplementary
Materials. In short, a single-crystalline sapphire specimen was
used as a one-dimensional thermal conductor. An electrostatic
dose modulator (EDM) periodically blanked the electron beam at
a rate of up to 100 kHz to produce a periodic heat source. The
phase delay and amplitude of thermal waves at each position
irradiated by the pulsed focused electron beam were acquired by a
lock-in amplifier. In STEM mode, the pulsed convergent electron
beam was scanned pixel by pixel across a desired image frame, al-
lowing for the simultaneous acquisition of a high-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) image and a map of the phase delay or amplitude of thermal
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waves (Fig. 1). In addition, a polycrystalline aluminium nitride
(AIN) specimen was prepared using the same method as for the
single-crystalline sapphire specimen to investigate the thermal
transport of thermal waves at local areas, including grain boundaries.

RESULTS

Thermal waves induced by the pulsed focused

electron beam

A pulsed convergent electron beam in STEM mode is scanned
across the specimen. It is considered that the heat induced by the
electron beam dissipates along the length of the specimen toward
both ends. The whole experimental system is kept inside a TEM
column at a high vacuum (~2 X 107> Pa) at RT; as a result, both
radiation and convection are considered to be negligible. A ther-
mocouple is formed by contacting two nanosized tips, and the
other ends are fixed to two movable Cu hats attached to the TEM
holder (fig. S1) to detect temperature. The reference temperature is
designed to be inside the TEM column, which is sufficiently stable
for the measurement and equivalent to RT. For each scanning, a
HAADEF-STEM image and a corresponding map of phase delay are
simultaneously acquired, as shown in Fig. 1 (C and D). The map of
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phase delay shows a gradient with respect to the phase-locked po-
sition (marked by a black cross in Fig. 1D). When the electron
beam is irradiated on the thermocouple, a sudden change of phase
delay is observed due to the thermal contact resistance between
the thermocouple and the specimen. Conversely, nothing is heated
when the electron beam is emitted in a vacuum, and the phase
delay cannot be detected. Any acquired signal in this area should
be considered as noise.

The propagation of thermal waves within the single-crystalline
sapphire specimen was monitored by an oscilloscope. Figure 2B
shows the signal waveform of the EDM and the corresponding
electron beam-induced thermal wave when the electron beam is
irradiated on the red cross marked in Fig. 2A. The waveform
exhibits separate heating and cooling periods, as observed in
Fig. 2B. During the heating period, there is a sharp increase in
thermal electromotive force (or temperature) of approximately
0.7 ms, followed by a relatively uniform plateau in the remaining pe-
riod of about 0.8 ms. The temperature remarkably decreases over
only 0.7 ms during the cooling period. At low modulated frequen-
cies, the thermal wave starts and ends each cycle at zero level (RT),
indicating that thermal decay is complete in each cycle. At higher
modulated frequencies, the thermal wave does not have enough
time for relaxation, resulting in fluctuating around a temperature

Pulse control software

c
[}
S

©
ja}
a

0

Scan count

Lock-in amplifier

--------------- Reference Input Output
Objective |pulsed focused ?r ¢

lenses [electron beam I-

.......... Chromel tip —
Phase delay
HAADF-STEM — analysis
detector \_? Constantan tip |
[—) Amplifier
Filter
B Pulsed focused I'_ T

electron beam

One-dimensional specimen

E—Ieat flow direction
>

08080 O oohof

Thermocouple Phase delay (rad)

Fig. 1. Experiment overview. (A) Apparatus: A TEM, an EDM for generation of the pulsed focused electron beam, a two-probe scanning tunneling microscopy-TEM
holder equipped with constantan and chromel piezo-driven probes, and a lock-in amplifier accompanied by a data analysis system. (B) Description of heat flow in a one-
dimensional specimen used in the present study. (C) Low-magnification HAADF-STEM image of the experimental setup. (D) Map of phase delay corresponding to the area
of (C). The cross mark near the tip of the specimen indicates the position where the phase was selected to be zero.
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Fig. 2. Waveforms of pulsed-focused electron beam-induced thermal wave.
(A) HAADF-STEM image of experimental setup using the single-crystalline sap-
phire specimen. (B) The waveform of signal controlled by EDM (black) and that of
thermal electromotive force yielded by the nanosized thermocouples (red). The
measured position is shown by the red cross mark in (A).

level attained immediately after the electron beam irradiation
(fig. S2). This temperature level is the extent of temperature in-
crease above RT. Consequently, all measurements were carried out
after the temperature of the specimen became stable. The depen-
dence of thermal waves on thermocouples is discussed in the Sup-
plementary Materials.

