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Abstract

:

This paper proposes a method for examining chaotic structures in semiconductor or alloy voltage oscillation time-series, and focuses on the case of the TlInTe2 semiconductor. The available voltage time-series are characterized by instabilities in negative differential resistance in the current–voltage characteristic region, and are primarily chaotic in nature. The analysis uses a complex network analysis of the time-series and applies the visibility graph algorithm to transform the available time-series into a graph so that the topological properties of the graph can be studied instead of the source time-series. The results reveal a hybrid lattice-like configuration and a major hierarchical structure corresponding to scale-free characteristics in the topology of the visibility graph, which is in accordance with the default hybrid chaotic and semi-periodic structure of the time-series. A novel conceptualization of community detection based on modularity optimization is applied to the available time-series and reveals two major communities that are able to be related to the pair-wise attractor of the voltage oscillations’ phase portrait of the TlInTe2 time-series. Additionally, the network analysis reveals which network measures are more able to preserve the chaotic properties of the source time-series. This analysis reveals metric information that is able to supplement the qualitative phase-space information. Overall, this paper proposes a complex network analysis of the time-series as a method for dealing with the complexity of semiconductor and alloy physics.
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1. Introduction


Semiconductors are materials with temperature-dependent electrical conductivity, with conductivities ranging between those of conductors (e.g., Cu) and those of insulators (e.g., SiO2) [1,2,3]. This characteristic property is the result of their incomplete (doped) crystal structure, which generally causes a decrease in their resistivity (and thus an increase in their conductivity) with an increase in temperature, in contrast to the typical behavior of metals [4]. Semiconductors have a range of useful properties, such as facilitating the transit of current in one direction rather than in the other, providing differential resistance, and exhibiting sensitivity to light or heat [3]. Given that their electrical properties are dependent either on doping or on the effect of electrical fields or light, semiconductor devices are widely used for applications such as amplification, switching and energy conversion, and have led to the development of transistors, integrated circuits, radio receivers, and many other communication devices [2,3]. Research in the field of semiconductors is, by definition, characterized by high levels of complexity due to their deviation from typical crystal structures that causes their temperature-dependent conductivity [5]. Therefore, the modern conceptualization and understanding of semiconductor properties builds on quantum physics and other fields of complexity science to explain the nonlinear charge-carrier behavior within crystal lattice structures [3,5]. The relationship between voltage and current in metallic conductors is linear, and the same is true for semiconductors with low current or voltage values. At higher values, though, this relationship becomes nonlinear. A special case appears when the phenomenon of negative differential resistance (NDR), in which voltage decreases as the current increases, appears in the linear region. When this change is abrupt, the switching effect takes place [6,7,8].



For instance, the ternary (i.e., consisting of three different elements) semiconductor TLMX2 [8], with M=Ga (Gallium) and In (Indium), and X=Se (Selenium), S (Sulfur) and Te (Tellurium), as well as the TLInX2–TLSmX2 alloys [9], with X=S, Se, or Te, exhibit nonlinear effects on their current-voltage (I–V) characteristics (including a region of negative differential resistance), switching, and memory effects [6,7,8]. The electrical conductivity of several chain-type crystals exhibits time oscillations and intermittency [6,7,8,10]. These nonlinear effects, such as negative differential resistance, are the result of an electro-thermal mechanism [6,7,10]. The switching occurs because of deviations in the uniform distribution of the imperfection. Chain-type structures permit the generation of high current density filaments that act as channels between the two electrodes. Because of Joule heating, two parallel resistors exist—one high and one low. The high current density leads to Joule heating, and because of Joule heating the resistor becomes smaller. This process produces an S-type I–V characteristic [6,7,10]. Due to the instabilities in carrier diffusion and recombination, chaotic oscillations occur [6,7].



Within this context, nonlinear conceptualizations in research related to semiconductors have been evident in the literature for almost three decades [1,3,4], with respect to aspects such as structure [2], dynamics [2,11,12], optical behavior [11,13], energy applications [14], and physical properties [2,15]. Indicatively, the characteristic approaches in semiconductor research are built on nonlinear stochastic processes [11], quantum physics modeling of conductivity in semiconductors [3,5], nonlinear and chaotic time-series analysis [5,6,7,13], and the structural modeling of super-lattice topologies [12]. Among such approaches, there are a couple of works that use the network paradigm to deal with the issues of complexity that govern either structural or functional connectivity in semiconductors, such as the work of [16], who introduced the application of queuing network models for the design and analysis of semiconductor wafer fabs, and the more recent work of [17], who applied complex network analysis to study cluster synchronization in mutually coupled semiconductor laser (SLs) networks with complex topologies. Although these examples are obviously not enough to support, epistemologically, the contribution of network science [18,19] to the established field of semiconductor research, they appear to have the merit of highlighting the potential linkage between these two research fields that is defined by their common area, that is, dealing with complex systems and complexity in general.



