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Abstract

Gallium arsenide (GaAs) nanoribbons are promising candidates for advanced thermoelectric 

applications due to their unique quantum confinement effects, low-dimensional electronic 

properties, and tunable vibrational characteristics. In this study, we employed a robust 

computational approach combining the Non-Equilibrium Green's Functio (NEGF) formalism with 

density functional-based tight binding (DFTB) to investigate the electronic, phononic, and 

thermoelectric transport properties of GaAs nanoribbons. A distinct ≈40 meV acoustic–optical 

phonon gap is identified, which suppresses acoustic–optical scattering but is counterbalanced by 

dominant size effects including strong boundary/edge scattering, confinement-induced reductions 

in group velocity, and acoustic–acoustic Umklapp scattering at elevated temperatures, collectively 

reducing lattice thermal conductivity. Quantum confinement-induced modifications in electron 

transport mechanisms yield pronounced peaks and sign reversals in Seebeck and Peltier 

coefficients near the Fermi level, with calculated ZT values exceeding 0.6 at 300K. To extend 

these findings across temperature ranges, we developed a physics-informed neural network 

(PINN) machine learning model that predicts temperature-dependent thermoelectric behavior from 

100K to 600K. The machine learning (ML) analysis shows that the best operating temperature is 

450K, where ZT reaches 0.85, which is 37% better than performance at room temperature. The 

model identifies distinct operational regimes: cryogenic temperatures (100-200 K) maximize 

Seebeck coefficients for cooling applications, while elevated temperatures (400-550 K) optimize 

power generation efficiency through the optimal trade-off between preserved quantum 

confinement effects and thermally enhanced electrical conductivity. This integrated first-principles 

and machine learning framework provides comprehensive insights into temperature-dependent 

transport phenomena and establishes GaAs nanoribbons as promising candidates for next-

generation thermoelectric devices across a broad operational spectrum.
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I. Introduction

Using nanotechnology, it is feasible to miniaturize and fabricate electronic devices with single 

atomic chains, graphene-like structures, and nanowires [1,2]. Improved performance of functional 

nanomaterials is achieved by manipulating quantum states at the molecular level. Lasers, organic 

light-emitting diodes, organic thin-film transistors, solar cells, and chemical sensors are all made 

from molecular building blocks in nanoelectronics [3–8]. The inherent scaling limits of silicon (Si) 

electron devices have fueled the search for alternative semiconductors with high carrier mobility 

to improve device performance over the last few years [1–8]. Compound semiconductors 

heterogeneously integrated on Si substrates, in particular, have received significant attention 

[7,9,10]. These devices combine the high mobility of III–V semiconductors with the well-

established, low-cost processing of Si technology. However, there are considerable obstacles to 

this integration, including lattice mismatches, defect formation, and thermal expansion coefficient 

differences, which impact their structural and electronic stability.

Gallium arsenide (GaAs) nanoribbons have become a major focus of cutting-edge 

nanomaterials research because scientists and engineers are fascinated by their unique structural 

and intrinsic properties. These nanoribbons are made from bulk GaAs using advanced methods 

like chemical vapour deposition (CVD) and molecular beam epitaxy (MBE). They are very small, 

which causes unique quantum effects. In terms of structure, GaAs nanoribbons look like thin strips 

that are only a few nanometres wide. The specific edge configurations, whether armchair or zigzag, 

depend on the details of the fabrication method used. These nanostructures become even more 

efficient because of their ability to adapt their form. Quantum confinement significantly modifies 

their electronic band structure, creating new energy states that directly influence optoelectronic 

properties such as light absorption and emission. When GaAs is structured into nanoribbons, the 

motion of electrons and holes changes, enabling more efficient charge transport in advanced 

nanoelectronic and optoelectronic applications. In one-dimensional confinement, the strong direct 

bandgap of GaAs alters the density of states and carrier dynamics, allowing it to emit light 

efficiently and operate effectively in high-speed electronic devices.
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Mechanical forces are very important to the way the nanoribbons behave when they are under 

stress. They can change the bandgap, increase mobility, and even cause topological changes. 

Experimental evidence of these effects has been observed in buckled GaAs nanoribbons, where 

controlled mechanical deformation resulted in adjustable photonic and electronic responses, 

positioning them as viable options for flexible optoelectronic devices [11, 12]. Theoretical and 

experimental studies [13, 14, 15] have also shown that graphene nanoribbons can change in similar 

ways when they are put under stress, such as changes in bandgap, magnetism, and topological 

states that can be reversed.

The dimensionless figure of merit, ZT = S2σT/κ, tells us how well thermoelectric materials 

work, where T is the absolute temperature, κ is the thermal conductivity, S is the Seebeck 

coefficient, and σ is the electrical conductivity. Nanostructuring materials into nanoribbons can 

cause quantum confinement effects, which can change the electronic band structures and make the 

Seebeck coefficients higher. For example, heterostructuring graphene nanoribbons with graphyne 

has been shown to greatly improve their thermoelectric properties compared to graphene 

nanoribbons that are not modified [16]. Theoretical studies have demonstrated that surface 

roughness can significantly diminish thermal conductivity in GaAs nanoribbons. Modelling 

studies indicate that rough GaAs nanowires with diameters less than 200 nm may demonstrate 

thermal conductivities as low as 0.4 W m−1· K−1, due to increased phonon scattering at the 

irregular surfaces [17]. The drop in thermal conductivity, along with GaAs's naturally high electron 

mobility, suggests that GaAs nanoribbons could have high ZT values, which means they would be 

good for thermoelectric purposes.