Thermal waves in a one-dimensional single-crystalline
sapphire specimen

On the basis of Eq. 5, the gradient of phase delay allows us to de-
termine the thermal diffusivity value for a known modulated
frequency. Figure 3A shows a HAADF-STEM image of the single-
crystalline specimen and maps of phase delay under modulated
frequencies of 5, 10, and 20 kHz. The gradients of phase delay are
observed to correlate with the modulated frequencies of the pulsed
convergent electron beam. It is important to note that the data of
phase delay are recorded on the basis of the difference in phase
of thermal waves between the irradiated positions and the phase-
locked position which is selected close to the contact of the speci-
men and the thermocouple, as shown in Fig. 1D. In Fig. 3A (2 to 4),
five line profiles were taken in each case of modulated frequency.
The results of the representative line profiles are depicted in Fig. 3B,
where all the line profiles are well-fitted by a linear approxima-
tion. The slopes of the linear best fits enable us to determine the
thermal diffusivity values using Eq. 5. It is essential to clarify that
the response time of thermal waves remains unchanged when the
electron beam is scanned (fig. S4). Therefore, the phase delay ob-
tained by the lock-in amplifier must be correct throughout the
investigated area.

Figure 3C shows the results with error bars indicating uncer-
tainties. A deviation of ~4% within these results compared to the
average value of 6.87 X 107 m?/s indicates an acceptable result for
a quantitative measurement. The determined thermal diffusivity
values are approximately 0.64 times the reference data (25-27) and
the measured bulk thermal diffusivity of sapphire (Supplementary
Materials). It is worth mentioning that inevitable amorphization
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and lattice distortion due to focused Ga-ion beam microfabrica-
tion might negatively affect the thermal diffusivity of the speci-
men. However, this effect should be minor considering parallel
model of effective thermal diffusivity (Supplementary Materials).
The reduction in thermal diffusivity is consistent with the thermal
conductivity reduction observed when the characteristic length of
thermal transport material is reduced to approximately 400 nm in
a recently reported study adopting time-domain thermoreflec-
tance conducted at RT (28). Theoretical and empirical studies have
described the reduction of thermal conductivity by classical (Casimir)
size effect (29) or phonon spectral distribution (30). According to
these studies, phonons with different MFPs contribute dissimilarly
to the thermal conductivity of a material. When the width and
thickness of the specimen become much smaller than the bulk
phonon MFPs, this leads to the suppression of the thermal con-
ductivity. The physics of phonons, in this case, has been commonly
acknowledged to follow the natures in the ballistic regime (31-33).
In addition, the thermal (34) and electron beam (35) excitation
may induce the surface phonon polaritons (SPhPs) on the spec-
imen. The contribution of SPhPs increases and enhances the
in-plane thermal conductivity with decreasing film thickness,
especially below 200 nm (36, 37). In the present study, since the
thickness of the specimen is in a range of several hundred nano-
meters, the contribution of SPhPs to thermal conductivity can be
considered negligible.

The amplitude of thermal waves provides information on the
combined effects of absorbed thermal energy, density, specific heat,
and thermal diffusivity. Figure 3A (5 to 7) shows maps of amplitude
with modulated frequencies of 5, 10, and 20 kHz, with the amplitude
decreasing as the distance from the detecting point increases. Line
profiles along C,D;, C;D,, and C3D3 are shown in Fig. 3D, which are
taken at the center of each image. Uneven slopes at positions 3 pm
and 6 to 8 pm are attributed to imperfections on the specimen’s sur-
face, likely damages caused by the Ga-ion beam of focused ion beam
(FIB). It is worth noting that these imperfections are not revealed in
energy dispersive spectroscopy (EDS) elemental maps in fig. S1 or
the HAADF-STEM image at the current magnification. With the
experimental setup used, the input signal should include nothing
except thermal waves induced by the pulsed convergent electron
beam. Therefore, the amplitude of thermal waves has the potential
to provide detailed information about the surface structures and
compositions of materials.

