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A B S T R A C T   

Compared to crystalline materials, amorphous materials lack periodicity and exhibit distinct thermal and lattice 
vibration properties. Hence, analyzing atomic networks in the transmission electron microscopy (TEM) images of 
amorphous materials is challenging. In this study, we employ topological data analysis (TDA) and principal 
component analysis (PCA) to extract structural features from the TEM images of amorphous germanium (a-Ge) 
and analyze its atomic networks. Our findings demonstrate that the thermal conductivity of a-Ge is influenced by 
larger atomic rings with more vertices, which facilitates the heat transfer through longer atomic chains and 
results in a higher thermal conductivity. A comparison of the experimental and simulation data confirms the non- 
random nature of the atomic arrangements in a-Ge. We propose herein an approach that employs the TDA to 
identify and analyze the atomic networks in amorphous materials, establishing connections to their thermal 
properties. This study enhances our understanding of amorphous materials and paves a way for tailored material 
design and engineering to achieve the desired thermal properties.   

1. Introduction 

Due to their thermal properties, amorphous materials are attracting 
increasing attention for use in flexible electronics [1,2], artificial intel
ligence chips [3], thermal protection [4], advanced detectors [5], and 
thermoelectrics [6,7]. The lattice vibration and the temperature 
dependence of the thermal properties of amorphous materials that lack 
periodicity are significantly different from corresponding crystalline 
materials. Propagons, diffusons, and locons originally introduced by 
Einstein [8] and refined by Slack [9], Cahill et al [10,11]., and Allen and 
Feldman [12,13] are often used to describe thermal transport mecha
nisms and predict the thermal conductivity of various amorphous ma
terials [14]. Allen et al. proposed propagons, diffusons, and locons as 
three types of vibrational modes in amorphous materials that thor
oughly explain the temperature dependence of the thermal conductivity 
of amorphous Si [15]. Propagons are plane wave-like delocalized 
vibrational modes at low frequency; diffusons are delocalized vibra
tional modes in a large frequency range; and locons are localized 
vibrational modes. Diffusons comprise the majority of and dominate 
heat transport in amorphous materials. Theoretical approaches to un
derstanding thermal transport in amorphous materials have been 

discussed in the recent literatures [16,17]. 
The contributions of different vibrational modes to thermal con

ductivity are strongly correlated to the atomic network that changes the 
vibrational states of amorphous materials [18,19]. Several approaches 
are used to manipulate the atomic network of amorphous materials. 
These include the introduction of impurities, composition change (i.e., 
varying the stoichiometry), and mass density tuning. Prior results 
demonstrated that decreasing the coordination or bonding number by 
introducing impurities in the Si [20], SiO [20], and SiC [21] amorphous 
films reduces their thermal conductivities. Another approach is to in
crease the Te content in amorphous SiTe, which reduces the coordina
tion number, results in a large mobility edge shift, and suppresses the 
contributions of propagons and diffusons to thermal conductivity [22]. 
Mass density tuning from 2.0 to 3.4 g/cm3 is also another approach of 
manipulating the coordination number and the sp2/sp3 bond ratios in 
amorphous carbon, which changes the thermal conductivity from 0.65 
to 1.05 W/mK [23]. 

The medium-range order (MRO) referred to as the 0.5–5 nm atomic 
arrangement is found in various amorphous materials [5,24-26] and 
significantly affects a material’s physical properties. Understanding the 
correlation between an atomic network and thermal conductivity is 
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critical for thermal management. However, the nonperiodic atomic 
network in amorphous materials makes it complicated to define the 
structural features and construct the simulation models. Conventional 
X-ray diffraction has shown that amorphous materials have no sharp 
diffraction Bragg peaks or rings. The radial distribution function, also 
known as the pair distribution function (PDF), obtained from electron 
diffraction is used to interpret the local structure (e.g., MRO in amor
phous materials) [5,27-29]. However, interpretation is not simple 
because of the convoluted PDF information of various bonds/pairs with 
similar distances [29]. The influence of inelastically scattered electrons 
on the diffraction intensity must be removed to obtain detailed struc
tural information (e.g., coordination number) [30]. 

