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Supplementary Text 

Dependence of thermal waves on the tips of the thermocouple 

In thermal measurements requiring physical contact, the method's accuracy is often questioned 

due to the stability of constant contact resistance. Moreover, it is critical to evaluate how quickly 

a thermocouple can respond to the heating effect of a pulsed electron beam. Our experiments have 

demonstrated that thermocouples with a diameter of the contact probe’s tip of approximately 100-

300 nm or less can achieve relatively similar response time and shape of thermal waves despite 

inevitable differences, such as thermal contact resistance between the thermocouple and the 

specimen, contact condition of chromel and constantan probes, and electron beam current (Fig. 

S2). A thermocouple with a diameter of any component larger than those sizes produces inferior 

performance due to fast thermal loss towards the cold side. Additionally, the shape of thermal 

waves appears nearly trapezoidal waves when f = 333 Hz and gradually turns into triangular waves 

with increasing modulated frequency (Fig. S2). 

Effects of amorphous layer on the thermal diffusivity of the single-crystalline sapphire specimen 

It is well-known that under the bombardment of Ga-ion beam, the surface of the FIB-

microfabricated specimen usually suffers from the Ga-ion implantation, amorphization, and lattice 

distortion. First, we considered the effect of the amorphous aluminium oxide layer on the thermal 

diffusivity of the specimen. As shown in Fig. S7, there is an amorphous layer whose thickness is 

approximately several nm. The thermal diffusivity of amorphous aluminium oxide layers in the 

range of 2 - 490 nm was quantitatively determined in Ref. 57. Due to the size effect, the thermal 

diffusivity of amorphous layer with the thickness of 5 nm is about 0.35 × 10−6 m2/s. Despite the

size effect due to phonon scatterings at the specimen boundaries, since the thermal transport was 

still in a diffusive/Fourier regime, we could use the parallel model to determine effective thermal 

diffusivity as follows, 

𝛼𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑣1𝛼1 + 𝑣2𝛼2, 

where 𝛼1, 𝛼2 are thermal diffusivity of components 1 and 2, respectively, and 𝑣1, 𝑣2 are volume 

fractions of components 1 and 2, respectively (58).  

Applying the above model to the discussion, we regard the 𝛼1, 𝛼2 thermal diffusivity of single-

crystalline sapphire and that of amorphous sapphire layer, respectively. Assuming the thickness of 

the total amorphous layer (surrounding the specimen) is about 10 nm along the single-crystalline 

sapphire specimen (the width and thickness of the specimen are equally ~430 nm), and the 

determined thermal diffusivity (6.87 × 10−6  m2/s) is the effective thermal diffusivity of the

specimen, we calculated the thermal diffusivity of single-crystalline sapphire component as 7.03 

× 10−6 m2/s. This value is obviously not the thermal diffusivity of single-crystalline sapphire

(~10.8× 10−6 m2/s). As a result, the amorphous layers are not the factor causing the reduction of

thermal diffusivity.  

In the same manner, the thin Ga layer should not have significant impact on the total thermal 

diffusivity of the specimen. Therefore, the reduction of thermal diffusivity reported in the current 

study should be mainly attributed to the size effect. 

Effects of voids on phase delay and amplitude of thermal waves 

In Fig. 4, the effect of voids is investigated by acquiring a map of phase delay and a map of 

amplitude corresponding to the enlarged area (2). Smaller values of the amplitude of thermal waves 

are detected when electron beams scan through this void. According to Eq. (6), the possible reason 

for the change in amplitude is the change in absorbed thermal energy due to smaller thicknesses. 



Additionally, a thin Ga layer is coated all around the specimen as an artifact of FIB 

microfabrication, and the thermal waves induced by electron beam irradiated on both AlN and Ga. 

This evidence infers that, at the void, thermal waves are more likely to be affected by the combined 

thermal waves due to the smaller thickness of AlN, which also explains the decrement of phase 

delay at the void. Without the presence of a Ga layer, according to Eq. (5), there should be no 

change in contrast at the void area in the map of phase delay, as the phase delay is independent of 

the specimen thickness. Similarly, the results of phase delay and amplitude can be interpreted with 

the inclined edge area on the left side of the specimen. 

