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ABSTRACT

Understanding thermal transport properties at the nanoscale can provide strategies for efficiently managing heat or improving
energy conversion efficiency in various applications. Furthermore, when thermal paths can be traced and imaged at the nanoscale,
materials or electronic devices can be designed to minimize heat loss. The demand for these technologies continues to grow rapidly.
Here, we demonstrate imaging of thermal propagation in thermoelectric material (Bi,(Te, Se);) using a spatially resolved technique
that uses thermal waves induced by a pulsed convergent electron beam in a scanning transmission electron microscopy (STEM)
mode at room temperature. The measurements with nanoscale clearly reveal the anisotropy inherent in Bi,(Te, Se); by quantifying
the relative values of phase delay at each irradiated position. Also, the thermal wave propagation is significantly sensitive to the
directions of the media, as if the heat carriers lose their memory of the vibration mode in each direction and switch to a new
mode. Capturing various thermal properties, such as directional thermal pathways, from nanoscale imaging can provide a deeper
understanding of how materials affect heat transport. This insight plays a vital role in designing materials for thermal management
and energy conversion devices.

1 | Introduction thermal measurements with nanoscale spatial resolution remain
a formidable challenge.

As modern electronic devices continue to shrink and operate

under increasingly demanding thermal conditions, heat-related
degradation has emerged as one of the leading causes of device
failure. Thermal management has become a critical consideration
in the design of materials and electronic devices. For example,
nanoscale defects such as grain boundaries, which act to increase
thermal resistance, can adversely affect the heat-sinking compo-
nents within thermal management systems [1]. Thus, effectively
managing heat at the nanoscale is no longer a secondary consid-
eration; it can be central to the reliable operation and design of
thermoelectric, microelectronic, and photonic systems. Despite
the growing demand for such thermal management, precise

Traditionally, thermal transport properties have been evaluated
using a variety of methods, including Raman spectroscopy |2,
3], time/frequency domain thermoreflectance (TDTR/ FDTR)
[4-10], scanning thermal microscopy (SThM) [11-14], scanning
near-field optical microscopy [15, 16]. Although these techniques
have offered valuable insight into thermal transport phenomena,
they often suffer from critical limitations, such as limited spatial
resolution for nanoscale measurements (e.g., micrometer-scale
spatial resolution for the TDTR technique) and confinement to
surface sensitivity. In response to these limitations, the use of a
focused electron beam with a transmission electron microscope

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.
© 2026 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH

Advanced Physics Research, 2026; 5:e00004
https://doi.org/10.1002/apxr.202600004

10of13


http://www.advphysicsres.com
https://doi.org/10.1002/apxr.202600004
https://orcid.org/0009-0006-3873-1177
https://orcid.org/0000-0002-3927-0492
https://orcid.org/0000-0003-2682-1846
https://orcid.org/0000-0002-2022-3987
mailto:cho.hyunyong@nims.go.jp
mailto:kawamoto.naoyuki@nims.go.jp
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/apxr.202600004
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fapxr.202600004&domain=pdf&date_stamp=2026-05-25

(TEM) has been proposed as a nanoscale heat source [17-19].
Recent advances using electron energy loss spectroscopy (EELS)
have enabled temperature mapping by tracking shifts in plasmon
peaks or phonon modes, offering sub-10 meV energy resolu-
tion without damaging the specimen [20-25]. However, these
techniques still face challenges in detecting subtle temperature
gradients [23], especially thermally sensitive and anisotropic
materials. Furthermore, the lack of directional sensitivity of the
current measurement schemes can make it difficult to investigate
anisotropic thermal transport, one of the key properties of many
layered materials.

In our previous studies, in a nanocomposite material, we demon-
strated the direct measurement of a subtle temperature change
caused by the electron beam in a TEM using a nanoscale
thermocouple [26, 27]. More recently, we extended this approach
by employing a pulsed electron beam periodically blanked by
an electrostatic dose modulator (EDM) in scanning transmission
electron microscopy (STEM) mode as a heat source [28]. By
characterizing the phase delay and amplitude of the resulting
thermal waves, we successfully extracted effective thermal diffu-
sivity values of the sapphire (with a spatial resolution of ~10 nm).
Additionally, phonon scattering at grain boundaries was directly
visualized in polycrystalline AIN, demonstrating the technique’s
capability to uncover nanoscale thermal transport mechanisms.
However, the materials used in our previous studies, while
suitable for validating the methodology, showed weak thermal
anisotropy with anisotropy ratio values of around 1.1 or less [29,
30]. To better demonstrate the capability of this pulsed STEM-
based thermal analytical microscopy (p-STAM) technique, we
identified the need to investigate materials with intrinsically
stronger anisotropic thermal transport properties. Such measure-
ments are not only scientifically significant but can also be critical
for evaluating the directional sensitivity and spatial resolution of
our technique.

In this study, we investigate the nanoscale thermal transport
behavior of microfabricated n-type Bi,Te, ,;Se,; specimens (two-
grain and multi-grain configurations), a well-known anisotropic
thermoelectric material, by applying the p-STAM technique. By
scanning a pulsed convergent electron beam across the specimens
in STEM mode, we simultaneously acquire high-angle annular
dark-field (HAADF) images and maps of the phase delay and the
amplitude of thermal waves with nanometer-scale resolution. In
the two-grain specimen, the phase delay of thermal waves varied
with the direction of the heat flow, clearly showing the anisotropic
nature of thermal transport. In the multi-grain specimen con-
taining Te-rich secondary phase, the smaller average grain size
compared to the two-grain specimen exhibited a reduced effective
thermal diffusivity. Notably, a discontinuity (i.e., a nonlinear
relationship) appears in the phase delay line profile at the
interface between the secondary phase and the main matrix.
This is attributed to being closely related to thermal resistance
due to phenomena such as heat accumulation at the interface.
These findings not only demonstrate the capability of the p-STAM
technique for high-resolution thermal characterization but also
provide new insights into the influence of grain structure and
secondary phases in thermoelectric materials.