Topological data analysis (TDA) uses persistent homology to quan
tify the shape of data with the information of "holes". If a set of discrete 
points is given and we put circles (or spheres) with the common radius at 
each point, the 1st-order holes (rings) characterizing this system are 
recorded as a set of birth-death events of rings with increase of the 
radius. Here, the radius when two circles contact at the longest edge and 
form a polygon is called "birth time", and the radius when the center of 
the polygon is filled is called "death time". The birth–death pairs shown 
as a two-dimensional scatter plot is called persistence diagram (PD) 
[31]. Since PD is useful to describe multiscale topological features (e.g., 
rings and cavities) of complex atomic configurations, TDA has become 
popular to analyze the structural features of amorphous materials [32]. 
Prior reports demonstrated that the TDA can extract structural features 
to capture the hidden MRO of amorphous materials (e.g., Cu–Zr metallic 
glass [33], silica glass [32], and ice [34]). Sørensen et al. deconvoluted 
the contribution of various MRO features to the first sharp diffraction 
peak in oxide glasses via the TDA [35]. Minamitani et al. determined the 
relationship among local coordination, atomic network, and thermal 
conductivity using the topological features of amorphous carbon [23] 
and amorphous Si [36]. 

In contrast to the atomic network analysis of the thermal conduc
tivity of amorphous materials using molecular dynamics (MD) simulated 
models and the TDA, we found the thermal conductivity change in 
amorphous Ge (a-Ge) by varying the experimentally deposited temper
atures [37,38]. In our previous work, the presence of the short-range 
order in a-Ge was revealed by the fast Fourier transform patterns of 
the TEM images [38]. The a-Ge films deposited at higher temperatures 
were more locally ordered than those deposited at room temperature. 
Without introducing impurities or changing the chemical compositions, 
which are closely related to the thermal properties, we could identify the 
effect of the atomic network on the thermal conductivity change. The 
higher thermal conductivity was attributed to the short-range structural 
order at a 2–3 nm scale in a-Ge thin films, which facilitated the heat 
transfer from one atom to the atoms beyond its nearest neighbor. 

Our previous results provided experimental evidence for under
standing the underlying nature of the mean free path variation in 
amorphous solids [37,38]. However, the appropriate structural features, 
atomic network corresponding to the short-range order, and associated 
physical properties of thermal conductivity are still lacking. In this 
study, we apply the TDA to identify the structural feature from the 
observed TEM (TEM-structural feature). Note that the TEM images 
provide the atomic structural information of crystalline materials while 
that is interference with higher amount of diffuse scattering due to the 
nonperiodicity in amorphous materials. Thus, the structural features 
extracted from the TEM images of amorphous materials become con
volutional information. In other words, they project a disordered atomic 
structure of a three-dimensional (3D) unit cell on a two-dimensional 
(2D) space. 

The TEM-structural feature allows us to describe the differences of 
the atomic network in a-Ge thin films deposited at various temperatures. 
The a-Ge model generated using Ab Initio Molecular Dynamics (AIMD) 
simulations was used to perform a comparison with the experimental 
samples. In this study, we have successfully identified TEM-based 
structural features that distinguish amorphous materials, allowing us 

to describe their atomic networks. This structural characterization 
technique is not limited to the specific material analyzed here but has 
broader applicability to various amorphous materials. The principles 
and methodologies we have applied are transferable to other materials 
and can be employed in real experiments using TEM, making it a valu
able tool for the analysis of a wide range of amorphous systems. Our 
results provide an avenue for defining the atomic network characteris
tics of amorphous materials through TEM-structural features. 

2. Results and discussion 

The TDA was performed to extract the structural features of the 
samples listed in Table 1. The simulation-based samples were compared 
with the experimental ones. The sample selection was designed to 
encompass a diverse range of conditions and variations, enabling a 
comprehensive analysis and facilitating comparisons between the 
experimentally obtained samples and simulated scenarios.  