It is important to understand how nanoribbons vibrate because phonon dynamics are a key 

factor in how well they conduct heat. To examine these properties comprehensively, first-

principles calculations have been extensively utilised to analyse the vibrational characteristics of 

diverse nanoribbon systems. Studies on graphene nanoribbons have shown that phonon modes 

exhibit particular dependencies on the width of the nanoribbons, which can be interpreted as 

fundamental oscillations and their overtones [18]. Similar studies have been performed on GaAs 

nanostructures. Resonant Raman spectroscopy studies of wurtzite-phase GaAs nanowires have 

clarified their structural, vibrational, and electronic properties [19]. Research on GaAs/GaP 

superlattice nanowires has demonstrated that it is possible to create high-quality superlattice 
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structures that could be useful for phononic and optoelectronic applications [20]. These findings 

highlight the significance of regulating vibrational characteristics through structural engineering 

to improve phonon transport in GaAs nanoribbons. Chemical changes have considerable impacts 

on the electronic and optical properties of GaAs nanoribbons. Calculations using DFT have shown 

that pristine GaAs nanoribbons behave like semiconductors with a wide energy gap. But the energy 

gap can be finely tuned by making certain changes, like adding copper atoms or passivating with 

fluorine atoms. The range is from 2.672 eV to 5.132 eV [20]. These tunable electronic properties, 

along with the ability to change the optical absorption spectra through chemical changes, make 

GaAs nanoribbons more useful in a wider range of optoelectronic devices. Recent research led to 

the world's purest sample of GaAs, a semiconductor that is essential for powering technologies 

like cell phones and satellites. Researchers have been able to study the behaviour of electrons in 

ultra-pure GaAs in methods that weren't feasible before. This has led to some remarkable findings. 

One unexpected observation is the formation of a Wigner crystal—a lattice-like structure wherein 

electrons arrange themselves into a periodic pattern as a result of intense Coulomb interactions 

[21]. Previous theories suggested that such crystals could only form in extremely powerful 

magnetic fields; however, recent research has demonstrated that electron crystallisation is possible 

even in fields below one Tesla. Researchers have also seen that the system's electrical resistance 

oscillations have gotten stronger and that the activation gap in the fractional quantum Hall effect 

has gotten bigger. This gives us more information about condensed matter physics and quantum 

computation.

Another significant advancement in GaAs research is the examination of crack nucleation 

during wedge nanoindentation [22]. Researchers have shown that the apex angle of a wedge 

indenter influences the dislocation microstructure, which in turn governs crack nucleation during 

nanoindentation [20-22]. While such studies provide valuable insights, they represent only a 

fraction of the broader effort to understand the complex behavior of GaAs-based nanostructures. 

Continued investigation and experimental testing of GaAs nanoribbons hold great promise for 

advancing their technological potential across diverse application domains. Nevertheless, a 

comprehensive understanding of how quantum confinement, phonon transport, and electrostatic 

potential collectively affect charge and heat transport in GaAs nanoribbons remains incomplete. 

In particular, the interaction between localized electronic states, transmission characteristics, and 
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spectral current under finite bias conditions has yet to be thoroughly explored. This work aims to 

address these gaps through an in-depth NEGF-DFT analysis of GaAs nanoribbons, focusing on 

their electronic structure, vibrational dynamics, and thermoelectric performance. Special emphasis 

is placed on examining the energy-resolved transport mechanisms underlying the Seebeck and 

Peltier effects and identifying the key factors that enhance the thermoelectric figure of merit (ZT).

II. Computational methodology and GaAs Nanoribbons modeling

In this work, electron and phonon transport are investigated using a density functional-based 

tight binding (DFTB) approach coupled with the NEGF formalism. The transport device consists 

of two semi-infinite electrodes (left and right contacts) connected by a central scattering region, as 

depicted in Figure 1. Within this two-terminal configuration, the electronic Green's function of 

the scattering region can be obtained using methods outlined previously [23-26]. By using this 

method, our study accurately captures the atomic-level details of electronic and phononic transport 

phenomena, focussing on how quantum confinement and edge-related effects affect the overall 

transport properties.

II.1. Electronic Transport

The electronic structure was obtained from a DFT-based Hamiltonian using a localized numerical 

orbital basis set. For Ga and As atoms, a Double Zeta Polarized (DZP) basis set was employed to 

accurately describe the sp³ bonding character and electronic states. The electronic Green’s function 

𝐺(𝐸) for the channel was computed as:

𝐺(𝐸) = (𝐸 + 𝑖0+)𝐼 ― 𝐻 ― Σ1 ― Σ2
―1

 (1)

where 𝐻 is the Hamiltonian matrix of the channel, Σ1 and Σ2 are the self-energy terms representing 

the influence of the semi-infinite source and drain electrodes, and 𝐼 is the identity matrix. In this 

expression, 𝐸 represents the energy of the incident electron, and 𝑖0+ is a positive infinitesimal 

imaginary term that ensures causality by shifting the energy poles infinitesimally into the complex 

plane, thus enforcing an outgoing boundary condition. The transmission function was derived 

using:

𝑇𝑒(𝐸) = Tr Γ1𝐺(𝐸)Γ2𝐺†(𝐸)  (2)
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where Γ1  and Γ2 are broadening functions due to the contacts, given by:

Γ1,2 = ―2Im Σ1,2  (3)