Phase-spatial resolution 

The nominal phase resolution of the lock-in amplifier is 0.001. The phase-spatial resolution 

depends on modulated frequencies of pulsed convergent electron beam and the thermal diffusivity 

of the material. Assuming the modulated frequencies of the pulsed convergent electron beam as 5, 

10, 20, and 100 kHz, and the thermal diffusivity of the unknown material is 10-4, 10-5, 10-6, and 

10-7 m2/s, respectively, the corresponding ideal phase-spatial resolutions of the measurements are

calculated using Eq. S5 and shown in the below table

Table. S1 Ideal phase-spatial resolutions of the measurements in nm 

Modulated frequencies of the pulsed convergent electron beam (kHz) 

5 10 20 100 

Thermal 

diffusivity 

(m2/s) 

10-4 139.3 98.5 69.6 31.1 

10-5 44.0 31.1 22.0 9.8 

10-6 13.9 9.8 7.0 3.1 

10-7 4.4 3.1 2.2 1.0 

The ideal phase-spatial resolution increases with increasing modulated frequencies of pulsed 

convergent electron beam and decreasing thermal diffusivity. However, the upper limit of the ideal 

phase-spatial resolution depends on the diameter of the convergent electron beam. In the present 

study, the diameter of the electron beam is approximately 2-3 nm. Therefore, in the present study, 

the phase-spatial resolution is limited by 2-3 nm.  

In practice, the obtained phase delay during the measurements is affected by several factors, 

such as the sensitivity and the time constant of the lock-in amplifier. The sensitivity was set up 

automatically on the lock-in amplifier. The time constant was set up so that the phase delay at each 

position was stable. As the time constant controls the ability to eliminate signals having 

frequencies other than that of the thermal waves (which is also the modulated frequency), the 

longer the time constant is, the narrower the band of allowed frequencies becomes. With a 

narrower band of allowed frequencies, the phase delay of thermal waves is read more correctly 

due to the elimination of signals with undesired frequencies, enhancing phase-spatial resolution. 

However, the trade-off is the requirement of longer exposure time for each pixel. Otherwise, the 

obtained map of phase delay will be shifted compared to the HAADF-STEM image. To reduce the 

total time for each mapping image, the magnification and the number of pixels can be varied to 

balance the quality of the image of interest and the recording time. A recording time that is too 

long may cause the drifting of the specimen and ruin the image. In the present study, the result of 



phase delays of single-crystalline sapphire specimen was recorded with a time constant of 10 ms 

and exposure time of 20 ms, and the result of phase delays of polycrystalline AlN specimen was 

recorded with a time constant of 100 ms and exposure time of 101 ms. The selection of a short 

time constant for the case of single-crystalline sapphire specimen is justified by the unnecessity of 

a long time constant since no information on nanostructures is supposed to be observed. In contrast, 

for the case of polycrystalline AlN specimen, a much longer time constant was utilized to visualize 

local thermal properties of nanostructures like grain boundaries and voids. Additionally, the 

modulated frequency of 100 kHz was adopted to enhance the phase-spatial resolution. As a much 

more severe attenuation of thermal waves at high frequencies required a sufficiently long time 

constant, a time constant of 100 ms was employed. Fig. S6 shows a phase-spatial resolution of ~10 

nm with the settings mentioned earlier. A higher phase-spatial resolution can be achieved by 

further varying the number of pixels and magnification depending on the image of interest. 

 In general, the phase-spatial resolution is not constant but varies depending on the modulated 

frequency of pulsed convergent electron beam, the thermal diffusivity of the material, the selection 

of time constant of the lock-in amplifier, the magnification of TEM, and the number of pixels 

scanned by the electron beam. A good combination of the above factors provides an optimum set 

of conditions for investigating a specific specimen. To further improve the quality of the map of 

phase delay or map of amplitude of thermal waves, one should increase the beam current or 

decrease the acceleration voltage of the pulsed focused electron beam to increase the heating effect 

of the electron beam due to plasmon loss. However, the reduction of acceleration voltage reduces 

the TEM spatial resolution; thus, it should be carried out with consideration. 