A. Preprocessing and data cleaning of TEM images 

The Ge25 TEM images underwent various steps to enhance quality 
and extract relevant information. Fig. 1 provides an overview of this 
process. Artwork (a) depicts a TEM image of the Ge deposition on a Si 
substrate, where the ~2.3 nm native oxide layer on the Si substrate was 
intentionally retained. This image serves as the initial sample repre
sentation. In (b), an atomic-resolution TEM image of the a-Ge is pre
sented. The scale and the aspect ratio of the a-Ge image were adjusted 
with respect to c-Si, a reference material, to ensure an accurate analysis. 
This correction step helped maintain the proper dimensional pro
portions for the subsequent analysis. More importantly, the point cloud 
data obtained from the TEM images of the crystalline materials denoted 
atomic structural information. In the case of the amorphous materials, 
the data became convoluted due to nonperiodicity. As inferred from the 
number of birth–death pairs, the Ge25 density was approximately 7% 
higher than the Ge100 and Ge300 densities. Accordingly, the extracted 
structural features from the TEM images of the amorphous materials 
represented a disordered atomic structure projection onto a 2D space. 

The structural features were quantitatively extracted through the 
TDA and a set of point cloud data illustrating the relatively bright areas 
as the death points for the 0th-order homology depicted in Fig. 1(c) (red 
symbols). Before the TDA, a Gaussian distribution with a 5 px standard 
deviation was employed for noise reduction. The extraction process 
resulted in the formation of a massive point cloud (Fig. 1(d)). Subse
quently, a series of preprocessing and data cleaning steps were applied 
to the Ge25, Ge100, and Ge300 TEM images. The enhanced relevant 
features for further analysis were then prepared as three point cloud 
data sets. In our analysis, we identified 29,412 bright points from the 
TEM image of Ge25, covering an area of 2667 nm2. The term ’Rand’ in 

Table 1 
List of the a-Ge samples for the TDA.  

Sample Method Description 

Ge25 Experiment 
(TEM) 

Deposition temperature: 25 ◦C 

Ge100 Experiment 
(TEM) 

Deposition temperature: 100 ◦C 

Ge300 Experiment 
(TEM) 

Deposition temperature: 300 ◦C 

MDGe3.5 Simulation 
(AIMD) 

2D projected atomic positions in a slice with 3.5 Å 
thickness 

MDGe4.0 Simulation 
(AIMD) 

2D projected atomic positions in a slice with 4.0 Å 
thickness 

MDGe4.5 Simulation 
(AIMD) 

2D projected atomic positions in a slice with 4.5 Å 
thickness 

Rand Random Randomly generated point cloud 
Rand_hd Random Randomly generated point cloud with a higher 

density (1.5 times of Rand)  
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Table 1 corresponds to the number of points generated randomly within 
the same area. On the other hand, ’Rand_hd’ represents a point cloud 
with a density 1.5 times higher (= 44,118 points).  

B. Application of TDA to identify the local atomic arrangements 

We applied the TDA to investigate and identify the local atomic ar
rangements within the a-Ge samples. Figs. 2–5 provide insights into the 
structural features and the variations observed at different deposition 
temperatures. Fig. 2 showcases the point cloud data and the first-order 
PDs of Ge25, Ge100, and Ge300. The PDs obtained from the point 
cloud data of the TEM images were calculated and divided into several 
regions to visually classify the birth–death pairs into polygons from a 
triangle (three-membered ring) to a hexagon (six-membered ring). A 
notable trend became evident as the deposition temperature increased: 
the number of rings with five or six vertices also increased (Figs. 2(d)– 
(f)), suggesting that higher deposition temperatures contribute to the 
formation of larger ring atomic structures within the a-Ge samples. 