Using the transmission function, the electronic conductance 𝐺𝑒, Seebeck coefficient 𝑆, and 

electronic contribution to thermal conductance 𝜅𝑒  were computed as:

𝐺𝑒(μ,𝑇) = 𝑒2𝐿0(μ,𝑇) (4)

𝑆(μ,𝑇) = 1
𝑞𝑇

𝐿1(μ,𝑇)
𝐿0(μ,𝑇) (5)

κ𝑒(μ,𝑇) = 1
𝑇

𝐿2(μ,𝑇) ― 𝐿2
1(μ,𝑇)

𝐿0(μ,𝑇)  (6)

where the generalized moments 𝐿2(𝜇,𝑇) are defined as:

𝐿𝑛(μ,𝑇) = 2
ℎ
∫ 𝑑𝐸 𝑇𝑒(𝐸)(𝐸 ― μ)𝑛 ― ∂𝑓(𝐸,μ,𝑇)

∂𝐸  (7)

Here, 𝑓(𝐸,𝜇,𝑇) is the Fermi-Dirac distribution function, ℎ is Planck’s constant, and 𝑞 is the charge 

of carriers.

II.2. Phonon Transport

To account for lattice vibrations, the phonon transmission was computed using a dynamical matrix 

𝐷 formulated within a harmonic approximation. The phononic Green’s function 𝐺𝑝ℎ(𝜔)was 

obtained analogously to its electronic counterpart:

𝐺𝑝ℎ(ω) = (ω2𝑀 ― 𝐷 ― Π1 ― Π2)
―1

 (8)

where 𝑀 is the mass matrix and Π1, Π2 are phonon self-energies from the contacts. The phonon 

transmission function is given by:

𝑇𝑝ℎ(ω) = Tr Γ𝑝ℎ
1 𝐺𝑝ℎ(ω)Γ𝑝ℎ

2 G†
𝑝ℎ(𝜔)  (9)

The phononic contribution to thermal conductance was evaluated as:

κ𝑝ℎ = 1
ℎ
∫ 𝑑ω 𝑇𝑝ℎ(ω)ℏω∂𝑛𝐵(ω,𝑇)

∂𝑇  (10)

where 𝑛𝐵(𝜔,𝑇)is the Bose-Einstein distribution.
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The thermoelectric figure of merit, which quantifies the efficiency of a thermoelectric material, 

was determined to be:

𝑍𝑇 = 𝐺𝑒𝑆2𝑇
κ𝑒+κ𝑝ℎ

 (11)

This formulation illustrates the interaction between electrical and thermal transport properties and 

emphasises the potential of increasing thermoelectric performance through control of electronic 

and phononic contributions [26-28].

II.3. Computational Details

Quantum transport calculations were performed under steady-state conditions using the 

Atomistix ToolKit (ATK), incorporating density functional theory (DFT) within the generalized 

gradient approximation (GGA) alongside the NEGF method [26]. For structural relaxation, the 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional was employed together with 

norm-conservingFritz-Haber-Institute (FHI) pseudopotentials for core electrons, adopting a real-

space mesh cutoff of 85 Hartree and a k-point sampling of 1 × 1 × 100. Prior to electronic and 

phonon transport simulations, structural relaxation of the supercell structures was carried out until 

forces and stresses fell below 0.01 eV/Å and 0.0001 eV/Å³, respectively. Finally, electronic and 

phononic thermal transport coefficients were computed at a temperature of 300 K using tight-

binding approaches combined with the ATK-force field method.

Furthermore, vacuum padding is nearly free, and this type of localized basis sets can 

achieve very high precision. For the GaAs scattering zone, a DZP basis set was employed, and the 

same basis set was used in the electrode sections in the current investigation [23, 32]. A vacuum 

padding of 10 is modeled along the x and y axis to determine the electronic characteristics of GaAs 

nanoribbons and to avoid the interaction of GaAs nanoribbons with its periodic images. A 

reasonable amount of vacuum padding (10 Å) is produced in GaAS nanoribbons to avoid the field 

interaction overlapping in the nanoribbons. The computational cost of finding the density matrix 

Hamiltonian will be reduced as a result of this. In this study we consider idealized GaAs 

nanoribbons with pristine, unsaturated edges. This choice isolates the intrinsic quantum 

confinement and transport effects of the material. As reported in recent studies, pristine GaAs 

nanoribbons are semiconducting with a wide band gap [34], and chemical modifications (e.g. edge 
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doping or passivation) can tune this gap. Under realistic experimental conditions, issues like lattice 

imperfections, rough surfaces, and anharmonic interactions can make phonon transport much less 

effective. This idealised scenario, however, underscores the inherent quantum mechanical effects 

that govern thermal and electronic transport in GaAs nanoribbons, revealing significant insights 

into their potential and optimal performance in nanoscale thermoelectric applications.

Figure 1: Schematic of the simulated two-terminal device for electronic transport calculations. 

The central scattering region, composed of an armchair GaAs nanoribbon, is connected to left 

and right semi-infinite electrodes. This geometry is used for quantum transport calculations 

within the NEGF-DFT formalism

It is worth emphasizing that phonon decay processes; particularly anharmonic phonon-phonon 

scattering; were not included in the present computational approach. As a result, the calculated 

lattice thermal conductivities represent theoretical upper limits. Since the ZT is inversely 

proportional to κₚₕ, our reported ZT values are likely conservative estimates (lower bounds). 

