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Abstract:  

We investigate the influence of rectangular nanopores on 

the electronic and thermoelectric properties of zigzag 

bismuth nanoribbons using a tight-binding framework 

combined with the Green’s function formalism. The study 

focuses on how the geometry and orientation of nanopores 

affect the electronic conductance, energy bandgap, and 

Seebeck coefficient. Our calculations show that 

introducing nanopores along both the transport and 

transverse directions strongly modify the transport 

behavior of the nanoribbon. Elongating the nanopore 

along the transport direction induces moderate scattering 

and weak perturbation of conductance, resulting in a slight 

reduction in transmission and a small widening of the 

energy gap. In contrast, widening the pore perpendicular 

to the transport direction produces a much stronger effect, 

notably suppressing conductance near the Fermi level and 

significantly increasing the bandgap. Moreover, the 
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calculated Seebeck coefficient exhibits a remarkable 

enhancement with increasing pore width, which is 

attributed to the evolution of the conductance spectrum 

toward a boxcar-like shape—a feature known to improve 

thermoelectric performance. These findings demonstrate 

that nanopore geometry and orientation can be effectively 

utilized to tailor both the electronic and thermoelectric 

characteristics of bismuth-based low-dimensional 

nanostructures for future energy-conversion and 

nanoelectronic applications. 
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1. INTRODUCTION  

Thermoelectric technology converts waste heat into electrical energy, with 

applications in industries, vehicles, and devices. It operates on the thermoelectric 

effect, generating current from temperature differences. Utilizing waste heat 

sources, it aims to be a sustainable solution, but faces challenges like low 

efficiency. Recently, many theoretical and experimental efforts have been made 

to enhance thermoelectric efficiency of energy harvesting applications [1-3].  

Low-dimensional materials such as nanoribbons have attracted significant 

attention due to their unique electronic properties, which are highly sensitive to 

structural modifications and defects [4-5]. Among them, zigzag bismuth 

nanoribbons (ZBiNRs) exhibit prominent edge states that strongly influence both 

conductance and band gap, making them promising candidates for nanoscale 

electronic and thermoelectric devices. Defect engineering, particularly through 

the introduction of nanopores [6–9], edge modifications [10,11], and 

substitutional defects [12–15], has emerged as an effective strategy to tailor the 

electronic and thermoelectric response of nanoribbons. Previous studies on 

graphene, phosphorene, and other two-dimensional materials have demonstrated 

that the size, shape, and type of defects can substantially modify transport 

properties, energy spectra, and thermoelectric performance. Recent investigations 

have explored various aspects of bismuth nanoribbons, including their 

thermoelectric and electronic transport characteristics under different conditions 

[16–18]. For instance, theoretical studies have shown that zigzag monolayer 

bismuth nanoribbons with properly tuned on-site potentials can achieve high 

thermoelectric efficiency and significant power generation [12]. Moreover, the 

presence of random impurities has been found to affect both conductance and the 

localization of edge states, highlighting the sensitivity of ZBiNRs to structural 

disorder. However such a strategy leads to improvement in thermoelectric 

performance, but the results may change with different configuration of 

impurities. Also, it has been shown that the strategy of current work leads to a 

stronger change in electrical conductance and the separation of edge and bulk 

states [15]. 

In this work, we employ a tight-binding framework combined with the Green’s 

function formalism to systematically study the orientation-dependent effects of 

rectangular nanopores on both the electronic conductance, energy bandgap, and 

Seebeck coefficient of zigzag bismuth nanoribbons. By varying the nanopore 

geometry along both the transport and transverse directions, we provide 
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comprehensive insights into how defect engineering can be exploited to tune the 

electronic and thermoelectric properties of bismuth-based nanostructures for 

future nanoscale device applications. 

2. MODEL AND SYSTEM DESCRIPTION  

Two-dimensional (2D) bismuth (Bi) can be described as a honeycomb lattice 

composed of two nonequivalent atomic sites, denoted as A and B, as shown 

schematically in Fig. 1(a). The hexagonal unit cell forms the basis of a buckled 

honeycomb geometry, in which the two sublattices are vertically displaced with 

respect to each other, as illustrated in Fig. 1(b). This buckled configuration 

distinguishes Bi from planar 2D materials such as graphene and originates from 

the relatively large atomic size of bismuth atoms.  