Fig. 3 further illustrates the birth and death value distribution in the 
first-order PDs for Ge25, Ge100, and Ge300. Figs. 3a-c are obtained by 
projecting the PDs (Figs. 2d-f) to the birth (or death) axis. Interestingly, 
in Fig. 3(a), the PDs exhibited a sharper distribution indicating a 
dominant single order at the lower deposition temperatures for Ge25. In 
contrast, a broader distribution was observed at the higher deposition 
temperatures for Ge300 in Fig. 3(c), demonstrating the growth of a new 
order characterized by a shoulder at higher birth and death values in the 
local atomic arrangements. The presence of this additional order may 
have contributed to the enhanced thermal conductivity observed in the 
samples deposited at higher temperatures. In other words, the deposi
tion temperature plays a crucial role of influencing the complexity and 
the diversity of the atomic structures within the a-Ge samples. 

We investigated the deposition temperature dependence of the 
atomic networks by conducting a PCA of the PDs. PCA is one of the 
dimensionality reduction methods based on linear algebra. It gives the 
axes (principal component vectors) in N-dimensional space which 
emphasize difference among the input vectors and enables us to extract 

Fig. 1. Transmission electron microscopy (TEM) images and point cloud data representing a structural feature of Ge25: (a) TEM image of the Ge deposition on a Si 
substrate with the retained ~2.3 nm native oxide layer; (b) atomic-resolution TEM image of a-Ge with the scale and the aspect ratio adjusted relative to c-Si; and (c) 
death point extraction for the 0th-order homology (red symbols) from (b), which led to the formation of the point cloud dataset (d). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Images of the point cloud data (upper) and the first-order PDs (bottom) of the amorphous Ge samples: (a, d) Ge25, (b, e) Ge100, and (c, f) Ge300. The number 
of rings with five or six vertices increased as the deposition temperature increased. (d, e, f) The birth–death pairs over the lines labeled as n (n = 3 to 6) were larger 
than those in the n-membered ring. The PD color indicates the density of the birth–death pairs, which ranged from red to purple, as the density decreased. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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critical information from datasets with numerous variables. By projec
ting a vector onto first and second principal component vectors, its first 
and second principal component values (PC1 and PC2) are obtained. In 
this study, each PD was divided into a 2D mesh and converted into a 
vector, whose element represents the numbers of birth–death pairs in 
the corresponding mesh. The vector set was used as the input data for 
the PCA. Fig. 4(a) shows a 2D map quantifying the PDs of Ge25, Ge100, 
and Ge300 using the first (PC1) and second (PC2) principal component 
values. The contribution rate of PC1 was 97.7%, while that of PC2 was 
2.3%. The dominant contribution rate of PC1 indicated its significance 
in capturing major structural variations. Figs. 4(b) and (c) illustrate the 

PD-like expressions of the PC1 and PC2 vectors, offering visual repre
sentations of the significant areas in the PDs captured by these principal 
components. In Fig. S1, the PCA of the 12 vectors generated by the four 
divisions of each TEM image yielded the same result as in Fig. 4. Thus, it 
is reasonable to say that PC1 exhibits a strong correlation with the 
deposition temperature, whereas PC2 does not demonstrate a clear 
correlation. In Fig. 4(b), the red and blue colors in the reconstructed PDs 
from the PC1 vector indicate the positive and negative signs, respec
tively, of each element in the PC1 vector. Correspondingly, the Ge25 
(300) sample with a low (high) deposition temperature showed a 
stronger structural feature, as represented by color red (blue) in the 
figure. 

We investigated the signal origin in the persistence diagrams by 
performing an inverse analysis to extract the local structural features. 
Fig. 5 illustrates the ring structure mapping in the point cloud data on 
Ge25, Ge100, and Ge300. The position of each ring structure is repre
sented by the center of its death triangle. The color scheme in Fig. 4(b) 
corresponds to the positive and negative values of the PC1 vector ele
ments reflected by the red and blue areas, respectively. The emergence 
of the blue networks with the increasing deposition temperature sug
gests the development of larger ring structures during the deposition 
process at higher temperatures (Fig. 5(c)). This comprehensive analysis 
of the point cloud data, persistence diagrams, PCA, and inverse analysis 
provides valuable insights into the structural features and variations 
present in the a-Ge samples.  