In real systems, anharmonic scattering would lower κₚₕ even more, which could lead to 

higher ZT values. Under realistic conditions, additional factors that can scatter phonons, like 
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9

lattice defects, surface roughness, and anharmonic interactions, can make phonon transport 

significantly less efficient. Despite this, this idealised situation shows how quantum mechanics 

affects the flow of heat and electricity in GaAs nanoribbons. This provides us useful 

information about their potential and optimal performance in nanoscale thermoelectric 

applications.

III. Results and discussion

III.1. Phonon band structure of GaAs nanoribbon and electrostatic potential 

The thermoelectric properties of materials would be affected by the band structure. 

Therefore, we calculated the phonon band structures of GaAs nanoribbon, and the results are 

presented in Figure 2.

Figure 2: Phonon Band Structure of GaAs Nanoribbon Along the Γ–Z Direction

 Phonon dispersion was computed along the Γ–Z direction, which coincides with the nanoribbon’s 

periodic and transport axis. In quasi-one-dimensional systems, this direction captures the 

longitudinal acoustic and optical modes that dominate phonon-mediated thermal transport. The 

transverse directions (Γ–X, Γ–Y) represent confined dimensions with quantised vibrational states 

that have minimal impact on the transport properties examined in this study. The phonon band 

Page 9 of 30 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

8:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00399G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00399g


10

structure of gallium arsenide (GaAs) nanoribbons offers vital information about their vibrational 

characteristics, which are crucial for understanding thermal transport and stability in nanoscale 

devices [35, 36]. Our analysis reveals that the GaAs nanoribbon exhibits distinct acoustic and 

optical phonon branches, characteristic of its quasi-one-dimensional structure. We resolve an ≈40 

meV gap between the acoustic and optical branches. This acoustic–optical separation reduces 

three-phonon phase space involving optical modes and thus tends to increase acoustic phonon 

lifetimes. However, in quasi-1D GaAs nanoribbons the net κₗ is governed primarily by (i) 

boundary/edge scattering in the Casimir regime, (ii) confinement-induced band flattening that 

lowers group velocities, and (iii) acoustic–acoustic Umklapp processes at higher T. Consequently, 

despite the presence of the gap, the overall κₗ is suppressed relative to bulk GaAs for transport 

along the ribbon axis. Therefore, we can attribute κₗ reduction to size and confinement effects 

rather than to the acoustic–optical gap itself. This observation is consistent with studies on 

comparable materials; for example, buckled two-dimensional GaN has been established to 

demonstrate a similar phonon band gap, impacting its thermal characteristics. Additionally, the 

phonon dispersion curves of the GaAs nanoribbon exhibit areas of flattened modes, especially 

within the optical branches. These flat bands indicate localised vibrational states that can function 

as phonon traps, thereby further obstructing thermal transport. Similar localisation effects have 

been noted in other nanostructured materials, where they contribute in diminishing lattice thermal 

conductivity.

Studies on GaAs/GaP superlattice nanowires have shown that modifying the structure may 

alter the phononic properties in a way that changes the thermal conductivity [37]. Researchers 

were able to change the thermal transport properties through adjusting the superlattice periodicity, 

which alters phonon frequencies.
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Figure 3: Charge localisation and polarisation effects on the electrostatic potential distribution in GaAs 

nanoribbon

The electrostatic potential distribution of the GaAs nanoribbon, depicted in Figure 3, provides 

essential information regarding its charge localisation, polarisation effects, and electronic transport 

characteristics. The electrostatic potential map that was calculated, which is shown in the figure, 

shows a periodic potential modulation along the nanoribbon axis. This has a substantial impact on 

how charge carriers behave. The colour gradient in the potential distribution goes from -0.4 V (red, 

lower potential) to 0.3 V (blue/purple, higher potential). This shows that the electron and hole 

localisation changes in space. The low-potential (red-yellow) regions, which are mostly found in 

the core of the nanoribbon, show where more electrons are building up. These areas have stronger 

electrostatic confinement, which is important for keeping carriers in one place and moving them 

around. On the other hand, the blue-purple regions with higher potential are near the edges and 

above the surface of the nanoribbon. This suggests that positive charge is building up or that the 

electron density is lower. This uneven distribution of potential is caused by surface polarisation 

effects, intrinsic dipole moments, or interactions with an outside electric field. The electrostatic 

potential's periodic nature suggests that the charge distribution fluctuates, which could be due to 

quantum confinement and edge effects. The wave-like patterns observed in the potential contour 
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lines provide more evidence that electronic charge oscillations are taking place. These oscillations 

could have an important impact on carrier mobility and effective mass. Other low-dimensional 

systems, like graphene nanoribbons and III–V semiconductor heterostructures, have also shown 

these kinds of changes, where band bending and surface dipole formation change the electronic 

structure. Recent investigations into two-dimensional GaAs nanostructures revealed comparable 

electrostatic potential fluctuations, affecting band alignment and transport characteristics [38]. The 

edges of the nanoribbon also show clear potential changes, which could mean that charge 

accumulates up on the surface and dipoles are forming. These edge effects are very important for 

understanding out the electronic states and Fermi level alignment in nanoribbons. The built-in 

electric field is modified by the difference in potential between the core and the edges. This could 

change the Seebeck coefficient and the thermoelectric performance. Studies have seen these kinds 

of effects in GaAs-based quantum wells and nanostructures, where charge redistribution improves 

thermoelectric performance by lowering thermal conductivity and enhancing electrical transport 

[39]. The presence of a well-defined electrostatic potential landscape indicates robust charge 

confinement and polarisation, advantageous for applications in nanoelectronic devices, 

thermoelectric energy conversion, and field-effect transistors (FETs). You can change the 

electronic band structure by doping, strain engineering, or changing the interface. This makes the 

electrostatic potential variation even more adaptable. The results are consistent with earlier 

computational studies on III–V nanostructures, which suggest variations in electrostatic potential 

govern carrier transport efficiency and optical response [40].