 
 

Fig. 1. (a) Top view of the two-dimensional bismuth (Bi) crystal structure with a 

hexagonal unit cell containing two nonequivalent atoms, labeled A and B. (b) Side view 

of the freestanding Bi layer showing its buckled honeycomb configuration. (c) Schematic 

illustration of the studied zigzag Bi nanoribbon with a rectangular nanopore created at the 

center.  
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The non-planar structure enhances the stability of the freestanding Bi layer 

[19] and allows for tunable electronic properties through external factors such as 

strain[20,21], electric field [22,23], or edge modification [12,17,24,25]. In this 

work, we consider such a buckled honeycomb lattice as the fundamental structure 

for constructing zigzag Bi nanoribbons, where edge states and finite-size effects 

play a crucial role in determining the overall transport characteristics. 

As shown in Fig. 1(c), the system under investigation is a zigzag bismuth 

nanoribbon in which a rectangular nanopore is introduced at the center of the 

ribbon. To systematically study its impact on the electronic transport 

characteristics, the nanopore is extended once along the ribbon length and once 

along its width. These two configurations enable a comparative analysis of how 

the pore orientation affects the conductance spectrum and the band gap of the 

nanoribbon. 
 

3. TIGHT-BINDING AND GREEN’S FUNCTION APPROACH 

In order to describe the electronic and transport properties of the studied system, 

we employ the tight-binding (TB) model together with the Green’s function 

formalism [7]. The tight-binding approach provides a convenient and physically 

intuitive framework to construct the Hamiltonian of a low-dimensional system 

based on atomic orbitals and hopping interactions between neighboring atoms. In 

this method, the total energy of electrons is represented as the sum of on-site 

energies and hopping terms connecting adjacent atoms [12, 26]. The tight-binding 

parameters used in this work is provided in Tab. 1. This allows us to capture the 

essential features of the band structure and electronic states of the nanoribbon with 

relatively low computational cost, while still retaining sufficient accuracy to study 

quantum transport phenomena.  

Spin–orbit coupling (SOC) is not considered in this analysis. This choice was 

made because, in theoretical models, it can be permissible to simplify the model 

by neglecting spin–orbit coupling if the focus is solely on non-magnetic electronic 

properties. The effect of SOC can be added later as a perturbation [15]. 

The Green’s function technique is then applied to obtain information about the 

propagation of electronic states through the system and to evaluate how electrons 

are transmitted or reflected at different energy levels. In particular, the Green’s 

function connects the properties of the central device region to those of the left 

and right leads, enabling the calculation of transmission probabilities.  
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Table 1. The tight-binding parameters including the on-site energies and the hopping 

parameters of bulk Bismuth (eV). The superscripts “1” and “2” denote the nearest 

neighbors and the next nearest neighbors hopping parameters. 

Parameters Magnitude (eV) 

𝐸𝑠 -10.906 

𝐸𝑝 -0.486 

𝑉𝑠𝑠𝜎
1  -0.608 

𝑉𝑠𝑝𝜎
1  1.320 

𝑉𝑝𝑝𝜎
1  1.854 

𝑉𝑝𝑝𝜋
1  -0.600 

𝑉𝑝𝑝𝜎
2  0.156 

 

In the framework of quantum transport theory, the electronic transmission 

probability through a nanostructure can be obtained using the Landauer–Büttiker 

approach combined with the Green’s function formalism. The transmission 

function 𝑇(𝐸), which determines the probability that an electron with energy 𝐸 

passes from the left to the right electrode, is calculated as [27]: 

 
 

𝑇(𝐸)  =  𝑇𝑟[𝛤𝐿  𝐺𝑟𝑒𝑡  𝛤𝑅 𝐺𝑎𝑑𝑣] (1) 

where 𝛤𝐿 and 𝛤𝑅 are the broadening matrices of the left and right electrodes, and 

𝐺𝑟𝑒𝑡 and 𝐺𝑎𝑑𝑣 are the retarded and advanced Green’s functions of the central 

scattering region, respectively. The broadening matrices are defined by: 
 

𝛤(𝐿,𝑅)  =  𝑖(𝛴(𝐿,𝑅)
𝑟𝑒𝑡  −  𝛴(𝐿,𝑅)