C. Comparison with the AIMD simulation model 

We employed AIMD simulation models to further explore the local 
atomic arrangements in a-Ge and complement the experimental find
ings. Fig. 6 showcases the a-Ge model generated through the AIMD 
simulation with 1000 atoms. The 3D atomic configuration of a-Ge was 

Fig. 3. Distribution of the birth and death values in the first-order PDs for (a) Ge25, (b) Ge100, and (c) Ge300. The y-axis shows the number of rings at the given birth 
(or death) value. In Figs. 3a-c, the same scale of y-axis is used to clarify the difference among the samples. The PDs exhibit a sharper distribution indicating a single 
order at lower deposition temperatures. By contrast, a broader distribution is observed at higher deposition temperatures. These results suggest the possibility of an 
additional shoulder corresponding to another order with larger rings developing at higher deposition temperatures. 

Fig. 4. PCA analysis of the PDs from the a-Ge TEM images: (a) first (PC1) and 
second (PC2) principal components for a-Ge, Ge25, Ge100, and Ge300. The x 
and y axes are PCA component scores, represented without specific units, as 
PCA generates unit-less linear combinations of the original variables. (b, c) PD- 
like expression of the PC1 and PC2 vectors. For each element in the PC vector, 
the red color indicates positive signs, while the blue color represents negative 
signs. The darker color levels correspond to a higher density of the birth–death 
pairs. The contribution rates of the PC1 and PC2 vectors are 0.977 and 0.023, 
respectively. The results indicate that larger ring structures are more prevalent 
at higher deposition temperatures. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 5. Inverse analysis of (a) Ge25, (b) Ge100, and (c) Ge300 obtained from 
the PC1 vector. The ring structure positions represented by the center of death 
triangle are colored as follows: the red parts indicate the positive components in 
the PC1 vector, while the blue ones represent the negative components. The 
emergence of blue networks with the increasing deposition temperature sug
gests the development of larger ring structures during deposition at higher 
temperatures. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 6. a-Ge model generated using the molecular dynamics simulation with 
1000 atoms. 

Y.-J. Wu et al.                                                                                                                                                                                                                                   



International Journal of Heat and Mass Transfer 221 (2024) 125012

5

sliced into 3.5-, 4.0-, and 4.5 Å-thick slabs. A set of point cloud data was 
then obtained by 2D mapping. We performed the TDA of these point 
cloud data to compare them with the structural information in the TEM 
image. 

Fig. 7 presents the first-order PDs of the experimental Ge25 sample 
along with the MDGe4.0, MDGe3.5, and MDGe4.5 AIMD simulation 
models having 4.0, 3.5, and 4.5 Å thicknesses, respectively. Randomly 
generated point cloud data referred to herein as Rand and Rand_hd were 
used for comparison. Fig. S2 illustrates these point cloud data. A notable 
observation was the similarity in the birth–death pair distribution be
tween Ge25 and the AIMD simulation models shown in Figs. 7(b), (d), 
and (e). Conversely, the PDs of the random structures in Figs. 7(c) and (f) 
exhibited much broader birth–death pair distributions. These findings 
suggest that the experimental Ge25 sample and the AIMD simulation 
models shared similar local atomic arrangements. 

Fig. 8 illustrates the analysis results of the birth–death value distri
bution in the first PDs. The TEM image displayed narrower birth–death 
value ranges compared to the random structures, indicating the non- 
random nature of the atomic arrangements in the experimental sam
ple. Notably, the structural features obtained from the 2D projection 
TEM analysis of Ge25 (Fig. 8(a)) closely resembled the outcomes for the 
atoms within the a-Ge slab generated using Molecular Dynamics with 
approximately 4 Å thickness (Fig. 8(b)). Those of the random structures 
in Figs. 8(c) and (f) were similar to each other, but apparently different 
from the others. If we can expect the maze pattern in the TEM image of a- 
Ge to reflect the atomic configuration in a thin slice, the consistency 
observed between Ge25 and the AIMD simulation models should sup
port the reliability and the accuracy of the TEM-structural features 
through the TDA approach. The same results were obtained in the case 
of the point cloud data representing the dark areas in the TEM images 
(Figs. S3–5, Supplementary Information). Therefore, we need not worry 
about the flipping bright and dark patterns. 