III.2. Thermoelectric properties

The calculated Seebeck and Peltier coefficients of GaAs nanoribbons, displayed in Figure 

4, provide us substantial data about how they operate thermoelectrically and how they move 

energy. The Seebeck coefficient S, which measures the voltage created by a temperature 

difference, changes a lot depending on the energy level. The presence of both positive and negative 

values suggests that both electrons and holes are responsible for the nanoribbon's transport 

properties. Near the Fermi level (0 eV), there is a clear change in sign, which suggests a switch 

from n-type to p-type conduction. This kind of behaviour is typical of materials with mixed carrier 

transport and has been seen in other III-V semiconductor nanostructures, where the polarity of the 

carriers can be changed by doping or external gating [41]. The Seebeck coefficient plot has a sharp 
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peak near -2 eV that quickly goes away. This means that there are a lot of states (DOS) near this 

energy level, which increases the thermopower because of quantum confinement effects.

The asymmetry in the Seebeck coefficient profile suggests that electron and hole 

conduction are not equally efficient, potentially due to variations in effective mass or scattering 

mechanisms. These features are in line with what has been found in GaAs-based nanowires, where 

strong confinement changes how carriers move and improves thermoelectric properties [42]. 

Similar trends have been noticed in GaN and InAs nanostructures, where elevated Seebeck 

coefficients are noted near band edges, affected by material-specific electronic configurations [43]. 

The Peltier coefficient Π, which shows how much energy each charge carrier carries when a 

current is applied, follows the same pattern as the Seebeck coefficient, as expected from the 

thermodynamic relation Π=ST. The change in sign of the Peltier coefficient shows that the 

transport changes from being dominated by electrons to being dominated by holes. There is a 

strong dip after a sharp peak near -2 eV, which shows that the heat transport properties change 

considerably at these energy levels. The high values of Π at these points suggest that energy 

transport is more efficient, which is important to make nanoscale thermoelectric cooling or energy 

harvesting applications work better. Similar behaviours have been observed in GaAs/GaP 

heterostructures, where charge redistribution at the interface results in adjustable thermal transport 

properties [44]. The oscillatory characteristics of both S and Π at energies exceeding the Fermi 

level indicate an energy-dependent transport response.

These changes show that charge carriers' mobility and scattering can change, which could 

be due to interactions between electrons and phonons or effects at the interface. Investigations on 

GaAs nanoribbons with altered surface terminations has demonstrated that edge states strongly 

impact thermoelectric coefficients, underscoring the significance of nanostructuring in enhancing 

energy transport [42]. When we compare these results to earlier experiments and theories on GaAs-

based nanostructures, it is clear that the nanoribbon shape causes strong quantum confinement, 

which improves the thermoelectric properties. Previous studies have shown that lowering the 

dimensionality raises the Seebeck coefficient because the DOS and carrier scattering mechanisms 

change. Recent research on GaAs nanowires has indicated Seebeck coefficients of comparable 

magnitude, with peaks near the band edges that coincide effectively with the current results [41]. 

Additionally, research on GaN and InAs nanoribbons indicates that although these materials 

demonstrate superior electrical conductivity, GaAs gives a balanced compromise between carrier 
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mobility and moderate phonon-limited thermal conductivity, making it a suitable candidate for 

nanoscale thermoelectric applications [44].

Figure 4: (a) Seebeck and (b) Peltier Coefficients of the GaAs nanoribbon as a function of 

energy. The energy axis represents the Fermi level (chemical potential), with zero corresponding 

to the intrinsic Fermi level position. 

By examining the electrical conductance, thermal conductance, and the resulting 

thermoelectric figure of merit ZT (See Figure 5 and Figure 6), we may obtain an improved 

understanding of the thermoelectric properties of GaAs nanoribbons. The behaviour of these 

parameters at various energy levels offers enhanced insight into the transport mechanisms that 

dictate nanoscale thermoelectric performance. The thermoelectric coefficients are shown as 

functions of the chemical potential (μ), which is measured in relation to the Fermi level (EF = 0 

eV). This method shows how transport behaviour changes depending on the type of carrier and the 

level of doping. This makes it easy to find the energy regions where n-type or p-type performance 

is most effective. 

The electrical conductance Ge exhibits sharp increases near the conduction and valence 

band edges, indicating the presence of high-density electronic states that facilitate charge transport. 

The observed oscillations in conductance are the direct result of quantum confinement effects, 

which affect the density of attainable states in low-dimensional systems [41]. These fluctuations 

indicate that specific energy levels disproportionately influence charge transport, a phenomenon 
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that has been observed in studies of GaAs and other III–V semiconductor nanostructures [42].The 

asymmetry in Ge  around the Fermi level indicates that hole transport may be less efficient than 

electron transport, which aligns with the previously observed Seebeck coefficient behavior, where 

the sign change indicated a transition between electron and hole conduction [44] .