𝑎𝑑𝑣 ) (2) 

where 𝛴(𝐿,𝑅)
𝑟𝑒𝑡  and 𝛴(𝐿,𝑅)

𝑎𝑑𝑣  represent the retarded and advanced self-energy terms 

describing the coupling between the device and the electrodes. The retarded 

Green’s function of the system is given by: 

 

𝐺𝑟𝑒𝑡(𝐸)  =  [𝐸 𝐼 −  𝐻 − 𝛴𝐿
𝑟𝑒𝑡  −  𝛴𝑅

𝑟𝑒𝑡]⁻¹ (3) 

Here, 𝐻 denotes the Hamiltonian matrix of the central region, 𝐼 is the identity 

matrix, and 𝐸 is the electron energy. 
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In this work, all numerical simulations are performed using the Kwant Python 

package [28], which provides an efficient and flexible platform for modeling 

quantum transport in tight-binding systems. 

 

4. THERMOELECTRIC EFFECT 
 

The Seebeck coefficient, also known as the thermoelectric sensitivity, represents 

the magnitude of the induced thermoelectric voltage generated in response to a 

temperature difference across a material, as described by the Seebeck effect. It 

characterizes the ability of charge carriers to convert thermal energy into electrical 

potential and serves as a key parameter in evaluating the thermoelectric behavior 

of low-dimensional systems. A large Seebeck coefficient indicates that the system 

can efficiently generate an electric voltage under a small thermal difference. 

 

When a temperature difference (𝛥𝑇)  is applied between two terminals of a 

nanoribbon, an open-circuit voltage (𝛥𝑉) develops, and the Seebeck coefficient 

is defined as [27]: 

 

𝑆 =
∆𝑉

∆𝑇
|
𝐼=0

 
(4) 

 

Within the Landauer–Büttiker and Green’s function framework, the Seebeck 

coefficient can be obtained from the energy-dependent transmission function 

𝑇(𝐸) through the following relations: 

 

𝐿𝑛  =  ∫  (𝐸 −  𝜇)𝑛 𝑇(𝐸) (
−𝜕𝑓

𝜕𝐸
) 𝑑𝐸, (5) 

where 𝑓(𝐸, 𝜇, 𝑇) is the Fermi–Dirac distribution function and 𝜇 is the chemical 

potential. The electrical conductance 𝐺  and Seebeck coefficient 𝑆  are then 

expressed as: 

 

𝐺 =  (
2𝑒²

ℎ
) 𝐿₀, (6) 

𝑆 =  −(1/𝑒𝑇) (
𝐿₁

𝐿₀
). (7) 
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These relations indicate that the Seebeck coefficient depends on the energy-

dependent transport characteristics around the Fermi level. When the transmission 

spectrum becomes more asymmetric with respect to the chemical potential, the 

magnitude of S increases. In the present work, the calculated results show that 

widening the nanopore perpendicular to the transport direction leads to a 

remarkable improvement in the Seebeck coefficient, confirming that nanopore 

geometry can effectively enhance the thermoelectric response of zigzag bismuth 

nanoribbons. 

 

5. RESULTS AND DISCUSSION 

 

The considered system is a zigzag bismuth nanoribbon attached to a cold lead 

that is kept at room temperature (300 K), and a hot lead, which is 10 degrees 

warmer than the cold lead. To ensure that the scattering between the wave 

functions of the edge states does not occur, the width of the nanoribbon is set at 

40 atomic rows.  

 

Figure 2 illustrates the variation of the electronic conductance as a function of 

energy for several nanoribbon configurations with different pore lengths. Here, 

the width of pore is fixed at 8 atoms. The first row shows the pore with 5 atom 

length, and the subsequent rows represent lengths of 9, 13, and 17 atoms.  

The right panels display the atomic structures of the systems, where the pore is 

gradually elongated along the transport direction, while the left panels show the 

corresponding conductance spectra. The conductance is expressed in units of 

𝑒2/ℎ. 

In all cases, the conductance spectra are nearly symmetric with respect to the 

Fermi level (𝐸 = 0), reflecting the approximate electron–hole symmetry of the 

system. A noticeable suppression of conductance appears around zero energy, 

indicating the presence of an energy region with reduced transmission probability. 