In this study, using a nanosized thermocouple yielded un-
interrupted experimental data, we prove that the sensitivity of the
thermocouple is high enough to detect fine amplitudes of thermal
waves. The sensitivity of the lock-in amplifier was also adjusted to
ensure that it was high enough to detect delicate signals of thermal
waves without overloading. With these adjustments, the amplitude
can be detected with an accuracy of three significant numbers. As
a result, assuming that the Seebeck coefficient is constant, the
smallest distinguishable temperature difference is estimated to be
0.01 K at RT, which is believed to be one of the best temperature
resolutions achieved among various nanoscale thermometry
methods [temperature resolutions of 7 to 15 mK and several to a
few tens of Kelvin were reported using SThM (11-13) and EELS-
based method (19-22), respectively]. Calculated data using Eq. 6
exhibits an acceptably consistent trend with experimental data at
the corresponding distance. The divergence is attributed to im-
perfections in the specimen, such as differences in thickness,
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Fig. 3. Characterization of phase delay and amplitude of thermal waves in a one-dimensional single-crystalline sapphire specimen. (A) (1) HAADF-STEM image
of the experimental setup, (2 to 4) maps of phase delay, and (5 to 7) maps of amplitude adopting pulsed electron beam at modulated frequencies of 5, 10, and 20 kHz,
respectively. Five lines in each case of modulated frequency were drawn to characterize line profiles, among which A;By, A;B,, AsBs, and C;D4, C;D,, and C3D; show rep-
resentative lines along which gradients of phase delay and amplitude were investigated for frequencies of 5, 10, and 20 kHz, respectively. (B) Line profiles and best fits
along A;B4, A;B,, and A3Bs in (A) and gradients of phase delay. Note that the ranges of gradient indicate the uncertainties of the measurements. (C) Thermal diffusivity is
calculated from obtained gradients of phase delay in various modulated frequencies. The thermal diffusivity of bulk sapphire along the a axis was estimated to compare
with the reduced thermal diffusivity due to phonon scattering at the surfaces of the specimen whose width and thickness are smaller than the phonon MFP of sap-
phire. (D) Line profiles along C;D,, C;D5, and C3D;5 of map of amplitude and amplitude calculated using Eq. 6. Empirically acquired amplitudes of thermal waves exhibit

an acceptable consistency with theoretical calculations.

surface conditions, and Ga-ion beam-induced surface damages,
which result in the nonuniformity of the absorbed thermal energy.
The presence of Ga also affects the effective thermal diffusivity of the
specimen, resulting in divergence from the assumption of a homo-
geneous single-crystalline sapphire specimen.

Thermal waves in a two-dimensional polycrystalline

AIN specimen

In practical applications, materials often contain numerous de-
fects, such as grain boundaries, voids, and dislocations, which
make the local thermal properties more complex. In this study, a
polycrystalline AIN specimen was prepared to investigate the local
thermal measurement by detecting the phase delay and amplitude
of thermal waves induced by a pulsed focused electron beam. As a
part of a sintered body, the polycrystalline AIN specimen is ex-
pected to contain grain boundaries, voids, and other defects. To
visualize the thermal properties of such nanoscale structures, a
modulated frequency of 100 kHz was used. Figure 4A shows a
HAADEF-STEM image of the microfabricated TEM specimen of
the polycrystalline AIN contacted with a thermocouple for ther-
mal measurements. Two smaller areas surrounded by dashed lines
(1) and (2) are enlarged on the right side. Corresponding to the
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enlargement of area (1), a map of the phase delay of this area was
acquired. Like the single-crystalline sapphire specimen, the phase-
locked (or zero-phase-selected) position is close to the contact
between the thermocouple and the specimen.