Thermal conductance, as decomposed into electronic and phononic contributions, shows 

that electron transport dominates heat conduction in the nanoribbon. The phonon contribution 

remains nearly constant across the energy range, suggesting that the lattice thermal conductivity is 

weakly dependent on electronic states. This is anticipated in nanoscale materials, where boundary 

scattering and quantum confinement inhibit long-wavelength phonon transport [43]. Because 

electronic thermal conductivity is more important than phonon scattering, it will be necessary to 

focus on electronic band engineering instead of phonon scattering manipulation to cut down on 

heat transport losses in GaAs nanoribbons [45]. The link between peaks in thermal conductance 

and those in electrical conductance shows that electronic states possess an important part in the 

way energy travels across.

The thermoelectric figure of merit ZT, which is based on energy, has sharp peaks near the 

band edges, with the highest values being over 0.6. This improvement is directly related to the 

interaction between high Seebeck coefficients, moderate electrical conductance, and low thermal 

conductivity [46]. The existence of several ZT peaks suggests that certain energy ranges are ideal 

for thermoelectric performance, illustrating the significance of changing the carrier concentration 

to align the Fermi level with these areas [47]. Recent research on nanostructured GaAs has 

demonstrated that strain engineering and surface functionalisation can enhance ZT by minimising 

parasitic thermal losses while preserving reliable electronic transport properties [48].

When we compare these results to recent studies, it appears that similar trends have been 

seen in GaAs-based heterostructures and quantum well devices, where changes to the band gap 

and the interface have substantially enhanced ZT [49]. Investigations on other III–V materials, 

such as InAs and GaN, has shown that GaAs achieves an ideal balance between electrical 

conductivity and thermal transport, making it a strong candidate for nanoscale thermoelectric uses 

[50]. Experimental studies on ultrathin GaAs films have demonstrated that dimensional reduction 

improves ZT through quantum confinement and carrier energy-filtering mechanisms [51]. These 

results align with our theoretical assertion that thickness greatly impacts thermoelectric 

performance: as the nanoribbon thins, confinement enlarges the band gap and improves the 
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Seebeck coefficient, while increased boundary scattering diminishes carrier mobility and lattice 

thermal conductivity. These conflicting effects indicate an ideal thickness interval for optimising 

ZT, a topic that will be investigated in future studies.

In the following analysis, thermoelectric properties are demonstrated to depend on energy, 

which is the Fermi level (chemical potential, 𝜇) of the system. Scanning the Fermi level over a 

range of energies simulates different doping concentrations, from heavily p-type (negative 𝜇) to 

heavily 𝑛-type (positive 𝜇) conditions, allowing the determination of optimal doping levels for 

thermoelectric performance. The strong anisotropy of the system is also what makes it 

thermoelectric. The phonon band gap (~40 meV) and the quasi-one-dimensional electronic 

channels make it easier for electricity to flow along the ribbon axis and harder for heat to flow. 

This intrinsic anisotropy is very important for thermoelectric efficiency because it naturally 

distinguishes efficient charge transport from bad heat flow in the transverse direction.

Figure 5: (a) Electrical conductance, 𝐺𝑒, (in units of 𝑒2/ℎ) as a function of electron energy (eV) 

for the GaAs nanoribbon. The energy is referenced to the Fermi level (𝐸𝐹 = 0 eV). (b) 

Decomposed thermal conductance contributions: electronic (𝜅𝑒), phononic (𝜅𝑝ℎ), and the total 

thermal conductance (𝜅𝑡𝑜𝑡𝑎𝑙 = 𝜅𝑒 + 𝜅𝑝ℎ) as a function of electron energy (eV). 
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Figure 6: Fermi-level-dependent thermoelectric figure of merit ZT for GaAs nanoribbon. The 

Fermi level is set to 0 eV.

III.3. Transport properties

The transport properties of GaAs nanoribbons, consisting of differential conductance 

(dI/dV), spectral current, transmission spectra (Figure 7 (a-c)), and projected density of states 

(PDOS) (Figure 8), yield significant insights into their electronic behaviour. By contrasting these 

attributes with contemporary research, the fundamental mechanisms regulating charge transport in 

these low-dimensional systems can be clarified. The decrease in dI/dV at low bias voltages, 

followed by changes around zero, suggests that there is a transport gap. This behaviour is 

consistent with the semiconducting properties of GaAs nanoribbons, as the lack of accessible 

electronic states near the Fermi level impedes conduction at low biases. There have been reports 

of similar transport gaps in graphene nanoribbons, where quantum confinement causes energy 

gaps and conductance quantisation that depend on the width [52]. The changes in dI/dV at higher 

biases could mean that more conduction channels are opening up, which might occur due to 

inelastic scattering or the presence of higher sub-bands.
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The peaks in the spectral current near zero energy show that electronic states close to the 

Fermi level are mostly responsible for charge transport. This agrees with the PDOS, which shows 

that there are more states in this energy range. The sharp, changing peaks in the spectral current 

suggest there are separate energy levels caused by quantum confinement effects. This is also seen 

in other low-dimensional systems, such as GeS nanoribbons [53]. The low spectral current outside 

this central energy region suggests that states further from the Fermi level do not add significantly 

to the entire picture. This shows how crucial energy alignment is for improving transport 

properties.

The transmission spectra show multiple sharp peaks which correspond to energy levels 

with high PDOS values. This means that these states assist electrons move through the material. 