2 | Theoretical Framework for Thermal Wave
Analysis

This section describes the theoretical framework used for the
quantitative determination of the phase delay and amplitude
characteristics of thermal waves, based on established ther-
mal characterization methodologies. Specifically, the analytical
approach originally developed by Angstrom for measuring ther-
mal conductivity is adapted to interpret the propagation behavior
of thermal waves induced by periodic electron beam heating. [31]
In this technique, one end of a long, thin thermal conductor
is periodically heated, and the resulting thermal waves are
monitored at a downstream location. A key advantage of this
method is that it allows the extraction of thermal diffusivity
without requiring prior knowledge of the specimen thickness.
Figure 1 illustrates our experimental setup in this study. A
focused pulsed electron beam serves as a nanoscale heat source
within the TEM, enabling localized thermal excitation of the
specimen. A nanoscale thermocouple, fabricated from sharpened
constantan and chromel tips placed in direct contact with the
specimen, was used to detect the propagation of the generated
thermal waves. The principle is straightforward: by measur-
ing the phase delay (i.e., how much the thermal wave slows
down) and the amplitude decay (i.e., how much it diminishes
in intensity), thermal transport properties can be character-
ized with nanometer-scale spatial resolution, as illustrated in
Figure 1.

In this configuration, the difference between the original and
delayed thermal waves is only known at the two ends (heating
and thermocouple point). Because these two points are aligned
along a straight path regardless of the geometry in between, a
simplified 1D model can be employed to describe thermal wave
propagation:

a’T (x,t) 1dT (x,1)
dx2 ~ a dt

@

where T is the temperature, « is the thermal diffusivity, x is the
distance, and t is the time. It should be noted that this formulation
does not aim to describe the full radially symmetric temperature
field generated near the electron-beam irradiation point, but
instead provides an effective 1D description of thermal-wave
propagation along the measurement path between the heating
position and the thermocouple junction. Since the experiment
is conducted at room temperature with modest electron-beam-
induced temperature variations, radiative heat loss, which scales
as T* and primarily affects the amplitude rather than the phase of
the thermal response, is negligible. Convective heat loss is absent
due to the high-vacuum environment (~ 2 x 10~ Pa) of the TEM
column.

The periodic heat source is generated by an electron beam
blanking system driven by a square pulse train with a tunable
modulation frequency of up to 500 kHz. This focused electron
beam delivers a time-dependent heat flux, Q(¢), to the specimen.
When the beam is unblanked, Q(f) = Q,; when blanked, Q(t)= 0.
The beam switching time is extremely short (< 20 ns), ensuring
that the square waveform of the heat pulse remains nearly ideal.
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FIGURE 1 | (a) Illustration of the spatially resolved pulsed STEM-based thermal analytical microscopy (p-STAM) technique, where the heat is

injected by a convergent electron beam under STEM, and the electron beam is modulated with a duty cycle of 50% under all conditions by an electrostatic
dose modulator (EDM). The phase delay and amplitude of AC thermal waves at each position irradiated by the electron beam were acquired by lock-in
amplifier. (b) Schematic diagram illustrating the propagation of thermal waves during beam scanning, showing the attenuation of signal amplitude and

phase delay as a function of distance, compared to the input signal.

The Fourier transform of this heat flux is given by [32].

ew-a|l+ ¥ Smn<—7:>
n=

i)

n#0
(2)

where w = 27f is the angular modulation frequency. It is impor-
tant to note that a 50% duty cycle was consistently maintained
throughout this study. Q, represents the total heat flux induced
by the convergent electron beam and is estimated as bellows:

2
1 1 nry] AE
Qy=—=XP= x( - At> 3)

where A is the cross-sectional area of the specimen, P is the
power associated with the electron beam’s heating effect on the

specimen, assuming that mainly plasmon energy loss (AE) with
an electron mean free path (A) contributes to heat generation. In
addition, r, is the electron beam radius, J is the current density,
e is the elementary charge, and ¢ is the specimen thickness. In
this study, since the specimen exhibited approximately uniform
width and thickness within the entire region of interest, A was
treated as constant to enable an effective 1D phase-delay analysis.
By solving Equation (1) for each nth order and assuming a linear
superposition of thermal waves, [28, 32] the following solution is
obtained:

Q i sin () 1

T =
. 0) n 2l af

exp

a
p n=-o0o

n#0 C))

X <— |”l|a7'ffx> exp [i (nwt - ln'(xﬂfx - % - %)]

Herein, p denotes the material density, and C, is the specific
heat capacity. The derived solution is expressed as a complex
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number, where the modulus corresponds to the amplitude and
the argument corresponds to the phase of the thermal wave.
The amplitude of the thermal wave as it propagates through the

specimen is given by:
© |sin ( = )
2 1

Qo
Amp (x) = —20_
pCP\/a n :Z—oo hr

n#0
xexp (-/"x)

This expression describes the exponential decay of thermal wave
amplitude with distance, governed by both material properties
and modulated frequency. Deviations from this ideal behavior in
experimental measurements may indicate variations in specimen
geometry, thermal boundary conditions, or local specific heat
capacity.