First, the map of phase delay in this area discloses that the
phase delay increases with increasing the distance from the zero-
phase-selected position. A stronger contrast is visible in the vicin-
ity of grain boundaries. This result implies that the thermal waves
induced by pulsed focused electron beam irradiated onto these
grain boundaries spend more time arriving at the specimen-
thermocouple junction, which is attributed to more considerable
thermal resistance. The grain boundaries themselves have been
known to obstruct the propagation of thermal waves and have
been used to suppress thermal conductivity to enhance the per-
formance of thermoelectric materials (38). At these grain boundaries,
phonons, prominent heat transport carriers in semiconductor
materials like AIN, are scattered, leading to the reduction of ther-
mal conductivity (39, 40). Particularly, AIN is known to hinge
on strong phonon-boundary scattering effects due to the large
phonon MFPs, which is discernible even in sub-10-pm thin films
(41-43). Numerical calculation estimates that half of the AIN
bulk thermal conductivity is contributed by phonons with MFPs
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Fig. 4. Characterization of the phase delay and amplitude of the thermal waves in a two-dimensional polycrystalline AIN specimen. (A) HAADF-STEM image of
polycrystalline AIN specimen and two enlarged areas where phase delay and amplitude of the thermal waves were obtained. Phonon scatterings in the vicinity of grain
boundaries are visualized via a stronger contrast of phase delay in the area (1), indicating the thermal resistance of these grain boundaries. Changes in phase delay and
amplitude at intergranular pores are visualized in areas (1) and (2). Three lines are drawn on a map of phase delay in area (1). Profiles along these lines are shown in (B).
The steep gradient of phase delay at the area close to the thermocouple junction indicates an exceptional diminution of thermal diffusivity, which implies ballistic heat
transfer. (C) Mechanism demonstration image shows possible phonon scattering events and ballistic heat transfer within the thermal measurements in the present study.

a.u., arbitrary units.

larger than 300 nm at RT (44). In addition, image analysis shows
that phase-spatial resolution attains ~10 nm. A better resolution
can be obtained by optimizing measurement’s conditions (see
the Supplementary Materials). Therefore, the observations of
phonon-grain boundary scatterings of AIN in the current specimen
are reasonable.

Line profiles in Fig. 4B show a substantial plunge of phase delay
inside the area in the range of approximately 400 nm from the
specimen-thermocouple junction. This steep decrement refers to a
further reduction of thermal diffusivity. The closer the electron
beam approaches the thermocouple, the larger the Knudsen num-
ber (the ratio between phonon MFP and characteristic length)

Nguyen et al., Sci. Adv. 10, eadj3825 (2024) 12 January 2024

becomes (32). On the other hand, the heat source (pulsed conver-
gent electron beam) is much smaller than phonon MFPs (45). Cal-
culating the ballistic thermal resistance near an electron beam
using the Boltzmann transport equation indicates that the ballistic
effects are localized near the heated region while the thermal
transport far from the origin is well described by the diffusive
mechanism of Fourier’s law (46). Therefore, this result suggests the
continuous transformation of heat transfer from a diffusive to a
ballistic regime. The effects of voids on phase delay and amplitude
of thermal waves are discussed in the Supplementary Materials.
Qualitatively, the phase delay obtained in these results can
demonstrate how fast the thermal waves induced by the pulsed
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convergent electron beam arrive at the specimen-thermocouple
junction. This visualization is favorable for heat path investigation
and thermal management of materials and devices with micro/
nanostructures. In the scope of the present study, we refrain from
determining the thermal diffusivity of polycrystalline AIN speci-
men quantitatively (as for the case of single-crystalline sapphire
specimen) because of the complexity of two-dimensional grain
boundaries, which may complicate the physics and need further
studies to clarify.

DISCUSSION

Because of the subtle heating effect of the electron beam, the nano-
sized thermocouple is considered the critical factor in detecting
the small thermal wave induced by the pulsed focused electron
beam. While a thermocouple with too-large tips cannot detect
small signals due to immense heat capacity, a thermocouple with
too-small tips confronts difficulty in stable contact with the speci-
men. Therefore, a thermocouple with an appropriate size is crucial.
In addition, the surface of the tips should be sufficiently clean for
both effective thermal contact with the specimen and electrical
contact with each other. On the other hand, if absolute values of
the amplitude of thermal waves are required, then the variation of
the Seebeck coefficient due to the size effect should be considered
(47-50). This phenomenon occurs when the characteristic size be-
comes smaller than the MFP of electrons inside the metals (51).
The MFP of electrons inside chromel and constantan was deter-
mined to be ~37 and ~100 nm, respectively. Although the varia-
tion of the Seebeck coefficient has not been confirmed in our
experiments, attention should be paid when using any thermo-
couple whose size is less than the MFP of electrons of either con-
stituent metal.