This feature suggests that the carriers experience moderate scattering near the 

Fermi level, resulting in a transport-gap-like behavior. 
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Fig. 2. Electronic conductance spectra of zigzag bismuth nanoribbons with rectangular 

pores of increasing length. The width of pore is fixed at 8 atoms. The first row shows the 

pore with 5 atom length, and the subsequent rows represent lengths of 9, 13, and 17 atoms. 

The atomic configurations on the right illustrate the gradual elongation of the pore along 

the transport direction, while the corresponding conductance 𝐺(𝐸), expressed in units of 

𝑒2/ℎ, is shown on the left. 

 

As the pore length increases, a slight but consistent decrease in the overall 

conductance can be observed across the entire energy range. The quantized steps 

in the conductance become somewhat smoother, and small oscillations appear in 
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the transmission curves. These variations imply that elongating the pore 

introduces additional scattering and interference effects within the nanoribbon, 

though their overall impact on conductance remains modest. 

For low-energy carriers, the influence of pore elongation is more noticeable. 

Increasing the pore length or removing a larger number of atoms slightly disturbs 

the conduction pathways and weakens the coherent propagation of electrons 

through the central region. Consequently, the mean transmission probability 

decreases marginally, and the conductance around the Fermi level shows a mild 

reduction. In other words, the elongated pore acts as a weak potential barrier for 

low-energy electrons, leading to partial reflection and a small decrease in 

transmission. 

In the low-energy range between approximately −0.5eV and −0.2eV, the 

conductance is mainly governed by the edge-related states of the nanoribbon. 

When a pore is introduced, new edge boundaries are formed along its upper and 

lower sides, giving rise to localized electronic states around the pore region. As 

the pore size increases, the area of these internal edges expands, and the 

corresponding localized states become more pronounced. 

The emergence of these localized edge states around the pore leads to a 

moderate interaction with the intrinsic edge states of the nanoribbon. This 

coupling results in a slight distortion of the step-like behavior observed in the 

conductance spectra. Specifically, the conductance plateaus that correspond to 

well-defined edge channels become mildly irregular, reflecting the interference 

between the extended and localized states. 

With further elongation of the pore, the localized states around its edges are 

somewhat strengthened, enhancing their weak hybridization with the 

nanoribbon’s conductive channels. This interaction modestly increases the 

scattering of low-energy carriers and gradually disrupts the ideal quantization of 

conductance. Therefore, the observed deviation from a perfect stepwise 

conductance pattern can be attributed to the increasing, yet moderate, coupling 

between localized states at the pore edges and the conducting states of the pristine 

ribbon. 

According to the Figure 3, as the pore width increases, a more pronounced 

decrease in the overall conductance is observed, particularly in the low-energy 

region near the Fermi level. The quantized steps in the conductance spectra exhibit 

significant smoothing and degradation, indicating a stronger disruption of the 

coherent transport channels. The oscillations and irregularities in the transmission 

curves become more evident, suggesting that widening the pore substantially 

enhances scattering and quantum interference effects within the nanoribbon. 
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Fig. 3. Electronic conductance spectra of zigzag bismuth nanoribbons with rectangular 

pores of increasing width. The length of pore is fixed at 9 atoms. The first row shows the 

pore with 8 atom width, and the subsequent rows represent widths of 12, 16, and 20 atoms. 

The atomic configurations on the right illustrate the gradual widening of the pore 

perpendicular to the transport direction, while the corresponding conductance 𝐺(𝐸), 

expressed in units of 𝑒²/ℎ, is shown on the left. 

 

 

For low-energy carriers, the influence of pore widening is considerably more 

severe than elongation. As the pore width increases perpendicular to the transport 

direction, the effective channel width through which electrons can propagate is 
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reduced. This geometric constriction forces the carriers to travel through narrower 

conducting pathways on either side of the pore, leading to increased 

backscattering and reduced transmission probability. Consequently, the 

conductance around the Fermi level shows a more substantial reduction compared 

to pore elongation scenarios.  

 

 
Fig. 4. Variation of the electronic energy band gap of zigzag bismuth nanoribbons with 

(a) nanopore length and (b) nanopore width, both measured in terms of the number of 

atomic chains. 