Although the temperature response can be formally expressed
as a harmonic series, the subsequent phase-delay analysis is
restricted to the first harmonic component (n = 1), which
dominates the detected signal due to the rapid attenuation of
higher-order harmonics. Accordingly, the specimen’s thermal
diffusivity («) can be directly determined from the spatial differ-
ence in phase delay measured at two distinct spatial positions,

expressed as:
Ae=91—92=\/’;—f(x2—x1) (©)

where 6, and 6, are the phase delays of thermal waves measured at
distances x; and x,, respectively. In this study, this reference point
was consistently selected to be in close proximity to the thermal
junction between the specimen and the thermocouple. This linear
relationship enables direct extraction of the thermal diffusivity
by analyzing the spatial gradient of the measured phase delay,
providing a thickness-independent evaluation of thermal trans-
port properties. In this context, the extracted thermal diffusivity
represents a local transport parameter derived from the thermal-
wave phase delay. Because this phase-based analysis primarily
reflects the thermal diffusion time scale, the resulting diffusivity
is significantly less sensitive to geometric heat-spreading effects
and instead captures the localized thermal transport behavior
inherent to the nanoscale experimental configuration. It should
be noted that Equations (1-6) are not intended to constitute a full
forward model of the scanning thermal-wave experiment with
a moving heat source. Instead, they provide an effective local
description of the periodically modulated temperature field under
harmonic excitation. In the present scanning configuration, the
measured phase and amplitude at each position can therefore be
interpreted as a quasi-local thermal response, and the analytical
formulation is used as an interpretative framework to relate local
phase evolution to intrinsic thermal transport properties and
interfacial impedance. It must be emphasized that the analytical
framework presented in Equations (1-6) constitutes a numeri-
cally simplified, first-order approximation of the full thermal-
wave problem. The actual experimental geometry is governed
by the heat equation in cylindrical coordinates, involving radial,
angular, and depth-dependent terms. In the present treatment,
only the dominant radial dependence of heat propagation is

considered, while angular (6) and depth (z) contributions are
neglected. While this simplification enables tractable analytical
extraction of thermal transport parameters, it may introduce
numerical deviations whose magnitude depends on modulation
frequency, thermal anisotropy, and boundary conditions. The
extracted values should therefore be interpreted as effective first-
order estimates. In addition, under the experimental conditions,
the thermal diffusion length L = v/(a/7f) is estimated to be
approximately 2-6 pum at modulation frequencies of 10-60 kHz,
assuming a thermal diffusivity on the order of 107 m? s™' [33,
34]. This length scale is significantly larger than both the STEM
scan pixel size (~30-60 nm) and the specimen thickness (~ 200-
300 nm). Consequently, the temperature field varies smoothly
over multiple scan pixels, allowing the moving electron beam
excitation to be approximated as a sequence of local periodic heat
sources.

According to Equation (6), the phase is expected to vary linearly
with distance. While this assumption holds for homogeneous
materials such as single crystals, deviations from linear phase
behavior can arise in practical materials due to microstructural
heterogeneity and interfacial effects. Identifying and interpreting
such nonlinear deviations is essential for understanding the
thermal transport behavior in real systems. In the following
sections, we present a detailed analysis of the thermal diffusivity
of n-type Bi,Te,,Se,; specimens (two-grain and multi-grain), a
known anisotropic thermoelectric material, and further discuss
the nonlinear phase delay trends that emerge due to embedded
microstructures and anisotropic heat transport.

3 | Results and Discussion

3.1 | Thermal Waves Analysis and
Microstructural Characterization of a Two-Grain
Bi,Te, ;Se, 3 Specimen

Figure 2 shows an HAADF-STEM image and energy dispersive
X-ray spectroscopy (EDS) elemental maps of the two-grain
specimen. The specimen was extracted from the bulk material
and shaped using a focused ion beam (FIB) system, resulting in
dimensions of approximately 7 um X 10 pym and a thickness of
~200-300 nm. The HAADF-STEM image reveals a curved line
exhibiting a discontinuous contrast variation from the lower left
to the upper central region, corresponding to a grain boundary.
In contrast, a region of slightly darker contrast is observed near
the top of the image, which becomes more apparent in the EDS
maps. Figure Slc shows a scanning electron microscope (SEM)
image of the specimen during the FIB process, clearly indicating
the presence of a single grain boundary. In addition, the bright-
field (BF) TEM image reconstructed from multiple tiled frames
(Figure S1d) confirms a grain boundary traversing the central part
of the specimen. The darker region mentioned above is visible in
the BF-TEM image and is likely attributed to local variations in
specimen thickness. The relative specimen thickness, estimated
from the ratio of the zero-loss peak to the total intensity in
electron energy-loss spectroscopy (EELS) spectra, was evaluated
at several locations across the specimen, as shown in Figure S2.
Compared to points B and C, the relative thickness at point A
(within the darker BF-TEM region) was found to be ~1.3 times
greater, indicating a localized increase in thickness. The EDS
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FIGURE 2 | (a)The HAADF-STEM image and (b) EDS result of the two-grain specimen. Thermocouples are in physical contact with the specimen

and are indicated by red circles in the HAADF-STEM image.
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FIGURE 3 | (a) HAADF-STEM image of the two-grain specimen. G1 and G2 denote the grains located at the top and bottom corners of the HAADF-
STEM image, respectively. The grain boundary is marked with a yellow dashed line. Selected area electron diffraction patterns obtained at positions pl

(b) and pO (c), illustrating local crystallographic information.

elemental maps in Figure 2 also clearly demonstrate that the
nanoscale thermocouple, composed of constantan (Ni-Cu) and
chromel (Ni-Cr), are in direct physical contact with the specimen
at the bottom of the image.