While it is well-acknowledged that the simulation of amorphous 
materials in AIMD is inherently constrained by a limited phase space, 
our study has leveraged a comprehensive approach to reduce these 

limitations. Through comparisons between experimental data and the 
slices with different thicknesses extracted from an AIMD model, our 
work demonstrated good agreement in capturing key TEM-structural 
features. Furthermore, by contrasting our results with those from a 
random model, we show the non-random nature of our a-Ge samples. 
These results contribute valuable insights into the structural character
istics and variations within a-Ge, bridging the gap between experimental 
observations and computational simulations.  

D. Correlation analysis between atomic networks and thermal 
conductivity 

Thermal conductivity (k) is defined via the Fourier’s law for heat 
conduction with the temperature gradient (∇T) occurring upon the heat 
flux (q), q = − k∇T application from the contribution of a range of 
mean free paths of vibrational modes. That is, thermal conductivity 
depends on the mean free paths (MFPs), which is the mean distance a 
heat carrier can travel before encountering scattering events. In the case 
of amorphous materials, the lack of long-range periodicity in the atomic 
structure complicates the determination of vibrational modes compared 
to crystalline materials. 

Our thermal conductivity measurements for the a-Ge thin films 
deposited at 25, 100, and 300 ◦C were 1.10, 1.28, and 1.50 W/m K, 
respectively (See Fig. 9). Notably, the thermal conductivity of the 250 
nm a-Ge thin films increased with higher deposition temperatures. This 
finding indicates that the deposition temperature significantly impacts 
the thermal properties of amorphous materials. 

Our analysis of the TEM-structural features using the TDA revealed 
that the deposition temperature affects the formation of the larger 
atomic rings in a-Ge. These larger rings are composed of five or six 
vertices and play a significant role in enhancing heat transfer through 
longer atomic chains. To understand this phenomenon, consider N 
particles constrained to move along a circular ring with a length L, 
connected by elastic springs that allow for oscillation. The minimum 
wavevector (k = 2π/L) of the oscillator is inversely proportional to L. As 

Fig. 7. First-order PDs of (a) Ge25, (b) MDGe4.0, (c) Rand, (d) MDGe3.5, (e) MDGe4.5, and (f) Rand_hd. The colors in the PDs that gradually decrease from red to 
purple correspond to the density of the birth–death pairs. The comparison of the birth–death pairs in the PDs between Ge25 and the AIMD simulation models 
depicted in (b), (d), and (e) reveals striking similarities. In contrast, the random structures shown in (c) and (f) exhibit significantly broader distributions of the 
birth–death pairs. This indicates a close resemblance in the local atomic arrangements between the experimental Ge25 sample and the AIMD simulation models. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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L increases, the minimum wavevector decreases, leading to lower- 
frequency oscillations. In simpler terms, the larger ring size corre
sponds to a reduction in wave frequency. For more detailed insights, you 
can refer to the reference [39]. 

The oscillators exhibit distinct mean free paths (MFPs) depending on 
their frequency [40]. Low-frequency oscillators have longer MFPs, 
enabling them to travel further without scattering, whereas 
high-frequency oscillators have shorter MFPs and thus scatter more 
frequently. This understanding leads to the key concept behind our 
observations: when larger atomic rings are present in the atomic struc
ture, they lead to a decrease in the frequencies of oscillators and an 
increase in their MFPs. 