 

Also, when the pore width increases, the upper and lower edges of the pore 

progressively approach the corresponding upper and lower boundaries of the 

nanoribbon. This geometric proximity plays a crucial role in modifying the 

interaction between the localized edge states formed around the pore and the 
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intrinsic edge states residing at the nanoribbon's outer boundaries. As the pore 

expands in the transverse direction, the vertical spacing between the pore's 

horizontal edges and the nanoribbon's outer edges diminishes considerably. This 

reduction in separation distance allows for enhanced overlap of the electronic 

wave functions associated with both the pore-induced localized states and the 

boundary edge states of the nanoribbon. As a result, the coupling and 

hybridization between these two distinct sets of edge states are substantially 

strengthened. This intensified interaction induces a more significant perturbation 

of the intrinsic edge transport channels. 

Furthermore, Figure 4 presents the variation of the electronic band gap as a 

function of both nanopore length and width, expressed in terms of the number of 

atomic chains. Here, the band gap refers to the energy separation between the 

conduction and valence bands of the bulk-like states. As shown in panel (a), 

elongating the pore along the transport direction leads to a gradual increase in the 

band gap, which tends to saturate for sufficiently long pores. This trend originates 

from the enhanced localization of electronic states around the elongated pore 

boundaries. In contrast, panel (b) reveals that widening the pore in the transverse 

direction results in a more pronounced increase in the band gap. This behavior is 

attributed to the stronger confinement of carriers due to the geometric narrowing 

of the effective conduction channels. Therefore, while both pore elongation and 

widening contribute to the opening of an energy gap, the width variation plays a 

dominant role in modulating the electronic properties of the system. 

As discussed earlier, the variation of nanopore length caused only moderate 

changes in the electrical conductance, while altering the pore width produced a 

much stronger effect on the transport characteristics. Therefore, in the following, 

we focus on the influence of pore width on the thermoelectric behavior, 

specifically on the Seebeck coefficient. 

Previous studies have reported that a boxcar-shaped transmission or conductance 

spectrum is highly desirable for thermoelectric applications, as it can maximize 

the power factor and enhance the overall conversion efficiency. Interestingly, 

such a tendency toward a boxcar-like conductance profile is observed in zigzag 

bismuth nanoribbons with wider rectangular nanopores. 

Figure 5 illustrates the variation of the Seebeck coefficient 𝑆as a function of 

chemical potential for different pore widths. As the pore width increases, the 

conductance spectrum becomes closer to the ideal boxcar form, leading to a 

pronounced enhancement in the Seebeck coefficient. The results clearly show that 

the structure with a nanopore width of 14 atomic chains exhibits a Seebeck 

coefficient approximately four times larger than that of the ribbon with a width of 

8 atomic chains. This remarkable improvement highlights the crucial role of 
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nanopore geometry in tuning the thermoelectric response of zigzag bismuth 

nanoribbons. 

 

 
Fig. 5. Variation of the Seebeck coefficient (𝑆) versus chemical potential (𝜇) for zigzag 

bismuth nanoribbons with rectangular nanopores of different widths (𝑊 = 8, 10, 12, and 

14 atomic chains), showing the enhancement of (𝑆) with increasing pore width. 

 

 

6. CONCLUSION 

In summary, we have examined how rectangular nanopores affect the electronic 

and thermoelectric properties of zigzag bismuth nanoribbons. We used a tight-

binding approach along with Green’s function methods. Our findings show that 

both the length and width of the nanopore significantly affect the transport 

characteristics of the nanoribbon. Lengthening the nanopore in the transport 

direction causes moderate scattering. This leads to a slight decrease in 

conductance and a gradual widening of the band gap between the conduction and 

valence bands of the bulk-like states. On the other hand, increasing the pore width 

in the direction perpendicular to transport results in a much stronger effect. It 

notably reduces conductance near the Fermi level and significantly increases the 

band gap. Additionally, our analysis of thermoelectric properties shows that the 

Seebeck coefficient improves greatly with greater pore width. This increase is 

linked to the conductance spectrum evolving toward a boxcar-like shape, which 

is known to boost thermoelectric performance. The nanoribbon featuring a 

nanopore width of 14 atomic chains has a Seebeck coefficient nearly four times 
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larger than that of a structure with a width of 8 atomic chains. Overall, these 

results underscore how sensitive zigzag bismuth nanoribbons are to geometric 

defects. Our findings also show that engineering nanopores is an effective way to 

adjust both the electronic and thermoelectric performance of bismuth-based low-

dimensional materials for future nanoelectronics and energy-conversion 

applications. 
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