Figure 3 presents an HAADF-STEM image and selected area
electron diffraction (SAED) patterns acquired at two points (pO
and pl) of the specimen. The yellow dashed line denotes the
grain boundary, which clearly separates grain 1 (G1) and grain
2 (G2). Based on the SAED pattern, the zone axis of Gl was
identified to lie along the [1 0 0] crystallographic direction. As

shown in Figure 3b, the c-axis orientation is inclined diagonally.
Notably, the c-axis in Gl is aligned in the direction indicated
by the white arrow in the real-space image (Figure 3a). This
arrow corresponds to the direction in which the thermocouples
are physically positioned in the experimental setup. This spatial
alignment suggests that the atomic layers of Bi,Te,,Se;; in G1
are stacked along the direction of the thermocouples, potentially
revealing a link between the crystallographic orientation and
the direction of the heat transport. Bismuth telluride (Bi,Te,),
a widely studied thermoelectric material, possesses a layered
structure composed of Te-Bi-Te-Bi-Te quintuple layers stacked
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FIGURE 4 | (a) HAADF-STEM image of the two-grain specimen, (b) thermal wave amplitude distribution, and (c) corresponding phase delay map
acquired at a modulation frequency of 38 kHz, illustrating spatial variations in thermal response.

along the c-axis via van der Waals interactions [35]. Due to
this layered nature, both electrical and thermal conductivity are
anisotropic, exhibiting significantly higher values along the ab-
plane than along the c-axis. This anisotropy implies that thermal
transport along the arrow direction (parallel to the c-axis in
Figure 3a) is relatively suppressed compared to the direction
perpendicular direction. In contrast, the SAED pattern of G2 was
indexed to a zone axis of [6 5 1] as shown in Figure 3c), confirming
that G1 and G2 exhibit distinct crystallographic orientations.

Amplitude and phase delay maps of the two-grain specimen were
acquired at various modulated frequencies using the p-STAM
technique. Figure 4 and Figure S3 display the corresponding
HAADF-STEM images along with thermal wave amplitude and
phase delay maps at modulation frequencies of 38, 20, and 30 kHz,
respectively. Interestingly, in the G1 region, both amplitude and
phase delay maps clearly reveal an ellipsoidal rather than radial
thermal wavefront, indicating pronounced anisotropic thermal
propagation. This observation strongly supports the interpre-
tation that the anisotropy inferred from the SAED pattern is
well aligned with the crystallographic orientation of the grain.
Moreover, the spatial variations in phase delay within G1 indicate
that thermal wave propagation is highly sensitive to local crystal-
lographic orientation, even at nanometer-scale spatial resolution
determined by the scan step size. In contrast, thermal wave behav-
ior in G2 exhibits a markedly different morphology, which can be
attributed to the differing crystal orientations relative to G1. This
behavior may also provide insight into the crystallographic plane
along which heat is conducted, given the slow thermal waves are
transferred in the G2 system compared to the fast direction (ab-
plane of the crystal) observed in G1 (as will be discussed in detail
later).

According to Equation (6), the local thermal diffusivity can
be quantitatively determined from the gradient of the phase

delay, assuming a contrast modulation frequency. Figure 5b-d
presents the phase delay line profiles (corresponding to the map
in Figure 5a) along different directions at various modulated
frequencies. In particular, within G1, the Z-Y and Z-X directions
correspond to the ab-plane and the c-axis of the crystal orien-
tation, respectively. A clear correlation is observed between the
phase delay gradients and the modulation frequencies of the
pulsed convergent electron beam: as the frequency increases,
the phase gradient steepens, consistent with Equation (6). Along
the Z-Y direction (Figure 5b), the phase delay increases linearly
with distance. In contrast, along the Z-M and Z-X directions
(Figure 5c,d), which cross the grain boundary, the phase delay
exhibits nonlinear behavior beyond the boundary, appearing as
either a smooth curve or two linear segments with different
slopes. This strongly suggests that the thermal diffusivities of the
two grains differ according to the crystallographic direction, due
to intrinsic thermal anisotropy. Therefore, phase gradients in each
region must be evaluated to determine the corresponding thermal
diffusivities. At a modulation frequency of 38 kHz, the phase
slopes in the Z-Y, Z-M’, M’-M, Z-X* and X*-X directions are approx-
imately 0.30, 0.52, 0.38, 0.6, and 0.37 rad/pm, respectively. In the
Glregion, the slope along the ab plane (Z-Y) is about half that
along the c-axis (Z-X’), clearly indicating the anisotropy behavior.
All profiles were fitted using linear approximation, excluding
regions within ~1 um from the end of the specimen edge to avoid
ballistic effects [36, 37] and thermal wave interference [38, 39] (see
black dashed line in Figure 5b-d). Anisotropy is also evident in
the amplitude profiles (Figure S4): the Z-X direction exhibits a
more pronounced amplitude decay with distance than the Z-Y
direction.