Network science is a modern discipline, using the network paradigm to model communication systems into pair-sets of nodes and links, and it has been proven as a fruitful field of interdisciplinary research, providing insights into the structure and functionality of complex interconnected systems [18,19]. For instance, the contribution of network science to time-series analysis has led to the research field of “complex network analysis of time-series”, which enjoys several applications in various disciplines and fields of science [20]. This research field deals with methods for transforming a time-series into complex networks, which allows for managing a time-series with a higher complexity level by studying the topological properties of graphs instead of the time-series’ structural properties [21,22,23,24,25]. A major contribution in this research field was made by [24], who proposed an algorithm, named the natural visibility graph algorithm (NVG), based on an optics criterion for transforming a time-series into a graph. The authors showed that their algorithm was sufficient to convert fractal series into scale-free networks, supporting the fact that power-law degree distributions are related to fractality [24]. Some indicative applications of the complex network analysis of time-series include the work of [26], who observed that the scale-free property in visibility graphs associated to the time-series of energy dissipation rates corresponds to the self-similarity of the energy dissipation rate series and, also, that the hub-to-hub attraction, which was detected in the network, explains the absence of self-similarity in the series. In the work of [27], which was conducted on an experimental temperature time-series set extracted from a vertical turbulent jet, the authors observed that the complex network approach allows a more detailed detection of various dynamical regions of the jet-flow in a time-series, which was constructed from a vertical turbulent heated jet. In the work of [28], the authors observed that the average clustering coefficient of a limited penetrable horizontal visibility graph, which was created from oil–water two-phase flow signals, allows the identification of the typical oil–water flow patterns at different scales. Furthermore, the authors of [29] showed that the power averaging aggregation operator, which is computed on the associated visibility graph, is more effective than other time-series operators. In the work of [30], the authors observed that the visibility graph-based approach unveils the key temporal properties of the turbulent time-series and their changes due to positive vertical coordinate movements. In the work of [31], the authors applied the NVG to convert the prime Greek COVID-19 infection curve into a graph. By using the modularity optimization algorithm, they divided the associated visibility graph into connected communities, which revealed within the time-series body a sequence of different typologies introducing the saturation stage in the evolution of the pandemic, a fact that was verified by the global maximum appearing at the beginning of the saturation stage in terms of Gaussian modeling, and by following observations.



Within the context of converting a time-series into a visibility graph, the graph model associated to the time-series appears to inherit structural properties that are consistent with the fractal-like and self-similarity characteristics of the source time-series [24,26] and it can generally include immanent structural information that is related to the configuration of the physical system it represents [28,29,30,31]. Within this framework, this paper studies the chaotic oscillations and the corresponding phase portrait of an already known semiconductor’s time-series by using the complex network analysis of time-series. This study can also apply to alloys that exhibit the same non-linear behavior, or their electrical properties. The analysis aims to examine the structural properties that are immanent in the graph structure associated to the time-series, and to compare the complex network approach with the already known results of the chaos detection analysis of the time-series. The further purpose of the paper is to address the demand for managing the complexity of semiconductor research, with the interdisciplinary approach of complex network analysis of time-series being already effective in various applications.



The remainder of this paper is organized as follows: Section 2 describes the methodology and data of the study, building on the natural visibility algorithm that is introduced by [24] and on the previous study [7] for detecting quasi-periodic and chaotic self-excited voltage oscillations in a ternary semiconductor. Section 3 shows the results of the analysis and discusses them in comparison with the available findings of the previous work, and, finally, in Section 4, conclusions are given.




2. Data and Methodology


The methodological framework of the study builds on the complex network analysis of time-series to transform into a complex network a time-series of voltage oscillations recorded in a ternary semiconductor, as was previously studied by the authors of [7], so that to study the topology of the associated graph instead of the time-series. The algorithm applied for the transformation of the time-series into a graph is the natural visibility algorithm (NVGA) proposed by [24] and it is described in detailed in the following. The overall analysis is implemented in three discrete steps; first, the source time-series is transformed into a graph model by using the NVGA. At the second step, the topological properties of the associated visibility graph are studied, and the secondary time-series are created by projecting major network node measures of the visibility graph onto the time-series’ body. At the final step, the associated visibility graph is divided into connected communities, and correspondences to the source time-series are applied to extract structural information about the time-series in terms of connectivity. Each step of the methodological framework is described in more detail in the following paragraphs.



