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Abstract

Thermoelectric materials, particularly those derived from Bi,Tes, have received significant interest because of their capacity
to directly transform thermal energy into electrical power, thereby making them suitable for energy conversion applications.
This research centered on the surface morphology of Bi;Tes crystals, specifically examining the (0001) surfaces both prior to
and following irradiation, employing Atomic Force Microscopy (AFM) for analysis. The formation of nanoislands and their
fractal nature were studied, which helped to understand their nucleation and growth through Ostwald ripening (OS), a process
where smaller islands combine to form larger ones. This research also examined radiation affecting the structure and
thermoelectric properties of materials made from Bi.Tes. The fractal characteristics of these nanostructures lead to the
appearance of nanoislands of different sizes. The present investigation centered on the fractal characteristics inherent in nano-
objects, thereby facilitating the emergence of multi-scale nanoislands. This research investigated the fractal features of nano-
objects, which are instrumental in the generation of nanoislands across a spectrum of length scales. Consequently, the fractal
morphology exhibited by nanoscale formations gives rise to nanoislands that encompass diverse size regimes.
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1. Introduction

Thermoelectric materials can convert heat directly and reversibly into electrical energy [1]. Because of
these properties, along with their small size and reliable performance, they are very useful in environmentally
friendly and energy-efficient technologies [2], [3]. Bi.Tes is known to be one of the most effective materials at
room temperature, which is due to its layered crystal structure that has different properties in different directions.
This structure promotes superior electrical conductivity alongside diminished thermal conductivity [4]. Enhancing
the thermoelectric efficiency coefficient (ZT) frequently necessitates optimizing phonon scattering while
preserving relatively high carrier mobility [5], [6]. The incorporation of nanoscale characteristics, including
nanoislands, holes, and grain boundaries, proves beneficial. These features can be generated via environmental
influences like radiation or through meticulously controlled synthesis methods. Nanoscale surface structures
primarily form through nucleation, growth, coupling, and Ostwald ripening. Radiation exposure has been reported
to cause defects, change the surface structure, and increase atomic mobility [7], [8]. This study aims to investigate
the surface properties and structural changes of irradiated Bi>Tes crystals, focusing on the formation of nanoislands
and their relationship with diffusion-driven processes.
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2. Materials and Methods
2.1. Sample Preparation

Bi:Tes crystals were synthesized using a standard method. These were then cleaved along the (0001) plane
to create both pure and atomically smooth surfaces. Many studies on the structural integrity of Bi2Tes demonstrate
that the creation of these high-quality crystal surfaces is critical for the accurate separation of surface effects
resulting from irradiation [9], [10].

2.2. Irradiation Conditions

The samples were exposed to a total radiation exposure of 30 Mrad (MegaRad). The chosen dose was
based on earlier experiments that illustrated controlled irradiation could successfully induce point defects. This
method improves atomic movement and surface modifications in tellurium compounds [11]. The irradiation
parameters were carefully adjusted to generate significant structural changes while yet maintaining the crystal
structure.

2.3. AFM Analysis

Atomic force microscopy (AFM), specifically in tapping mode, was employed to examine surface
morphology across scan areas spanning from 1 to 5 um2. To ensure accurate topographical measurements, standard
silicon probes, which possess a typical spring constant of approximately 40 N/m, were utilized in combination
with a high-resolution commercial AFM instrument. AFM is a common tool for studying nanoscale surface
phenomena, such as Ostwald ripening and coalescence, which were the main focus of this research [11], [12]. In
addition, to accurately measure the size of the created nanoislands, height profiles were obtained from the AFM
images using specialized image processing software.

2.4. XRD Measurements

X-ray diffraction (XRD) analyses were conducted employing a diffractometer utilizing CuKa radiation
(A~1.5418 A). To facilitate the detection of minor alterations in the crystal structure, diffraction patterns were
gathered across a 20 range extending from 50 to 800 [13], [14], incorporating an extended integration period and
a minimal step size. The generated patterns were subsequently studied to ascertain the modifications in peak width
(indicative of microleaflet or crystallite dimensions), position (reflective of variations in lattice parameters), and
intensity (related to structural irregularities) produced by the irradiation-induced structural transformations.