Figure 5e summarizes the average thermal diffusivity values
estimated from Equation (6) for each region, with error bars
indicating the associated uncertainties. The average thermal
diffusivity along the Z-Y direction, corresponding to the ab-plane
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FIGURE 5 | (a)Blurred phase delay map highlighting the selected line profiles. The Z-X’ direction aligns with the crystallographic c-axis, and the Z-

Y’ direction corresponds to the in-plane (ab-plane) direction of the system. (b—d) Phase delay profiles of thermal waves along Z-Y, Z-M, and Z-X directions
at varying modulation frequencies (20, 30, 38 kHz). (e) Estimated average thermal diffusivities in each direction. Directional markers in the phase map
are color-matched with the phase profiles and thermal diffusivity directions for visual consistency. The in-plane thermal diffusivity of the polycrystalline
sample measured by a laser flash analyzer (LFA) is shown as a gray dashed line. (f) Elliptical representation in polar coordinates based on directional

thermal diffusion lengths, providing a visual depiction of anisotropic thermal transport.

of the crystal, is approximately 1.2 x 107 m 2 s~! — about 4 times

higher than that along Z-X* (c-axis) (~0.29 x 10~° m? s~1). To
quantify the directional thermal conductivities, the relation x
= aC,p was employed, where C, is the specific heat capacity,
and p is the density. Bulk values of C, = 0.16Jg™' K™', and p
= 7.7 gm™, obtained from measurements of the same material
were used in the calculation. The ab-plane thermal conductivity
was ~ 1.47 W m™ K™!, while the c-axis value was significantly
lower, at ~ 0.36 W m~! K~!. Prior studies have reported thermal-
conductivity anisotropy ratio of 2-2.8 times for Bi,Te;-based
system [29, 40, 41]. The larger anisotropy ratio observed here (~4)
compared to typical bulk values (2-2.8) should be interpreted
with caution. As a primary consideration, the present analysis
is based on a numerically simplified first-order approximation,
in which the angular curvature and depth-dependent terms of
the full cylindrical Laplacian are neglected. This simplification
introduces a systematic uncertainty in the extracted directional
diffusivity values and may lead to an overestimation of the
apparent anisotropy ratio. Without a full numerical treatment
of these higher-order contributions, the magnitude of this effect
cannot be quantitatively resolved. While this approximation
likely accounts for a significant portion of the discrepancy, the
larger ratio may also reflect intrinsic physical effects associated
with nanoscale heat transport. As the dimensions are reduced
from bulk to the nanoscale, the thermal conductivity can decrease
at different rates depending on direction owing to the classical
size effect [42, 43]. Because phonon transport in layered Bi,Te,
is intrinsically anisotropic, boundary scattering in nanoscale
specimens can suppress the effective phonon mean free path in
a direction-dependent manner, which may modify the apparent

thermal anisotropy compared with bulk materials. In other
words, specimen miniaturization can disproportionately limit
the effective phonon mean free path, depending on transport
direction, due to enhanced phonon scattering. Previous studies
on layered van der Waals materials have shown that size-
dependent boundary scattering can modify the apparent thermal
anisotropy, suggesting that directional thermal transport may
evolve nonuniformly as the characteristic length scale is reduced
[44-48]. Along the ab-plane of a bulk single crystals, the thermal
conductivity is typically ~2.2 W m~' K~! [40], whereas nanowires
with diameters of 200 — 300 nm exhibit markedly lower values
of 1.37 — 1.47Wm™ K™ [43, 49]. Assuming the same specific
heat and material density as in our system, these literature
values are consistent with the thermal diffusivity measured along
the Z-Y direction (Figure 5e). Directly measuring the thermal
conductivity of nanoscale samples along the c-axis is technically
challenging in a layered structural system. Nevertheless, if the
reduction in thermal diffusivity arising from the size effect
corresponds to the value measured along the c-axis (Z-X’), this
finding suggests that the rate of decrease in thermal diffusivity is
inherently nonuniform compared to that along the ab-plane (Z-
Y). As also shown in Figure 5e, the in-plane thermal diffusivity
(perpendicular to the c-axis; gray dashed line) of a polycrystalline
bulk specimen with grains naturally aligned during sintering
process is comparable to, or slightly higher than, that along Z-Y.
Additionally, the value along Z-M’ is marginally higher than that
along Z-X,, reflecting their angular offset. Taken together, while
nanoscale physical effects may influence the observed anisotropy,
the present results should primarily be interpreted as first-order
estimates within the simplified analytical framework, and the
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FIGURE 6 | (a)HAADF-STEM image of the multi-grain specimen containing Te-rich precipitates, (b) thermal wave amplitude distribution, and (c)

corresponding phase delay map acquired at a modulation frequency of 60 kHz. The presence of precipitates influences both amplitude and phase delay,

revealing localized variations in thermal wave propagation (indicated by yellow and blue arrows in the amplitude and phase delay maps, respectively).

relative contributions of analytical approximation and intrinsic
physical mechanisms cannot be unambiguously separated.

To elucidate the anisotropy, we modeled the phase-delay map
as an ellipse in polar coordinates using the thermal diffusion
length L = v/a/x f, which is the reciprocal of the phase-delay
gradient (Equation (6)). Normalizing spatial coordinates by the
shortest diffusion length (i.e. along the c-axis) yields an elliptical
distribution (Figure 5f). The major axis aligns with the in-plane
crystallographic direction, whereas the minor axis corresponds
to the c-axis. In real space, the angular difference between the Z-
X and Z-M’ directions is ~30°, indicating that Z-M’ corresponds
to the (0 1 4) crystallographic plane. This geometry implies an
angular dependence of thermal diffusivity given by oy = «,
X (Lg/L.)?, linking directional diffusivity to crystal symmetry.
fand c denote the specific angles and c-axis direction of the
crystal, respectively. This analytical framework extends to grain
G2. For instance, when the thermal waves propagate along Z-X
(Figure 5a), the propagation direction in G2 is identified as the [2
5 1], which forms an angle of ~30° with the ab-plane. Applying
the anisotropic thermal transport model then yields a directional
diffusivity of ~0.7 x 107 m? s~ ! along X™-X, slightly lower than
the measured ~0.9 x 107° m? s~1; closer agreement is obtained
for an angular offset of ~20°.