2.1. Data


The available time-series dataset was extracted from the work of [7] and represents typical voltage oscillations of the ternary semiconductor TlInTe2 (i.e., thallium indium ditelluride single crystal), as monitored in the negative differential resistance (NDR) region of a representative I–V characteristic curve, shown in Figure 1, at an ambient temperature of 77 K and for a fixed current value of I = 1.15 mA.



The available dataset of the time-series is invariant to repetitions to the extent that any repetition of the experiment applied under the same experimental conditions (i.e., temperature and current values) can lead to the same time-series structure [7], which is shown in Figure 1. In particular, the existence of chaotic oscillations of current or voltage in the region of NDR semiconductors can be considered as completely repeatable since, due to the chaotic nature of the phenomenon, small changes in the initial experimental conditions may generate different but always chaotic oscillations, which will have the same invariant parameters [7]. Within this context, this paper uses such chaotic voltage oscillations data in the NDR to apply complex network analyses to time-series, to contribute to the understanding of this phenomenon. The available time-series consists of n = 2672 nodes (time-steps with sample rate Δt = 0.05 s) [7]. The voltage oscillation in the time-series ranges within the interval [26 V,67 V]. Voltage oscillations are produced by an intermittency mechanism, which implies that for some current values, the oscillations are periodic, semi-periodic, and chaotic. When oscillations are chaotic, for the given current value, there are possible areas where the oscillations can be quasi periodic. For instance, Figure 1e shows a periodic section, ranging from t = 50 s to t = 57 s, and a semi-periodic one, ranging from 40 to 49 s. Chaotic oscillations are also shown in Figure 1c,f, respectively [7]. The form of the phase-space of the available time-series has a characteristic non-periodic nature, which is consistent with the behavior of the non-periodic trajectories in the phase portrait that is shown in Figure 1c. These trajectories appear to lie within the basin of a seemingly uniform attractor. Qualitatively, the phase portrait of the available time-series is considered as the projection of a strange attractor [7].




2.2. Complex Network Analysis of Time-Series: The Natural Visibility Graph Algorithm


The analysis aims at studying the effects of the NDR state, which are mainly chaotic oscillations. In most cases, the chaotic voltage oscillations in the NDR region are due to an electrothermal mechanism or to a pure electronic mechanism. In particular, in the case of TlInTe2, the NDR is due to an electrothermal mechanism [6]. Provided that the main goal is to understand the underlying mechanism of such chaotic oscillations, and in order to distinguish between these two specific processes, we apply a complex network analysis of time-series, which has become rather effective in the analyses of time-series of fractal-like and self-similar structures [24,26]. As far as the authors know, this approach is here applied for the first time to this kind of material, and is expected to reveal information about the transport phenomena, which in the case of this study regard the current filaments and their connections, and thus to enhance the existence of an electrothermal mechanism. The natural visibility algorithm (NVGA) was proposed by the authors of [24] and conceptualizes a time-series as a landscape [32,33]. In particular, the NVGA considers a time-series as a chain of successive mountains of different heights, whereby an observer standing on each node (time-point) can see in both directions for as far as there is no other node obstructing its visibility (Figure 2).



In mathematical terms, each ordered node (tk, x(tk)) in the time-series, where x(tk) denotes the numerical values of the time-series nodes at time tk, corresponds to a graph node nk ≡ (tk, x(tk))  ∈  V. In the associated visibility graph G(V,E), with V expressing the node-set and E the edge-set, a pair of nodes ni,nj  ∈  V is connected (ni,nj)  ∈  E when the following NVG connectivity criterion (inequality) are satisfied by the intermediate nodes nk [24]:


  x (  t k  ) < x (  t i  ) + ( x (  t j  ) − x (  t i  ) )    t k  −  t i     t j  −  t i     



(1)




where ni ≡ (ti,x(ti)) expresses the graph nodes and (tj, x(tj)) their corresponding time-series nodes. In geometric terms, a visibility line can be drawn between two time-series nodes, (ti,x(ti)) and (tj,x(tj)), if no other intermediating node (tk,x(tk)) obstructs their visibility. This implies that no other node intermediating the pair (ti,x(ti)) and (tj,x(tj)) is higher and can intersect the visibility line created by nodes (ti,x(ti)) and (tj,x(tj)), as is shown in Figure 2. Therefore, two nodes ni ≡ (ti,x(ti)) and nj ≡ (tj,x(tj)) in the time-series can enjoy a connection (ni,nj)  ∈  E in the associated visibility graph G(V,E) when they are visible via a visibility line. The visibility algorithm interprets the time-series as a landscape and generates a visibility graph illustrating this landscape in terms of complex network representation, wherein complex network analysis can be further applied [24,32,33].




2.3. Network Analysis


The visibility graph is an undirected and unweighted graph model [32,33], wherein network analysis can be applied to examine its topology and hierarchical structure. The network measures used for the analysis of the visibility graph are shown in Table 1, and they were extracted from the sources [34,35,36].