This observation is consistent with our previous findings where we 
identified the contribution of MFPs longer than 100 nm in a-Ge at a 
higher deposition temperature [37,38]. Furthermore, our previous 
research demonstrated that factors such as sound velocity and film 

density were not the primary determinants of high thermal conductivity; 
instead, short-range order and longer MFPs in a-Ge played crucial roles. 

Therefore, we can reasonably infer that the thermal conductivity is 
enhanced due to the longer MFPs and lower frequencies associated with 
these larger atomic rings. The birth–death pair distribution in the PDs 
further supported this observation. That is, the higher deposition tem
peratures resulted in a broader peak in the larger birth–death region 
(Fig. 3(c)), which indicated the emergence of additional structural or
ders and reinforced the relationship between the larger atomic rings and 
the enhanced thermal conductivity. 

In summary, our current findings using TDA on TEM images build 
upon our previous results, connecting the emergence of larger atomic 
rings with the increased MFPs, which are known to contribute signifi
cantly to the thermal conductivity of a-Ge. This understanding 
strengthens the relationship between structural features and thermal 
transport properties in amorphous materials. In other words, the change 
in the atomic networks influenced by the deposition temperature is a 
crucial factor in determining the thermal conductivity of a-Ge. 

3. Conclusion 

Our proposed approach utilizes the TEM-structural features and the 
TDA to define the atomic network characteristics of amorphous mate
rials and correlate them with the thermal properties. Comparing the 
experimental a-Ge samples with the AIMD simulation models allowed us 
to gain a deeper understanding of the local atomic arrangements and 
provide evidence of the non-random nature of the atomic structures in a- 
Ge. Higher deposition temperatures promote the formation of larger ring 
atomic structures with five or six vertices within the a-Ge samples, 
emphasizing the significant role of atomic networks in enhancing the 
thermal conductivity. Using the TDA, this study highlights the potential 
of the TEM-structural features for exploring atomic arrangements and 
their impact on thermal conductivity. Furthermore, leveraging the un
derstanding of atomic networks and thermal conductivity can guide the 
design and engineering of amorphous materials with tailored thermal 
properties. For various applications, the thermal conductivity can be 
enhanced or suppressed by manipulating atomic arrangements, intro
ducing specific bonding patterns or interfaces, and incorporating 

Fig. 8. Analysis of the birth–death values in the first-order PDs for (a) Ge25, (b) MDGe4.0, (c) Rand, (d) MDGe3.5, (e) MDGe4.5, and (f) Rand_hd. The y-axis shows 
the number of rings at the given birth (or death) value. In Figs. 8a-f, the scale of y-axis is respective to compare the shape of distributions. The TEM-structural feature 
of (a) demonstrates narrower value ranges for birth and death compared to the random structures of (c) and (f), providing compelling evidence for the non-random 
nature of the atomic arrangements in a-Ge. 

Fig. 9. Relationship between thermal conductivity and deposition temperature 
for a-Ge thin films. 
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nanostructuring. These findings contribute to our knowledge on amor
phous materials at the atomic scale, paving the way for further ad
vancements in material characterization and design. 

We illustrate herein an approach that enables the translation of the 
observed atomic network in TEM to thermal conductivity. As part of our 
ongoing research, we recognize the importance of further strengthening 
the relationship between structural analysis and thermal transport 
properties. To achieve this, we propose future investigations that may 
include the density of vibrational states and mean free path spectros
copy. These additional studies will expand our understanding of how the 
identified structural features correlate with the thermal transport 
behavior in amorphous materials, contributing to a more comprehensive 
analysis. 