3.2 | Thermal Waves Analysis of a Multi-Grain
Bi,Te, ;Se( 3 Specimen

Figure 6 and Figure S5a-c show the HAADF-STEM images and
corresponding amplitude and phase-delay maps of the multi-
grain specimen at modulation frequencies of 60 and 20 kHz,
respectively. The multi-grain specimen exhibits a slightly smaller
grain size than the two-grain specimen, as shown in Figure 6a.
The HAADF-STEM image reveals regions of darker contrast
within the specimen, which are associated with secondary phases
embedded in the matrix. To identify the origin of these darker-

contrast regions, elemental distributions were investigated using
EDS mapping. The results show that the dark regions correspond
to Te-rich secondary phases embedded within the specimen, as
depicted in Figure S5d. Compared to the previous observations
(Figure 4; Figure S3), the amplitude and phase-delay distribu-
tions exhibit notable differences in thermal-wave behavior. In
particular, the thermal wave propagation within the multi-grain
region appears more isotropic, suggesting a change in thermal
transport behavior arising from the random orientation of grains.
In addition, distinct changes in both the amplitude and phase-
delay maps are observed in the Te-rich regions, indicating locally
anomalous thermal-wave behavior.

Figure 7 shows two red- and blue-dashed lines drawn across
multiple grain boundaries (marked with the yellow lines) in
the HAADF-STEM image (Figure 7a) and the corresponding
phase line profiles (Figure 7b,c). The phase gradient in Figure 7b
undergoes a sequence of changes, initially shallow, then steeper,
and finally flattening as it passes through three individual grains.
Although the random grain orientations render the overall
propagation of thermal waves more isotropic, the individual
grains retain their intrinsic anisotropic behavior, providing a
clear example of localized thermal directionality. In addition, the
phase-gradient variations observed in Figure 7c and Figure S6b
highlight the spatial dependence of thermal behavior within each
region, which is captured by the estimated thermal diffusivity
shown in Figure S6c. Overall, the thermal diffusivity values of
the multi-grain specimen largely fall within the range derived
from the two-grain specimen: however, some values lie below
the minimum observed in the two-grain specimen, suggesting
that grain-size reduction may contribute to the decreased thermal
diffusivity. The phase line profiles at 20 and 60 kHz (Figure 7b,c)
also show a noticeable change in phase slope. Moreover, the
phase profile of Line 4 exhibits a nonlinear trend with a sharp
drop and jump near the Te-rich secondary phase region (L4-
3). This effect is more pronounced at higher frequencies, likely
due to the reduced thermal-wave diffusion length (L). In other
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FIGURE 7 | (a) HAADF-STEM image of the multi-grain specimen, with the direction of the line profiles for phase delay analysis marked on the

image. The grain boundaries are delineated by yellow dashed lines for visual clarity. Phase delay line profiles in Line 1 and Line 4 (L1 and L4) directions

are presented in (b) and (c), corresponding to modulation frequencies of 20 and 60 kHz, respectively.

words, a shorter thermal diffusion length can improve spatial
resolution, facilitating the detection of nanoscale features such as
nano precipitates.

It is also instructive to further examine the nonlinear phenom-
ena exhibiting a concave-down profile (Figure 7c; Figure Séb),
as it may provide insight into underlying thermal transport
mechanisms. Within a homogeneous medium, analyzing the
nonlinearity of thermal-wave propagation requires consideration
only of the thermal diffusivity of each grain in this system. In
contrast, propagation through two different media may require
additional consideration of differences in thermal properties
and interfacial effects. In the presence of thermal impedance
mismatch, the amplitude and phase of the periodically modulated
temperature field can be modified at the interface, analogous
to the reflection and transmission phenomena observed in con-
ventional wave systems. This analogy provides a convenient
framework for describing interfacial phase and amplitude mod-
ulation in thermal-wave measurements. Here, the reflection and
transmission of the thermal wave can be determined by the
thermal effusivities (e) of the two materials. Thermal effusivity
quantifies a material’s ability to exchange heat with its surround-
ings, defined as e = \/@, where x is thermal conductivity,
p is density, and c,is the specific heat capacity. Assuming a

normal incidence of the thermal wave onto the interface, with
the wave propagating from Material 1 to Material 2, the reflection
coefficient (r) and the transmission coefficient (¢) are obtained
from the continuity conditions of temperature and heat flux at
the boundary, and are given by the following expression [39]:

€ — €
V= ——
e +e (7)
2e
f= —1 (8)
e +e,

where e, is the thermal effusivity of the incident medium
(Material 1) and e, is the thermal effusivity of the second medium
(Material 2). These coefficients describe how much of the thermal
wave is reflected back into the first medium and how much is
transmitted into the second, implying that the thermal-effusivity
mismatch plays a critical role in governing the thermal-wave
propagation at material interfaces, influencing both reflection
and transmission. For instance, when a thermal wave propagates
from a medium with high thermal effusivity, such as a metal
inclusion, into a surrounding medium with significantly lower
effusivity (i.e., e, > e,), a strong mismatch occurs at the interface.
A reflection coefficient of r ~ +1 indicates strong reflection, com-
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monly referred to as the thermal-wave mirroring effect. While a
transmission coefficient of t ~ 2 suggests that the temperature
amplitude just across the interface (in Material 2) can be approx-
imately twice that of the incident wave, it is crucial to note that
the actual heat flux into the low-effusivity Material 2 remains very
small due to its inherently low thermal effusivity. These reflection
and transmission phenomena are direct results of the thermal
impedance mismatch between the two materials. Furthermore,
the thermal-wave mirroring effect at the interface leads to a
localized enhancement of the harmonic temperature response
within the high-effusivity region, with a reduced penetration of
the periodically modulated thermal field into the low-effusivity
medium. From this perspective, the downward-convex phase
profile shown in Figure 7c and Figure S6c appears to be closely
related to the nonlinear trend induced by the effusivity mismatch.
In this context, the apparent phase drop and subsequent recovery
reflect a localized modification of the phase response induced
by thermal-impedance mismatch, rather than distinct physical
mechanisms. By estimating the thermal conductivity, x=a - ¢, -
p, from the measured thermal-diffusivity values, the effusivity (e)
can be approximately determined, on the basis of known density
and specific heat capacity values for each bulk material. In the
case of Line 4 in Figure 7c, the thermal-effusivity values for Te
and its adjacent region (L4-2) are 2192 and 1287 Ws"? m ~2K 7,
respectively. The reflection coefficient, representing the ratio
between the reflected and incident thermal wave amplitudes, is
calculated to be approximately 0.26, indicating partial thermal-
wave reflection at the interface. The reflected thermal wave can
overlap with the incident wave originating from a moving heat
source, leading to interference effects. This interference related
to the thermal confinement, can induce nonlinear distortions in
the phase profile, manifesting as sharp drops or jumps deviating
from the expected linear behavior. Nonlinear behavior, including
a phase jump, is not limited to the phase profile but also appears
in the amplitude of thermal waves. Figure S7 shows that the
attenuation of the thermal wave follows an exponential decay
with distance, exhibits a rise near the Te region, and subsequently
decreases again in the surrounding matrix. This consistent trend
supports the presence of localized thermal interactions and wave
modulation.

Furthermore, it is worth discussing that discontinuities—such
as a phase jump—may be closely associated with the thermal
resistance at the interface. As previously mentioned, these discon-
tinuities can be interpreted as the result of contrasting thermal-
energy accumulation and decay across the interface, which can be
described in terms of thermal-wave reflection and transmission.
Therefore, with knowledge of the material properties, a simple
quantitative analytical model can be constructed to describe the
thermal-wave discontinuities associated with thermal resistance
in our measurement system (see the Supporting Information). To
quantify the interfacial phase jump, we used an analytical model
assuming a thermal-effusivity mismatch under the constraints
of linear response, frequency-independent thermal parameters,
and unidirectional heat propagation. As detailed in the Supple-
mentary Information, the observed interfacial phase jump can be
attributed to the thermal-effusivity mismatch or admittance mis-
match at the boundary, which results in a frequency-dependent
thermal phase delay. We derived that the interfacial phase jump is
governed by the thermal boundary resistance (Ryzy), the effective
thermal effusivity (22-), and the frequency (@) of the thermal

ej+ey

wave, resulting in the following expression:

©

Aq)jump & _RTBR :

SRS

In the equation representing the phase jump (A®;,,,,), the neg-
ative sign preceding the interfacial thermal resistance indicates
a physical delay in the phase of the thermal wave. Using this
model, it is possible to roughly estimate the R;p; values at
the interfaces corresponding to Line 3 and Line 4 (Figure S6b;
Figure 7c). By estimating the e,and e, values and using the
measured Ad;,, values from each region, the Ryp, values can
be approximately determined, assuming known values for the
density and specific heat capacity of each bulk material. The
estimated Ry values for Line 3 and Line 4 are approximately (3.0
+ 0.6) and (4.0 + 0.8) x 1077 m? K W1, respectively. According
to the literature [6, 7, 11], the grain-boundary resistance generally
covers arange from ~ 10~° m? K W~! to about ~ 10~ m?*K W~
While the interfaces in the present system involve two materials
with differing thermal properties, the calculated Rz, values are
on the order of ~ 1077 m?K W-1, which is somewhat higher
than the grain-boundary resistance values commonly reported
in literature. The interfaces investigated correspond to phase
boundaries between the Bi,Te; matrix and secondary phase with
different thermal properties, where interfacial thermal resistance
can become larger due to thermal property mismatch across the
boundary [42]. This discrepancy reflects the simplified nature of
the present analytical framework, which is intended to provide
an effective, first-order description of interfacial phase behavior
rather than a fully quantitative evaluation of absolute thermal
boundary resistance. Nonetheless, the model can still offer
valuable information regarding the relative thermal boundary
resistance at interfaces. For instance, the A®;,,,,value measured
in Line 4 exceeds that of Line 3, and this is accomplished by
a higher thermal boundary resistance. This trend suggests that
the phase jump can serve as an indicator of increasing thermal
resistance across the interface. These findings demonstrate the
potential of phase-based thermal wave analysis for characterizing
interfacial thermal properties, even in systems with complex
material boundaries.