A major approach in complex network analysis is the examination of the degree distribution p(k), which is defined by the frequency distribution (ki, n(ki)) of the unique values ki of the node degrees in the network, and is expressed by the relation [19,35]:


  p ( k ) =    k i  , n    k i      ,  



(2)




where n(ki) is the node frequency (number of nodes) of degree k. When divided by the total number of nodes n(ki)/n, the degree distribution can become a probability distribution [35,37], expressing the probability of meeting a node of degree ki in the network. In general, the type of degree distribution can provide insights into the structure and functionality of complex networks, along with some information of the mechanism ruling growth in networks [19,35,38]. Another approach that can provide insights into the network topology is the examination of the sparsity (spy) plot [38] of the graph’s adjacency matrix. A spy plot is generally a dot representation of a matrix, displaying nonzero elements with dots. The spy plot can be insightful for pattern recognition in graphs because it suggests a representation of the graph in a matrix space, where connectivity patterns are displayed [38].




2.4. Community Detection Based on Modularity Optimization


In the third step of the methodological framework, the associated visibility graph is divided into connected communities by using the modularity optimization algorithm proposed by the authors of [39]. According to Figure 1c, there are two regions in the phase portrait wherein the trajectories imply that the system is locally unstable but globally stable. As can be observed, the whole system is bi-stable and consists of a pair of attractors of different amplitudes, where two major basins of attraction emerge, implying that the system spends different fractions of its time between them. Provided that this status can reflect the underlying instabilities generating the chaotic oscillations, we apply a community detection analysis based on modularity optimization to evaluate the previous metric observations. In general, the modularity is an objective function expressing the potential of a network to be subdivided into communities [40], as is described in Table 1. The modularity optimization algorithm is a greedy approach dividing a graph into communities according to the criterion of maximizing connectivity within the communities (intra-community connectivity), and consequently of minimizing the connectivity between the communities (inter-community connectivity), as expressed in the relation [40]:


  maximize   [ Q   ∝ (  m within communities  −  m between communities  ) ] ,  



(3)




where Q is the modularity function and m is the number of links. The modularity optimization algorithm used in the analysis is applied in two stages [39,40]. At the first, each node in the graph is registered in a separate community. Next, the nodes are step-by-step swept and placed into collective communities, determine by whether the assignment of a node in such a community increases the gain in the weighted modularity function (Qw) of the initial graph. At the second stage, the collective communities are replaced by super-nodes, and the procedure is repeated until the modularity function cannot increase any more [38,40]. For a thorough review of modularity optimization and community detection in graphs, the reader is referred to the review article of [40].



In general, community detection in graphs is a research field that enjoys plenty of applications in network science [36,40], but is unprecedented in time-series analysis. A prime conceptualization of this approach can be found in the work of [31], who divided the Greek COVID-19 infection curve into five connected communities based on modularity optimization, an approach which was projected onto the time-series body and sufficed to predict the prime saturation stage of the pandemic in Greece. Another application appears in the work of [41], who built on the previous community detection of the Greek COVID-19 infection curve to define the knot-vector for the spline regression model’s construction. The complex network-defined spline model provided the most accurate predictions amongst a set of available spline and other parametric-fitting models, thus highlighting the potential of community detection (based on modularity optimization) in the time-series analysis to become a fertile approach in the fields of noise reduction, removing past data, and forecasting. Bearing in mind that it suggests a promising approach for time-series analysis, community detection (based on modularity optimization) is applied to the available voltage oscillations of the TlInTe2 time-series to detect communities in the time-series body that are considered as relevant due to their high connectivity in the associated visibility graph. Such an approach is expected to reveal parts (communities) in the time-series body that are of major and minor structural importance for the evolution of the TlInTe2‘s voltage oscillation phenomenon.





3. Results and Discussion


The results of computing the network measures of the visibility graph associated with the available voltage oscillation time-series are shown in Table 2. As can be observed, the associated visibility graph is a connective (i.e., including one component) medium-sized graph consisting of 2672 nodes and 11,066 edges (links). The associated visibility graph is a sparse (not dense) graph, including 0.3% of the possible links that can be developed for the certain number of nodes. The degree of the network nodes ranges within the interval [2,324], with an average degree of 8.283 connections. In terms of accessibility, the average path length of the associated visibility graph is 4.496, implying that, on average, two random nodes are distant to each other by almost 4.5 steps of separation. This value is relatively larger than the expected     ln n  /  ln   ln n      ≈  n = 2 , 672   3.82   average path length described for scale-free networks, which have a “good” hierarchical structure [19,38] and according to [42] are considered as “ultra-small”. This slight deviation from “scale-freeness”, as expressed by the average path length |4.496 − 3.82|/3.82  ≈  17.8%, indicates the existence of (relatively loose) spatial constraints [36], which are obviously related to the chain structure of the source time-series. Further, the network diameter of the visibility graph is 11, expressing that the most distant nodes in the network are a distance of 11 steps of separation away.