3. Results and Discussion
3.1. AFM Surface Morphology Before and After Irradiation

On the surface of pure Bi2Tes, uniform terraces typical of layered crystals were observed. After irradiation,
numerous nanoislands appeared on the surface, along with pore-like features and curved edge defects. The island
dimensions were verified using a height profiling approach and were found to be approximately 20 nm wide and
35 nm high. The development of these islands is a hallmark of increased atomic mobility and nucleation activity
caused by radiation. Ostwald ripening (OS) is characterized by growth mechanisms where smaller, more abundant
structures dissolve and reconnect to larger, energetically more favorable islands. Even without direct physical
contact, small clusters coalesce through surface diffusion in this process. Upon contact, larger islands (those with
a diameter greater than 20 nm) coalesce, exchanging mass through the junction region. It has been shown that
misoriented islands form transient internal grain boundaries before dissolving through mass diffusion (Figure 1).
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Figure 1. AFM image and height profilogram of irradiated Bi.Tes surface depicting nanoislands and 2D surface defects.

3.2. 3D AFM Topography Analysis

In the 3D AFM map, a significant surface rearrangement consistent with increased Te and Bi atom
diffusion is observed on the (0001) surface. The increased roughness seen after irradiation, which is caused by
flaws, supports the creation of active nanostructures (Figure 2).
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Figure 2. The 3D AFM topography of the irradiated Bi.Tes surface exhibiting nanoscale roughness and the distribution of islands.
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Figure 3 presents a more detailed three-dimensional AFM reconstruction of the irradiated Bi-Tes surface,
offering further insights into nanoscale height fluctuations and the arrangement of surface characteristics. The scan
data reveals a diverse surface, marked by the presence of nanopeaks and clusters. This surface shows considerable
roughness and the development of islands of different sizes. Bright yellow and white areas, indicative of high
atomic deposition sites, suggest enhanced surface diffusion and clustering of Bi/Te atoms in areas with a high
density of defects. Consequently, these observations provide additional support for a radiation induced, diffusion-

driven Ostwald ripening process.
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Figure 3. 3D AFM topography of the irradiated Bi.Tes (0001) surface, exhibiting significant nanoscale roughness and height fluctuations
linked to nanoisland formation after a 30 Mrad irradiation dosage.

3.3. XRD Analysis

According to XRD analysis, irradiated Bi-Tes+Te material exhibits significant structural changes after
irradiation. Peak broadening was considered a characteristic of high concentration defects and microstress
formation. Partial disorder and lattice disruption within the crystal structure can cause a proportional decrease in
peak intensity. Small differences in peak positions indicate slight changes in interlayer distance due to radiation
damage. All these effects point to a higher concentration of radiation-induced defects such as dislocation of

clusters, gaps, interstitial atoms, and displacement defects (Figure 4).
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Figure 4. XRD pattern of Bi-Tes + Te post-irradiation (30 Mrad).

3.4. Interpretation of Defect-Mediated Nanostructuring

Radiation-induced mechanisms interact in a complex manner to produce the observed nanoislands and
diffraction changes. Multilayer structure and higher atomic mobility accelerate surface diffusion. High
concentration of radiation-induced point defects promotes mass diffusion. Preferential nucleation occurs within
pore domains or defect clusters. Interlayering of atoms into van der Waals vacancies of the layered structure leads
to structural instability or the formation of nanostructures [15], [16]. When radiation-induced defects are present,
atomic mobility increases, and island-like defect development is promoted. These generated nanoscale structures
have been shown to significantly affect phonon scattering, which can decrease thermal conductivity and increase
the thermoelectric ZT value. On the other hand, too many defects can restrict how well carriers move. This

underscores the necessity to carefully adjust the parameters for controlled irradiation, to find a compromise
between these contradictory effects.

4. Conclusion

Thermoelectric materials are environmentally friendly and offer potential solutions for energy and
pollution challenges, though their thermoelectric conversion efficiency remains limited by material properties.
Under the influence of radiation defects, nanostructures may either partially amorphize or stabilize due to the
presence of numerous interfaces. The mechanisms of nanostructure formation on the Bi>Tes (0001) surface during
Ostwald ripening provide a model for studying self-organized nanostructure growth in layered materials. Studying

interlayer systems helps us comprehend how moving atoms on a surface interacts with true structural flaws, such
as vacancies and tiny pores.
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