4 | Conclusion

In this study, we employed a p-STAM technique to investi-
gate nanoscale thermal transport in n-type Bi,Te,,Se,; spec-
imens with well-defined microstructures, including two-grain
and multi-grain configurations. Using a periodically modulated
pulsed electron beam as a localized heat source and analyzing
the resultant thermal-wave phase delay with nanometer-scale
spatial resolution, together with complementary observations of
amplitude attenuation, we successfully characterized directional
thermal diffusivity and interfacial thermal behavior in highly
anisotropic thermoelectric materials. In the Bi,Te,,Se,; two-
grain specimen, strong anisotropy in thermal diffusivity was
clearly observed, with in-plane (ab-plane) value exceeding out-
of-plane (c-axis) transport by a factor of four. This anisotropy
was also successfully visualized at the nanoscale in the phase
delay map. A simplified elliptical representation in polar coor-
dinates, constructed from directional thermal diffusion lengths
inferred from the phase gradient, provided a visual depiction of
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anisotropic heat flow and allowed rough estimation of thermal
diffusivity in arbitrary directions. In the multi-grain specimen,
reduced grain size led to more isotropic thermal behavior overall;
however, individual grains retained their intrinsic anisotropy,
highlighting localized thermal directionality within the mate-
rial. Nonlinear thermal behavior was observed in both speci-
mens. In particular, distinct nonlinearities in the thermal-wave
phase—such as abrupt phase jumps or drops—were detected
near inclusion/grain boundaries in the multi-grain specimen.
These features were attributed to thermal-wave reflection and
transmission, in an analogous sense, induced by mismatches
in thermal effusivity. By introducing a simplified analytical
model, we correlated the magnitude of the interfacial phase
jumps with the thermal boundary resistance (R;g), yielding
estimated values in the range of ~3.0 — 4.0 x 1077 m* K WL,
Application of this model enabled assessment of relative thermal
boundary resistance at interfaces, offering useful insights into
interfacial thermal transport properties. This study highlights the
power of p-STAM to capture anisotropic heat flow and quantify
interface resistance at the nanoscale. In addition, our results con-
firm that p-STAM can simultaneously capture thermal-transport
properties, crystallographic orientation, and elemental mapping,
thereby streamlining multimodal characterization within a single
experiment. We believe that these insights are crucial for the ther-
mal design of next-generation thermoelectric and heat-sensitive
functional materials.

5 | Experimental Section
5.1 | Materials Synthesis

High-purity elements of Bi (99.99%), Te (99.99%), Se (99.99%)
were directly weighed according to the nominal composition
Bi,Te, ;Se, 5, and then the stoichiometric mixture was loaded in
an evacuated quartz ampoule. The sealed ampoules were heated
at 1073K, maintained for 24 h, and then cooled slowly for 30 h in
a furnace. The melted ingots were pulverized by hand grinding
and mechanical ball milling for 3 h under an argon atmosphere.
The powders produced by each method were directly loaded into
a graphite die with a 12.7 mm diameter and then sintered by
hot-press sintering at 773K for 1 h under a uniaxial pressure of
50 MPa.

5.2 | Preparation of Specimens

The specimens containing two grains and multi-grains were
microfabricated using a FIB system (Hitachi Ethos NX-5000).
Here, a sintered body made by hand grinding was used to fabricate
a specimen containing only two grains, and the grain size of the
specimens was observed to be approximately 6 um or larger. The
multi-grain specimen was fabricated using a ball-milled sintered
body, and the grain size was observed to be approximately 2-
3 um. After microfabrication, each specimen was attached to a
Cu attachment on a TEM holder. The two-grain specimen has
dimensions of about 10 pm (length), about 7 pm (width) by
200 to 300 nm (thickness), and the multi-grain specimen has
dimensions of about 8 um (length), about 5 um (width), and by
~200 to 300 nm (thickness).

5.3 | Characterizations

Electron microscopy measurements were performed using a
JEOL JEM-3100FEF TEM operating at 300 kV and equipped
with an electrostatic dose modulation (EDM basic) system by
JEOL to generate a pulsed electron beam. The system operated
in STEM mode, utilizing a 70 um condenser lens aperture, with
a beam convergence semi-angle of approximately 6.8 mrad. The
electron beam had an effective size of around 2-3 nm and a
beam current of ~0.5 nA under standard settings, while enhanced
beam current settings allowed for ~1.4 nA (for details, see in
Ref. [28]). Beam scanning in STEM mode was controlled via a
Gatan DigiScan system. The electron beam was modulated at a
50% duty cycle under all experimental conditions to maximize
the amplitude of AC thermal wave. The EDM system supported
modulation frequencies up to 500 kHz at 300 kV. In situ thermal
measurements were performed using a twin-probe scanning
tunneling microscopy (STM) -TEM holder manufactured by
“Nanofactory Instruments AB” (as shown in Figure S1) [26-
28]. Thermocouple measurements were enabled by chromel and
constantan nanoprobes fabricated by electrochemical etching of
200 um diameter wires [see detailed methods in Ref. [50]. The
reference junction temperature for calibration of the thermocou-
ple was the temperature of the Cu jigs holding the probes, which
was maintained consistently at ~298 K (room temperature) inside
the TEM column. Additionally, previous experiments have shown
that the thermocouple temperature returns to a steady state <
500 us, or less, after spot heating by a focused electron beam [26].
That is, the reference temperature satisfies the requirement that
it should not be affected by a temperature increase with respect to
the nanosized junction. This rapid relaxation minimizes the influ-
ence of residual heating during beam scanning and ensures that
the detected temperature modulation primarily reflects the local
thermal response. The chromel and constantan probes were inde-
pendently operated through a piezo-driving system to make direct
contact with a specimen. To ensure proper electrical contact, a
100 nA DC current was applied to the thermocouple junction,
and the applied voltage was measured. The total impedance of
the electrical circuit, including the junction, was maintained
below 1 kQ to detect clear signals of thermal waves. A lock-
in amplifier (model SR865A, Stanford Research Systems) was
used with an oscilloscope (Keysight InfiniiVision DSOX3034T)
to obtain the phase delay and amplitude of thermal waves
during the beam scanning. The sensitivity and time constant
were optimized to achieve a favorable signal-to-noise ratio while
avoiding overloading the system. The dwell time per pixel was
set to match or exceed the time constant to avoid shifting of the
map of phase delay or amplitude in relation to the HAADF-STEM
image. In addition, noise filters and differential amplifiers were
used to remove unwanted noise and enhance desired signals,
respectively. Since the specimen stage can slowly drift over time,
the total exposure time per measurement was limited to <2 h to
avoid the deformation of phase delay/amplitude maps.
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