Next, the clustering coefficient of the associated visibility graph is 0.772, expressing that a randomly chosen node in the network is 77.2% more likely to have connected neighbors. This value implies a good level of circulation in the information spreading in the network. Finally, the modularity function of the visibility graph is 0.753, implying a good (at the 75% level) tendency of the graph to be divided into communities. In particular, the visibility graph can be divided into 68 communities, which will be further discussed in a following paragraph.



In terms of pattern recognition, Figure 3 shows the degree distribution of the visibility graph associated with the available voltage oscillation time-series of TlInTe2, at the metric and log–log scale. As can be observed, the degree distribution fits closely to a power-law pattern (R2 = 0.9608), which is an indication of scale-freeness according to the definition of the scale-free property [19,35]. However, the power-law exponent of the visibility graph γvis = −1.222 does not lie within the typical range SF = [2,4] that describes empirical cases of scale-free networks, a fact that may be related to the effect of spatial constraints observed based on the magnitude of the accessibility network measures (average path length, network diameter) and describes the restriction of the visibility graph in developing distant connections. To get a more detailed picture, power-law fittings with cut-offs (see [43]) are also applied to the available degree distribution. As can be observed in Figure 3b,c, the region between degrees k = 4 and k = 44 (including 90.23% of the total data) yields the best possible power-law fitting (Adj.R2 = 0.9765) to the degree-distribution data, and lies within the typical range of scale-freeness describing empirical cases of real-world networks.



On the other hand, the degree distribution in the region of higher degrees (i.e., k > 44, including 1.53% of the data), which can be considered the hubs’ region, configures a tail that is almost described by a linear and particularly constant pattern (of the form y ≈ x−0 = x0 = 1). This implies that the main body (90.23% of the data) of the TlInTe2 voltage oscillation visibility graph is satisfactorily described by the scale-free property, a fact that illustrates the chaotic configuration of the TlInTe2 voltage oscillation time-series within the context of the fact that the visibility algorithm relates the scale-free property with the fractal-like structure of the time-series [24]. However, the hub region does not seem to exhibit this scale-free property because its degree distribution is described by linearity (constancy). This observation implies that the hub configuration of the TlInTe2 voltage oscillation visibility graph does not adhere to the “good” structure of hierarchy expressed by the scale-free property, but instead to a constant rule diverting the hierarchical order. Provided that the hubs in this visibility network are greater in number than those expected by a scale-free pattern, the constant configuration of the hub region can imply the effect of spatial constraints to the extent that the network’s ineffectiveness in developing more distant connections leads to the emergence of more hubs.



Furthermore, Figure 4 shows the spy plot and the Force-Atlas graph layout produced using the open-source software of [44]. Both these diagrams suggest different visualizations of the network topology, with the first illustrating the network embedded in a matrix space and the second in a topological space. In particular, a spy plot is a dot representation of the network’s adjacency matrix, displaying nonzero elements (which express network links) with dots. The spy plot can be insightful for pattern recognition in graphs because it can display connectivity patterns within the adjacency matrix [38]. On the other hand, the Force-Atlas layout is a 2-dimensional representation provided by the open-source software of [44] that is generated by a force-directed algorithm (see [38,45]) with default parameters. The algorithm applies repulsion strengths between network hubs, while it arranges the hubs’ connections into surrounding clusters. Therefore, the graphs that are shown in this layout have their hubs placed at the center of the plane, but at mutually distant positions, so that their distance can be as great as possible, whereas lower-degree nodes are placed as close as possible to their hubs. Provided that both these layouts represent the network embedded in different spaces (i.e., a matrix and force-directed topological space, respectively), they both illustrate different pictures of network topology in a certain growth timeframe. Within this context, the prediction of network growth based on these layouts is linked to pattern recognition, which is made evident by these layouts, namely to the extent that a certain network topology is theoretically or empirically related to a certain growth process (e.g., a lattice-like topology is related to “linear” network growth, revealing the effect of spatial constraints, a random topology is linked to an irregular growth, and the scale-freeness is connected to the “preferential attachment” growth mechanism). For more details see the suggested literature [19,36,38,45].