The phase-spatial resolution of the method we report here
strongly depends on the frequency modulated by the electron
beam blanking system and the phase resolution of the lock-in am-
plifier. According to Eq. 5, phase delay per distance is proportional
to the square root of modulated frequency. As the phase resolution
of the lock-in amplifier is constant, increasing the modulated fre-
quency helps to enhance the spatial resolution of the map of phase
delay (movies S1 to S3). Unfortunately, thermal waves attenuate
with increasing the distance by an exponential function where the
modulated frequency gets involved, as shown in Eq. 4. As a result,
adjusting modulated frequency is a trade-off between the spatial
resolution of the map of phase delay and the intensity (or accura-
cy) of the detected phase delay and amplitude. In addition, the
thermal diffusivity of the examining specimen also affects the
phase-spatial resolution. According to Eq. 5, materials having
large thermal diffusivity should require higher modulated fre-
quency and vice versa. Here, we were able to carry out thermal
measurements up to 100 kHz. Thermally highly conductive mate-
rials such as metals and some metallic alloys with thermal diffusiv-
ity in the range of ~10~ to ~10~* m*/s may require higher modulated
frequency to visualize delicate structures, while less thermally
conductive materials such as amorphous materials (glass, plastics,
etc.) with thermal diffusivity in the range of ~10~" m*/s require a
lower modulated frequency. Using a thicker specimen or an elec-
tron beam with a lower acceleration voltage is also a way to mag-
nify the heating effect of the electron beam. Generally speaking,
specific technical factors are expected to be tuned appropriately
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for a particular specimen. More details concerning phase-spatial
resolution are mentioned in the Supplementary Materials.

Summarily, in the present study, we demonstrated a STEM-
based in situ method to record the phase delay and amplitude of
the electron beam-induced thermal waves propagating along FIB-
microfabricated single-crystalline sapphire and polycrystalline
AIN specimens. By characterizing the phase delay and the ampli-
tude of thermal waves, we succeeded in determining the effective
thermal diffusivity of the single-crystalline sapphire specimen and
visualizing the phonon-grain boundary scatterings in the vicinity
of grain boundaries in the polycrystalline AIN specimen. In this
way, we can confirm the suppression of thermal diffusivity due to
the classical size effect (Casimir size effect). In addition, the visu-
alization of phase delay by exact local heating with beam size
smaller than phonon MFPs of most of the materials at RT provides
a promising method to study ballistic phonon transport in micro/
nanostructures. The feasibility of measuring at RT (without heat-
ing to generate a thermal gradient) paves the way to characterize
heat-sensitive materials. With unprecedented spatial and tempera-
ture resolution, the method reported here is expected to facilitate
troubleshooting or designing electronic, photonic, and thermo-
electric devices with better thermal management to avoid failure
due to thermal issues. Further studies adopting the present meth-
od will be carried out for various materials to unravel the thermal
properties of newly discovered micro-/nanomaterials for future
multifunctional devices.

MATERIALS AND METHODS

Theoretical calculation of phase delay and amplitude of
thermal waves

The present study is based on a periodic heating method pioneered
by Angstrom for thermal conductivity measurement (52). This
method involves periodic heating of one end of a one-dimensional
thermal conductor and measuring the phase delay of thermal
waves at a specific distance from that end to directly determine the
thermal diffusivity and conductivity of the thermal conductor. No-
tably, it does not require prior knowledge of the specimen thick-
ness. In our experimental setup, as shown in Fig. 1, there is no
temperature gradient along the specimen width, allowing us to ap-
ply a one-dimensional heat transport equation as follows

ET(xt) _ 1dT(x0)
dx2 o« dt

where T is the temperature, o is the thermal diffusivity, x is the
distance, and t is the time. The whole experimental system is
kept inside a TEM column at a high vacuum (~2 x 107> Pa); as a
result, heat dissipated from the specimen into the surrounding
environment could be neglected. In addition, as the experiments
are carried out at RT, thermal radiation should be negligibly
small. The periodic heat source is generated by an electron beam
blanking system using a square pulse train with modulated fre-
quencies of 0.3 to 100 kHz. The electron beam provides the
specimen with a heat flux of Q(#). Q(t) = Qo when the beam is
exposed and Q(t) = 0 when the beam is blanked. As the switch-
ing time was less than 20 ns, a square pulse waveform almost
remains constant. The Fourier transform can be derived as
follows (53)