The nearly-zero transmission regions close to the Fermi level support the hypothesis that there is 

a transport gap. This behaviour is similar to what has been observed with graphene nanoribbons, 

where quantum confinement and edge effects have been attributed for conductance quantisation 

and transport gaps [54]. The alignment of transmission peaks with PDOS features shows how 

important electronic structure is in determining the way components operate.

Figure 7: (a) Differential conductance, (b) Spectral current, and (c)Transmission spectra 

of GaAs nanoribbon.

The PDOS reveals distinct energy levels, implying that the nanoribbons have strong 

quantum confinement. The peaks at specific energies point to localised electronic states that can 

act as resonant channels for moving electrons. The fact that the density of states is not constant is 
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an indication of low-dimensional systems, and it has been studied extensively in various 

semiconductor nanostructures [55].

Figure 8: Projected density of states (PDOS) GaAs nanoribbons.

Recent studies on chemically modified 2D GaAs nanoribbons have shown that quantum 

confinement creates different electronic states and larger energy gaps, which have a big effect on 

the extent to which electrical current can flow through them [56]. Moreover, investigations into 

edge-reconstructed monolayer GeS nanoribbons have demonstrated that quantum confinement 

effects significantly modify electronic properties, resulting in altered band structures and transport 

characteristics [57]. Moreover, studies on phonon confinement in Si nanowires have proven that 

both electron and phonon confinement, in conjunction with interface roughness, significantly 

affect electronic transport in low-dimensional structures [58]. These studies collectively illustrate 

the major impact of quantum confinement and structural alterations on the transport characteristics 

of nanoribbons. The examination of transport properties in GaAs nanoribbons, alongside PDOS, 

indicates that quantum confinement significantly influences electronic behaviour. The existence 

of transport gaps, distinct energy levels, and resonant transmission channels highlights the 

significance of electronic structure in defining charge transport properties.
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III.4. Effect of Temperature on Thermoelectric Properties

The temperature dependence of thermoelectric properties was predicted using a Physics-

Informed Neural Network (PINN) architecture, trained on the 300K data obtained from our NEGF 

formalism previously. This approach enables extrapolation to temperatures where complete 

NEGF+DFTB calculations would be computationally prohibitive (100K and 500K) while 

maintaining physical consistency.

The model employs a multi-layer perceptron with 3 hidden layers (128 neurons each) and 

SiLU activation functions, taking as inputs the normalized Fermi level position (μ) and temperature 

(T). The network outputs the Seebeck coefficient (S) and dimensionless figure of merit (ZT). 

Crucially, the architecture incorporates physical constraints through the loss function:

• Non-negativity constraint: ZT values are enforced to be non-negative using a softplus 

activation, ensuring physical consistency

• Temperature scaling physics: The model learns temperature dependencies consistent 

with Landauer-Büttiker formalism

• Weighted training: A masked loss function emphasizes accurate prediction of non-zero 

ZT values

The training utilized 5,000 epochs with AdamW optimizer (learning rate 10⁻³) and cosine 

annealing scheduler, achieving mean absolute errors of 2.8×10⁻⁵ V/K for Seebeck and 0.021 for 

ZT on the 300K reference data. This ML approach builds upon established frameworks for 

materials property prediction [59-61], adapted specifically for thermoelectric systems (see Figure 

9).

The ML model predicts distinct temperature scaling for the Seebeck coefficient (Figure 9a, 

d). At 100K, the Seebeck magnitude increases by 30-50% compared to 300K values, particularly 

in regions of high density-of-states gradients (μ ≈ -1.9 eV). This enhancement arises from the 

sharper Fermi-Dirac distribution at lower temperatures, which amplifies the energy selectivity of 

charge carriers [62] In contrast, at 500K, thermal broadening reduces the Seebeck coefficient by 

20-40%, consistent with the degradation of quantum confinement effects at elevated temperatures 

[63].

The temperature dependence follows an approximate scaling of S ∼ T⁻⁰³ for fixed doping 

levels, aligning with Mott's formula for degenerate semiconductors [64]. Notably, the peaks in |S| 

shift with temperature: the maximum Seebeck at 300K (μ = -1.76 eV, S = 8.09×10⁻⁴ V/K) 
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diminishes at 500K while new peaks emerge at different Fermi level positions, reflecting 

temperature-dependent band occupation.

The temperature dependence of ZT reveals a pronounced optimum between 400-550K 

(Figure 9 b, c). At 100K, ZT values are substantially reduced (peak ZT ≈ 0.25, 60% reduction from 

300K maximum), primarily due to decreased electrical conductivity from carrier freeze-out [65]. 

The ML predictions indicate that despite the enhanced Seebeck at low temperatures, the severe 

reduction in conductance dominates the ZT degradation.

Conversely, at 500K, ZT shows significant enhancement, with maximum predicted values 

reaching 0.85—a 37% improvement over the 300K peak (ZT = 0.62). This enhancement emerges 

from the optimal trade-off between: (1) moderate Seebeck reduction, (2) substantial conductance 

increase from thermal activation, and (3) suppressed phonon thermal conductivity following κph ∼ 

T⁻⁰⁸ scaling [66]. The model predicts optimal doping shifts from μ ≈ -1.43 eV at 300K to μ ≈ -

1.50 eV at 500K, indicating temperature-dependent optimization strategies.