In Figure 4, first, the spy plot illustrates a major arrangement of connections along the main diagonal, which refers to a typical pattern of lattice-like network topologies [38,45]. However, the node region 291–298, along with the node places 601 and 2085, denote some significant connectivity zones in the spy plot, indicating the existence of hubs in the network, which implies that the topology of the visibility graph is more complex than a lattice-like one since it is equipped with hierarchical structures related to the scale-free property, as is captured in the previous degree distribution analysis. Further, the node zones 291–2085 (Figure 4a, Part B) and 2085–2672 (Figure 4a, Part C) illustrate two major square connectivity patterns in the spy plot of the visibility graph, which may correspond to the pair of attractors that are captured in the chaos detection analysis provided by [7] and are shown in Figure 1. An intuitive picture of the chaotic structure of the voltage oscillation time-series of TlInTe2 can be shaped by observing the fractal-like tiling configured within these square connectivity areas (Figure 4a, Parts B and C).



Next, the network layout of the visibility graph shown in Figure 4 shows a pattern supporting that of the spy plot. Within this context, the Force-Atlas layout of the visibility graph depicts the two major sub-networks defined by the hub families {291,298,297,601,1197} and {2085,2655}, which correspond to Part B (Figure 4b) and Part C (Figure 4b), respectively. This observation adheres to the previous findings of the spy plot examination, and it further supports the linkage between the pair of sub-networks corresponding to Parts B and C (Figure 4b) and the pair-wise structure of attractors extracted in the analysis of [7]. On the other hand, the tail that was observed in the graph and that includes the hub-like nodes {66,147,198,264,284} corresponds to Part A of the spy plot shown in Figure 4a. Overall, the sequential arrangement of Parts A, B, and C, which is observed in both the spy plot and the Force-Atlas layout of Figure 4, illustrates that the visibility network’s main constraint is in developing distance connections (a condition that is usually expressed as the “spatial constraints” of the network structure, see [36]), and therefore it supports the finding that the visibility graph associated to TlInTe2′s voltage oscillations time-series is described by lattice-like characteristics that can be related to the semi-periodic sections of the time-series.



In the final step of network analysis, a set of secondary time-series is created from the visibility graph. These secondary time-series include network measures that are computed for each node of the visibility graph and are arranged into the node ordering of the source (TlInTe2) time-series. In terms of interpretation, each secondary time-series expresses the score that a node of the source time-series has in its associated visibility graph, for a certain measure. Within this context, the secondary time-series that are computed refer to the network measures of degree, clustering coefficient, betweenness and closeness centrality and eccentricity (i.e., the distance of a node to the center of the network, see [35]), and they are shown in Figure 5.



The line diagrams shown in Figure 5a,b illustrate the time-series node ordering of the connectivity hubs in the visibility graph, and are insightful in discriminating the hub families composed of nodes {291,298,297,601} and {2085,2655}, which were previously observed. The two next diagrams of clustering coefficient (Figure 5c) and betweenness centrality (Figure 5d) are perhaps not so insightful in terms of zone detection, but through a careful consideration, they seem to support the central roles of the nodes 291, 298, 297, 601, 2085, and 2655. A cleared picture of the hub-grouping is offered by the diagrams of closeness centrality (Figure 5e) and eccentricity (Figure 5f). However, a clearer observation about these diagrams regards their fractal-like tiling structure, which complies with the chaotic behavior of the voltage oscillation time-series of TlInTe2. This observation can configure the research hypothesis that the accessibility-defined measures of the visibility graph can preserve the chaotic characteristics of the source time-series, suggesting a topic of further research.



In the final step of analysis, the associated visibility graph is divided into connected communities by using the modularity optimization algorithm of [39]. The analysis results in 68 communities, as is shown in Table 2 and (in more detail) in Figure 6. As can be observed in Figure 6a, the majority of communities include successive nodes, except from the cases of community Q4 (Figure 6b) and Q60 (Figure 6c), which are the two major communities, each containing over 14% of the total time-series nodes. In particular, community Q4 includes 388 nodes that are placed in positions from 291 to 2661, and community Q60 includes 403 nodes that are placed in positions from 2085 to 2655. In terms of physical interpretation, the structure of community Q4 is indicative of the voltage decay that describes the total behavior of the available voltage oscillation time-series of TlInTe2, whereas the structure of community Q5 includes the characteristic voltage sink recorded in the timeframe from 100 up to 138 s (Figure 1).