Fig. S1 Information on the specimen used in the present report and experimental setup. (A) 

Geometrical shape and dimensions of the single-crystalline sapphire specimen, (B) Scanning ion 

image of the top view and side view of the sapphire specimen, (C) Energy dispersive spectroscopy 

(EDS) mappings of the sapphire specimen. The residual Ga content is due to the artifact of FIB 

microfabrication. (D) The EDS spectrum of the specimen is shown in (C); however, Ni and Cu 

stem from the thermocouple, which is near the specimen but not present in the frame of the image, 

(E) Experimental setup used in the present report (is also similar to the one used in Ref 23.)



Fig. S2 Dependence of thermal waves on the size of the tips of the thermocouple. (A) and (C) 

are HAADF-STEM image and bright-field TEM image of experimental setup employing 

thermocouple A, respectively, (B) and (D) are HAADF-STEM image and bright-field TEM 

images of experimental setup employing thermocouple B, respectively. (E) Thermal waves 

induced by a pulsed focused electron beam under modulated frequencies of 333, 1000, and 5000 

Hz from upper to lower are detected by thermocouple A (shown in red) and thermocouple B 

(shown in blue). Change in the size of the tips of the thermocouple almost does not affect the 

response time, amplitude, and shape of thermal waves. Deviation in the magnitude of thermal 

waves is easier to recognize when using thermocouple B. The difference in the impedance of the 

thermocouple junction (~600  in thermocouple B vs. ~300  in thermocouple A), which leads 

to a difference in thermal noise, is the reason for that deviation. 



Fig. S3 The consistency of phase delay in the horizontal direction. Phase delay in the horizontal 

direction is nearly constant, as shown in the line profile on the right side. Outside of the specimen, 

the signal of phase delay is not detected. In this area, the phase is not locked by the lock-in-

amplifier, which results in noise-like data. The consistency of the phase delay in the horizontal 

direction allows us to employ a one-dimensional heat transport equation with respect to the vertical 

direction for determining the thermal diffusivity of the specimen. 



Fig. S4 Dependence of thermal wave on the distance. Thermal waves and signals of EDM were 

acquired by thermocouple C shown beside the HAADF-STEM image. From upper to lower, 

signals of EDM and correspondingly induced thermal waves at modulated frequencies of 500, 

1000, and 5000 Hz were obtained near the thermocouple (blue), ~ 4 μm from the thermocouple 

(green), and ~ 8 μm from the thermocouple (orange). At all modulated frequencies, there is no 

temporal difference in signals of EDM. However, the thermal waves are visibly shifted to the right 

with increasing distance from the thermocouple, which verifies Eq. (5). Notably, despite the 

difference in phase delay, the rising time of the responded thermal signals hardly changes. This 

fact is essential to precisely evaluate the phase delay of thermal waves throughout the specimen. 



Fig. S5 Characterization of the polycrystalline AlN specimen. (A) Bright-field TEM image 

combined with thickness maps in corresponding areas. Thickness profiles along line AB and CD 

are shown in the left-side graphs. The thickness maps show the values of measurement of the 

specimen’s thickness by EELS using the effective atomic number of AlN of 10.8. Thickness 

profiles indicate that the specimen does not have a uniform thickness, which is thinner at the upper 

area and thicker at the lower area. In addition, the edges of both the upper and lower areas are 

slightly inclined. The non-uniformity of thickness and the inclined edges are due to the FIB 

microfabrication. (B) The HAADF-STEM image is accompanied by elemental maps and the EDS 

result of the AlN specimen. 



Fig. S6 Phase-spatial resolution under conditions of modulated frequency of 100 kHz, time 

constant of 100 ms, and exposure time of 101 ms/pixel. Comparison between line profiles of 

phase delay and intensity of STEM-HAADF image indicates a phase-spatial resolution of ~10 nm. 



Fig. S7 Lattice TEM image of the single-crystalline sapphire specimen. The image was taken 

at the edge of the specimen showing a few-nanometer-thick amorphous layer due to the 

bombardment of Ga-ion beam during FIB-microfabrication.  



Movie S1 

Animation of transport of thermal waves inside the specimen of single-crystalline 

sapphire under modulated frequency of 5 kHz. The scale bar is 500 nm. 



Movie S2 

Animation of transport of thermal waves inside the specimen of single-crystalline 

sapphire under modulated frequencies of 10 kHz. The scale bar is 500 nm. 



Movie S3 

Animation of transport of thermal waves inside the specimen of single-crystalline 

sapphire under modulated frequencies of 20 kHz. The scale bar is 500 nm. 
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