0
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Note that a duty cycle of 50% is used throughout the present
study. In addition, Qo is the total heat flux generated inside the
specimen using a convergent electron beam without modulating

and identified by

nr2]
Q0=lxp=lx _Ogt
A A e A

where A is the cross-sectional area of the specimen, P is the power
of heating effect on the specimen induced by the electron (54) with
an assumption that only plasmon energy loss AE with an electron
MFP A contributes to the heat generation, ry is the radius of the
electron beam, J is the current density of the electron beam, e is the
elementary charge, AE = 24 eV is the plasmon energy loss of sap-
phire, A = 143 nm is the electron MFP of sapphire at an accelera-
tion voltage of 300 kV (55), and d is the specimen thickness. Here,
the current of electron beam I = nr; is 0.5 nA with standard set-
tings (Figs. 1 to 3 and fig. S3) and 1.4 nA with beam current-
enhanced settings (Fig. 4 and figs. S2 and S4). The current of the
electron beam was measured via a Faraday cup. In addition, the
specimen was fabricated from a single-crystalline sapphire bulk
with relatively uniform width and thickness. Therefore, Qq could
be considered relatively constant along the length of the specimen.
Solving Eq. 1 for each nth order and assuming a linear summation
of thermal waves (53), we have

3)

Singf[)‘m xP(*WX)CXP {i(”“’t’\/@xfgf%)]

(4)

Q i
PGV n="co
n#0

T(x,t)=

where p is the density, and C, is the specific heat capacity. The solu-
tion is expressed as a complex number in which the modulus is the
amplitude and the argument is the phase of the thermal wave. Note
that the difference in phase delay allows us to determine the thermal
diffusivity of the specimen directly. Without loss of generality and
considering the difference in phase delay of first order of thermal
waves at two separate positions, we have

nf
A9=61—62= ;(xz_xl)

where 0, and 6, are the phase delays of thermal waves measured
at distances x; and x, from a specific position, respectively.
Throughout this study, this position is selected to be a point
close to the thermal junction between the specimen and ther-
mocouple. Similarly, the amplitude of the thermal wave with re-

spect to distance is indicated by
exp| — ] nfx
P a

Q i sin ( ”2—" ) 1
(6)

(5)

Amp(x) =
pCp\/(_X | nn 2|n|xf
n#0
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In this study, a single-crystalline sapphire specimen was used as
the heat conductor. This specimen was fabricated using a FIB, with
its length direction perpendicular to the c axis of the sapphire unit
cell. A nanosized chromel-constantan thermocouple (type E) was
firmly placed at one end of the specimen, while the other end was
fixed to the TEM holder (refer to fig. S1). An EDM periodically
blanked the electron beam at a modulated frequency of up to 100 kHz
to produce a periodic heat source. The phase delay and ampli-
tude of thermal waves at each position irradiated by the pulsed
electron beam were acquired by a lock-in amplifier. Note that the
lock-in amplifier indicates the root mean square value of the AC
thermal waves. In STEM mode, the pulsed convergent electron
beam was scanned pixel by pixel across a desired image frame, al-
lowing for the simultaneous acquisition of an HAADF-STEM im-
age and a map of the phase delay or amplitude of thermal waves
(see Fig. 1). In addition to the single-crystalline sapphire speci-
men, a polycrystalline AIN specimen was prepared using the same
method as the single-crystalline sapphire specimen to investigate
the thermal transport of thermal waves at local areas, including
grain boundaries.