According to Figure 6d, the majority of communities include individually less than 2% of the total time-series nodes, and only 12 out of 68 communities, namely Q1 (3.74%), Q2 (4.19%), Q3 (2.92%), Q4 (14.52%), Q5 (4.08%), Q11 (2.77%), Q15 (2.10%), Q38 (4.42%), Q52 (3.26%), Q53 (3.22%), Q54 (2.99%), and Q60 (15.08%), include over 2% of the total time-series nodes. As already mentioned, 66 out of 68 communities consist of successive (i.e., of the form tk, tk+1, where k is a positive integer) nodes, except from cases Q4 and Q60, which also include intermediate gaps. The positioning and the major successive configuration of the communities composing the available voltage oscillation time-series of TlInTe2 imply that this time-series is majorly described by spatial constraints, which are captured by the lattice-like node arrangement along the main diagonal in the spy plot, as well as by the tailed node arrangement shown in the Force-Atlas layout in Figure 4. However, the emergence of two major communities in the visibility graph that exceed the typical sequential structure describing all other communities is related to parts of superior structural behavior in the time-series. This case of unconventional communities complies with the scale-freeness detected in the network analysis shown in Figure 3 and Figure 4, with the chaotic behavior of the source time-series (TlInTe2) that is the default research hypothesis for this paper, according to the work of [7].



The pair-wise structure expressed by the division of the source time-series into a pair of major communities Q4 and Q60 can also be supported by the examination of the voltage values within the 68 available communities. In particular, Figure 7 shows an arrangement of the box-plots expressing the voltage value distributions within each community, ordered according to the community labeling. As can be observed, there are two areas exceeding the interquartile range of the box-plot distribution of the available communities in Figure 7. These areas include non-typical voltage values of the voltage oscillation time-series of TlInTe2, to the extent that these values exceed 50% of the cases around the mean and lie at the edges (in a two-tailed configuration) of the voltage distribution of TlInTe2. This result also complies with the previous findings, and can further support the chaotic structure expressed by the pair of attractors configured in the phase portrait of voltage oscillations that is shown in Figure 1.




4. Conclusions


This paper proposed a method for examining chaotic structures in semiconductor or alloy voltage oscillation time-series, and studied the case of the thallium indium ditelluride single crystal (TlInTe2) semiconductor, which was by default described by quasi-periodic and chaotic self-excited voltage oscillations. This approach was expected to reveal information about the transport phenomena, which are related to the current filaments and their connections, and to contribute to the understanding of this phenomenon as ruled by an electrothermal mechanism. The analysis built on the complex network analysis of time-series, and applied the visibility graph algorithm of [24], which is established in the literature for its ability to convert fractal series into scale-free networks, to transform the available time-series into a complex network, and to study the topological properties of the visibility graph instead of those of the source time-series. The results showed that the main body of the visibility graph is described by a good structure of hierarchy that illustrates the already known chaotic structure of the TlInTe2 voltage oscillations’ time-series. However, the network analysis also revealed a lattice-like configuration of the visibility graph that is related to the network’s inability to develop distant connections, and is consistent to the general chain-like structure of the source time-series. The lattice-like characteristics captured by the analysis can be related to semi-periodic sections of the time-series. Furthermore, the community detection analysis revealed a pair of major communities that can relate to the pair-wise attractor of the TlInTe2 voltage oscillation time-series’ phase portrait, a fact which further supports the link between the scale-freeness of the visibility graph and the chaotic structure of the source time-series. Furthermore, the network analysis revealed that the accessibility network measures (closeness centrality and eccentricity) of the visibility graph are better representatives of the chaotic properties of the source time-series than the measures of degree, clustering, and betweenness centrality. Overall, the analysis detected that the hybrid chaotic and quasi-periodic structure of the source time-series is converted to a hybrid scale-free and lattice like topology in the associated visibility graph, a fact that promotes the synthetic approach in statistical physics and the complex network analysis of time-series as a method dealing with the complexity of semiconductor and alloy physics.
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Figure 1. (a) The available time-series expressing typical voltage oscillations as monitored in the negative-differential-resistance (NDR) region of (b) a representative current-voltage (I–V) characteristic as registered on TlInTe2, at an ambient temperature 77 K and for a fixed current value I = 1.15 mA (marked by the blue area), (c) The phase portrait of voltage oscillations, (d) part of chaotic oscillations in the time-series, (e) a semi-periodic section in the NDR region, ranging from 40 to 49 s (blue area), and a periodic one, ranging from time  t  = 50 s to  t  = 57 s (red area), (f) part of chaotic oscillations in the time-series (source: [7]). 
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Figure 2. (left) Example of a pair of visible (in blue) and not visible (in red) time-series nodes according to the natural visibility algorithm (NVG); (right) the visibility graph associated to the time-series shown at the left side. 
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Figure 3. The degree distribution of the visibility graph associated to the available voltage oscillation time-series of TlInTe2 (see Figure 1), shown at (a) metric scale, (b) log-log scale, (c) metric scale with fitting cut-offs at  k  = 3 and  k  = 44, and (d) log-log scale with fitting cut-offs at  k  = 3. 
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Figure 4. (a) Sparsity (spy) plot (see [38]) and (b) the Force-Atlas graph layout [44] of the visibility graph associated to the available voltage oscillation time-series of TlInTe2 (see Figure 1). 
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Figure 5. Secondary time-series of the network measures of (a) degree (at metric scale), (b) degree (at semi-log scale), (c) clustering coefficient, (d) betweenness centrality (at semi-log scale), (e) closeness centrality, and (f) eccentricity (at semi-log scale), which are computed on the visibility graph associated to the available voltage oscillation time-series of TlInTe2 (see Figure 1) and are ordered according to the source (TlInTe2) time-series ordering. 
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Figure 6. Results of the community detection analysis based on the modularity optimization algorithm of Blondel et al. (2008), where (a) is a heat-plot of the community number corresponding to each node in the source (TlInTe2) time-series, (b) shows the first major community (Q4) containing 14.52% of the total time-series nodes, (c) shows the second major community (Q60) containing 15.08% of the total time-series nodes, and (d) is a frequency bar-chart showing the size of each community (% of the total time-series nodes). 
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Figure 7. Areas exceeding the interquartile range of the box-plot distributions of the 68 communities resulting from the community detection analysis based on the modularity optimization algorithm of [39]. 
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Table 1. Network measures (*) used in the analysis.
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	Measure
	Symbol
	Description
	Math Formula