4. Methods  

A. Sample preparation and thermal conductivity measurements 

The a-Ge thin films used in the experiment were prepared using a 
laboratory-built combinatorial sputtering system with magnetron sput
tering. The substrate temperatures were controlled at 25, 100, and 300 
◦C. Prior to the Ge deposition, an ~2.3 nm native oxide layer was 
intentionally retained on the Si substrate. The a-Ge thin films were 250 
nm thick. A 100 W sputtering power was applied during the deposition. 
A 150 nm-thick Au film was deposited on the a-Ge thin films to serve as a 
laser absorber and a temperature sensor. The thermal conductivity 
measurements were conducted using the ω method under vacuum 
conditions (<0.02 Pa) at 25 ◦C. The Au film was heated by a 405 nm 
pump laser with an angular frequency (ω). The temperature at the Au 
film surface was detected using a 635 nm probe laser employing the 
thermoreflectance technique. The temperature at the Au film surface, T 
(0), was obtained using Eq. (1) by applying the one-dimensional heat 
conduction equation to the sample system: 

T(0)
qd0

=
e− iπ4
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2ωλ2C2

√ + R01 + R12 +

(

1 −
λ0C0

λ2C2

)
d0

λ0
+

(

1 −
λ1C1

λ2C2

)
d1

λ1

(1)  

where, d represents the film thickness; q is the heat flux; λ denotes the 
thermal conductivity; and C represents the volumetric heat capacity. 
Subscripts 0, 1, and 2 denote the Au film, a-Ge thin film, and Si substrate, 
respectively. The sum of the thermal resistances at the Au/a-Ge and a- 
Ge/Si substrate interfaces is denoted by R01 and R12, respectively. The 
measurements were conducted over the 6 to 48 kHz frequency range. We 
observed a linear relationship by plotting T(0)qd0 

against 1̅ ̅̅
ω

√ . The intercept R 

at 1̅ ̅̅
ω

√ = 0 corresponded to the sum of the second to fifth terms on the 
right-hand side of Eq. (1). The thermal conductivity was measured at 
three different locations on each sample, with each measurement 
repeated thrice to minimize errors. The details for calculating the ther
mal conductivities could be found in our previous work [37]. The a-Ge 
thin film microstructure was characterized through high-resolution 
transmission electron microscopy (9000NAR, Hitachi Corp.).  

B. Topological data analysis 

We performed the TDA using the HomCloud software package [41], 
which is useful in calculating the persistent homology of the pixel data 
(e.g., TEM images) or the point cloud data (e.g., atomic configurations). 
It created simplicial complexes from the given discrete data and calcu
lated the persistent homology by applying a filtration process. 

We applied the TDA in two different ways. First, we generated a set 
of point cloud data that characterized the bright (or dark) parts in each 
TEM image. The PD of the given 8-bit grayscale image was calculated in 
combination with the level set method. A 5 px Gaussian blur was applied 
before the calculation. The death positions of the birth–death pairs, 

whose lifetime |d–b| was larger than 10, appropriately represented the 
bright (superlevel set) and dark (sublevel set) parts. Next, we performed 
the TDA of the point cloud data to make a quantitative comparison of the 
Ge25, Ge100, and Ge300 TEM images. The first-order persistence dia
gram (PD1) was used to analyze the ring structure. For the birth–death 
pairs, whose lifetime was larger than 0.2 Å, each PD1 was divided into a 
2D mesh (size = 0.2 Å) and converted to a vector. PCA was performed to 
the vector set. Inverse analysis of the first principal component (PC1) 
vector was conducted by coloring the center of the death triangle for 
each birth–death pair. The colors represent the signs of the PC1 vector 
elements.  

C. AIMD simulation 

The atomic structure of the amorphous Ge utilized herein was 
generated through the first-principles MD calculation using VASP 
[42–46] with a melt–quench method. The simulation employed a cubic 
cell (L = 28.4 Å) with periodic boundary conditions encompassing 1000 
Ge atoms with the PAW potential, 150 eV cut-off energy, and PBE 
functional. The NVT ensemble with a Nosé–Hoover thermostat was 
applied for the AIMD calculations. The initial random structure was 
heated at 575 K for 4.0 ps and quenched at 0 K (structure optimized). 
The 2D projections of the sliced a-Ge models with 3.5, 4.0, and 4.5 Å 
thicknesses were obtained to generate the point cloud data for com
parison with the TEM samples. The atomic coordinates of the amor
phous structures were visualized by VESTA [47]. 
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