Hardware

Electron microscopy data were acquired using a JEOL JEM-3100FEF
TEM, operating at an acceleration voltage of 300 kV and equipped
with an electrostatic dose modulation (EDM Basic) system manufac-
tured by JEOL to generate a pulsed electron beam. The electron beam
was controlled in STEM mode, with a condenser lens aperture of
70 pm, beam convergence semi-angle of ~6.8 mrad, effective beam
size of about 2 to 3 nm, and exposing beam current of ~0.5 nA under
standard settings (Figs. 1 to 3 and fig. S3) and ~1.4 nA under beam
current-enhanced settings (Fig. 4 and figs. S2 and $4). Beam scanning
in STEM mode was controlled using a Gatan DigiScan system. To
maximize the amplitude of AC thermal waves, the electron beam was
modulated with a duty cycle of 50% under all conditions. The maxi-
mum modulated frequency of EDM at an acceleration voltage of 300
kV was 500 kHz. An in situ heating experiment was conducted using
a twin-probe scanning tunneling microscopy-TEM holder manufac-
tured by “Nanofactory Instrument AB” (fig. S1) (23, 24). Nanosized
chromel and constantan tips were used as thermocouples for precise
temperature detection and were fabricated by electrochemical etching
of chromel and constantan wires with a diameter of 200 pm [for de-
tails, see (56)]. The reference junction temperature for calibration of
the thermocouple was the temperature of the Cu jigs holding the
chromel and constantan probes (see fig. S1), which was always kept at
~298 K (RT) inside the TEM column. Because of the heat capacity of
both metallic wires and the large heat capacity of Cu jigs, supporting
sapphire balls, and metal rods of the TEM holder, the reference tem-
perature should not be affected by a temperature increase (within at
least several 10 K) with respect to the nanosized junction.

The chromel and constantan probes were independently approached
and delicately physically contacted to the specimen by a piezo-driving
system. The electrical resistance of the junction was carefully checked
by passing a 100-nA dc through two probes and measuring the induced
voltage. The whole impedance of the electrical circuit, including the
thermocouple and its junction, is considered predominant and needs to
be less than or equal to 1 kilohm (to yield sufficiently clear signals of
oscillating thermal waves). To acquire the phase delay and amplitude
of thermal waves during the electron beam scanning process and
monitoring signals, respectively, a lock-in amplifier (model SR865A,
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Stanford Research Systems) was used in conjunction with an oscillo-
scope (Keysight InfiniiVision DSOX3034T). The time constant and
sensitivity were adjusted to achieve an acceptable signal-to-noise ratio.
The sensitivity was also adjusted to detect subtle signals of thermal
waves but was low enough not to get overloaded. In addition, the expo-
sure time for one pixel was adjusted to be equal to or longer than
the time constant to ensure that the map of phase delay or amplitude
would not be shifted with respect to the HAADF-STEM image. Noise-
canceling filters and differential amplifiers were used to extract unex-
pected environmental noise and enlarge desirable signals, respectively.
To avoid the drifting of the specimen (stage), each measurement was
accomplished within 2 hours, taking into consideration the exposure
time and the number of pixels for scanning, so that the deformation of
the map of phase delay and amplitude would not occur.

The measurement of bulk thermal diffusivity along ¢ axis of
single-crystalline sapphire was carried out by a laser flash system
(Netzsch LFA 467, Germany) at RT. The average value after three
times measuring is 1.1595 x 10~> m?/s. The bulk thermal diffusivity
along the c axis and a axis of single-crystalline sapphire at RT was
calculated to be 1.1363 X 107> and 1.0635 X 10~> m*/s, respectively
[using data in (26, 27)]. The bulk thermal diftusivity along a axis of
the single-crystalline sapphire specimen adopted in the present
study is estimated to be ~1.0852 x 10> m*/s (Fig. 3C).

Specimens

The specimen of single-crystalline sapphire was prepared from a
commercial sapphire C-plane single-crystal substrate using a FIB
system (Hitachi-FB2000). The specimen of polycrystalline AIN was
microfabricated using a FIB system (Hitachi Ethos NX-5000). The
bulk sample of AIN was synthesized using spark plasma sintering of
high-purity AIN powder (grade E, Tokuyama Corporation) in the
N, atmosphere. The grain size is observed in the range between 0.5
and 1 pm. Following microfabrication, each specimen was attached
to a constantan tip by a W deposition inside the FIB system and
then placed on a Cu attachment for stabilizing with the TEM hold-
er (refer to fig. S1). The single-crystalline sapphire specimen has
dimensions of ~20 pm (length) by ~430 nm (width) by ~430 nm
(thickness), and the polycrystalline AIN specimen has dimensions of
~20 pm (length) by ~2.8 pm (width) by ~200 to 350 nm (thickness).
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