	Graph density
	ρ
	The fraction of the existing connections of the graph (m) to the number of the possible connections (equal to        n     2       , where n is the number of nodes). It expresses the probability to meet in the GMN a connected pair of nodes.
	   ρ =  m /       n     2        =   2 m   n ⋅ ( n − 1 )     



	Node Degree
	k
	The number of edges k(i) being adjacent to a given node i belonging to a graph G(V,E), where V is the node-set and E is the edge-set. Node-degree expresses the node’s communication potential.
	      k i  = k ( i ) =   ∑  j ∈ V     δ  i j     ,    where         δ  i j   =       1 ,    if     e  i j   ∈ E       0 ,    otherwise            



	Node strength
	s
	For a network edge    e  i j   ∈ E  , where E is the edge-set, the node-strength s(i) is defined by the sum of edge weights wij being adjacent to a given node i.
	    s i  = s ( i ) =   ∑  j ∈ V     δ  i j   ⋅  w  i j       



	Average Path Length
	    l    
	The average length of the network shortest-paths d(i,j), where n is the number of nodes in the network.
	    l  =     ∑  i ∈ V    d ( i , j )     n ⋅ ( n − 1 )     



	Clustering Coefficient (local)
	C(i)
	The probability of meeting linked neighbors around a node i, which is equivalent to the number of the node’s connected neighbors E(i) (i.e., the number of triangles that are configured in the neighborhood), divided by the number of the total triplets shaped by this node, which equals to ki(ki–1), where ki is the degree of node i.
	   C ( i ) =   E ( i )    k i  ⋅    k i  − 1       



	Modularity
	Q
	An objective function expressing the potential of a network to be subdivided into communities. In its mathematical formula, gi is the community of node i  ∈  V (where V is the node-set), [Aij – Pij] is the difference of the actual (Aij) minus the expected (Pij) number of edges falling between a particular pair of vertices i,j  ∈  V, and δ(gi,gj) is an indicator (the Kronecker’s) function returning 1 when gi=gj.
	   Q =     ∑  i , j    [  A  i j   −  P  i j   ] ⋅ δ (  g i  ,  g j  )     2 m     



	Closeness Centrality
	CC
	The inverse of the total binary distance d(i,j) computed on the shortest paths originating from a given node i  ∈  V (where V is the node-set) having destinations all the other nodes j  ∈  V in the network. This measure expresses the node’s reachability from all other nodes in the network.
	   C C ( i ) =      1  n − 1   ⋅   ∑  j = 1 , i ≠ j  n    d  i j         − 1     



	Betweenness Centrality
	CB
	The proportion defined by the number σ(i) of the shortest-paths passing through a given node i to the total number σ of the network shortest-paths.
	   C B ( i ) =   σ ( i )  / σ    







* Sources: [34,35,36].
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Table 2. Results of the network measures of the visibility graph associated to the available voltage oscillation time-series of TlInTe2 (see Figure 1).
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	Network Measure
	Symbol
	Value





	Network nodes
	n
	2672



	Network edges
	m
	11,066



	Network components
	α
	1



	Graph density
	ρ
	0.003



	Maximum degree
	kmax
	324



	Minimum degree
	kmin
	2



	Average degree
	    k    
	8.283



	Average path length
	    l    
	4.496



	Network diameter
	d(G)
	11



	Clustering coefficient
	C
	0.772



	Modularity
	Q
	0.753



	Number of communities
	card{gi}
	68
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