Our analysis identifies 450K as the predicted optimal operating temperature, with 

maximum ZT = 0.85 (Figure 9c). This temperature corresponds to the balance point where the 

power factor (S²σ) maximizes relative to thermal conductivity. The temperature-ZT relationship 

follows a characteristic "inverted U" shape common to many thermoelectric materials [67], but 

with the peak shifted to lower temperatures compared to bulk GaAs (typically 800-1000K [68]) 

due to enhanced phonon scattering in nanoribbons.
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Figure 9. Temperature-dependent thermoelectric properties predicted by machine 

learning based on NEGF+DFTB 300K data. (a) Seebeck coefficient versus Fermi level position 

at 100 K (blue), 300 K (green), and 500 K (red). (b) ZT versus Fermi level at the same 

temperatures. (c) Maximum ZT as a function of temperature, showing optimal performance at 

450 K. (d) Seebeck coefficient temperature dependence at key Fermi level positions. (e) ZT vs 

Seebeck coefficient. (f) Comparison between original 300 K NEGF+DFTB data (black circles) 

and ML predictions (red dashed line).

The predicted temperature trends align with established theoretical frameworks for low-

dimensional thermoelectrics. The Seebeck enhancement at low temperatures (30-50% at 100 K) 

followed by reduction at high temperatures (20-40% at 500 K) matches predictions from 

Boltzmann transport theory [69]. The optimal ZT temperature of 400-550 K agrees with 

computational studies of GaAs nanowires, which predict maximum performance in this range due 

to quantum confinement and boundary scattering effects [70,71]. Our NEGF+DFTB computed ZT 

values at 300 K (up to 0.62) are in good agreement with experimental studies of GaAs-based 

nanostructures (up to 0.6 at 300K) [8]. The predicted maximum ZT of 0.85 at 500K represents a 
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plausible 37% enhancement over 300K, consistent with the theoretical limit for 1D GaAs systems 

[72,73].

Three key mechanisms govern the temperature dependence: (1) quantum confinement 

preservation (<200 K): Sharp density-of-states features enhance Seebeck but reduced conductance 

limits ZT; (2) Thermal activation regime (200-400 K): Increasing conductance compensates for 

Seebeck reduction; (3) phonon engineering advantage (>400 K): Suppressed κph in nanoribbons 

enables ZT enhancement despite bipolar conduction onset. These mechanisms explain why bulk 

GaAs exhibits poor thermoelectric performance (ZT < 0.1) while nanoribbons achieve ZT > 0.8; 

the nanoscale geometry decouples typically competing transport parameters [74].

For device applications, the predictions suggest distinct optimization strategies: Peltier 

cooling operates optimally at 100-200 K with heavy doping (μ ≈ -1.0 eV) to maximize Seebeck; 

power generation achieves maximum efficiency at 400-550 K with moderate doping (μ ≈ ̶1.5 eV); 

and waste heat recovery benefits from broad temperature operation (300-500K) with adaptive 

doping profiles. The model indicates GaAs nanoribbons could achieve thermoelectric conversion 

efficiencies exceeding 8% at 500K with ΔT = 200K, comparable to commercial Bi2Te3-based 

devices [76] with the advantage of higher temperature operation and III-V semiconductor 

compatibility.

While the ML predictions provide valuable insights, several limitations warrant 

consideration: (1) The model extrapolates from single-temperature (300K) NEGF+DFTB data, 

requiring validation at multiple temperatures; (2) The κph ∼ T⁻⁰⁸ scaling approximates complex 

phonon scattering mechanisms; (3) Bipolar conduction at very high temperatures (>600K) could 

further degrade performance, which is neglected in the current model. Future work should 

incorporate temperature-dependent band structure calculations and experimental validation across 

the temperature range. Nevertheless, the combined NEGF+DFTB and ML approach successfully 

identifies optimal operating conditions and provides a framework for accelerated thermoelectric 

material optimization.

IV. Conclusion

In summary, our comprehensive theoretical analysis establishes GaAs nanoribbons as 

exceptional candidates for thermoelectric energy conversion through an integrated approach 

combining first-principles NEGF+DFTB calculations with physics-informed machine learning 

Page 23 of 30 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

8:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00399G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00399g


24

predictions. The 300K computational results reveal that quantum confinement-induced electronic 

resonances and phonon band gap-reduced thermal conductivity synergistically produce a 

remarkable figure of merit (ZT > 0.6).

Crucially, our machine learning model extends these findings beyond single-temperature 

calculations, predicting that thermoelectric performance exhibits a pronounced optimum at 450K 

with ZT reaching 0.85—a 37% enhancement over room temperature. This ML-driven analysis 

identifies three distinct operational regimes governed by different physical mechanisms: quantum 

confinement preservation at cryogenic temperatures (<200K) for enhanced Seebeck, thermal 

activation at intermediate temperatures (200-400K), and phonon engineering advantages at 

elevated temperatures (>400K) that enable ZT enhancement despite the onset of bipolar 

conduction. The ML predictions further reveal temperature-dependent optimization strategies: 

cryogenic applications (100-200K) benefit from heavy doping (μ ≈ -1.0 eV), while power 

generation (400-550K) is optimized with moderate doping (μ ≈ -1.5 eV).

The integration of machine learning with first-principles calculations represents a significant 

methodological advancement, enabling efficient exploration of temperature-dependent 

phenomena that would be computationally prohibitive with NEGF+DFTB alone. This combined 

approach not only validates the theoretical potential of GaAs nanoribbons but also establishes a 

predictive framework that can accelerate the development of high-performance thermoelectric 

materials. Our findings provide concrete guidelines for experimental realization and device 

optimization, highlighting the transformative potential of III-V semiconductor nanostructures for 

next-generation thermoelectric applications.
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