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ABSTRACT 

The idea of incorporating DNA molecules in designing nanoscale electronic devices has 

drawn the attention of several researchers due to the unique properties of DNA, such as self-

assembly and self-recognition. As the number of theoretical and experimental studies expanded, 

researchers also became interested in the use of DNA molecules in designing nanoscale thermal 

and thermoelectric devices. In this thesis, we theoretically explore the electron transport properties 

through double-helix DNA strands by using the tight-binding (TB) Hamiltonian method. We also 

present graphical outputs of the transmission, contour plots of transmission, localization lengths, 

and current-voltage characteristics. Our results showed that higher electron conductivity could be 

observed in an ordered DNA system with a single type of base-pair, with the GC base-pair 

performing greater conductivity than AT base-pairs. We investigated the native and methylated 

DNA strands, wherein the electron transmission in the native DNA strand provided a higher 

electrical conductance. Variations in electron transmission spectrum depending on the contact 

coupling energies were also observed. As the applied temperature increased, thermal fluctuations 

destroyed the system and hence, reduced transport in the methylated DNA strand. By employing 

the phonon transport theory using the equation of motion of the system, the transmission 

coefficient in the single-stranded DNA model showed a number of resonant transmission peaks 

depending on the number of the DNA bases, while antiresonance behavior showed in the double-

stranded DNA models due to the disorder of masses. The double-helix DNA placed under different 

heat sources with different temperatures displayed the characteristics of a poor heat conductor. 

The thermopower values also indicated that the DNA strand serves as an n-type material. Poly(A)–

poly(T) chain performed lower ZT figure of merit, while its thermal conductivity remained higher 

compared to the poly(G)–poly(C) chain.
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Chapter 1: Introduction and Overview 

Due to its distinctive properties that allow it to hold tremendous information, the 

Deoxyribonucleic Acid (DNA) molecule has been the subject of numerous literatures. DNA refers 

to the nucleic acid that acts as a storage of genetic information. It also plays a crucial role in the 

development of life of all living organisms including viruses. Using the word gene, the early 1950s 

researchers pertain to such as the smallest unit of genetic information; however, they remained 

unaware of the gene’s structural appearance and chemical composition. In 1953, a scientific 

breakthrough surfaced as James Watson and Francis Crick discovered the double helix structure 

of the DNA. Considered as the landmark in the long history of science, the discovery of Watson 

and Crick paved way to the creation of Modern Molecular Biology, a branch of biology that dwells 

on identifying how genes influence and manage the cells’ several chemical processes [1]. 

Equipped with a genetic function and self-assembly property, DNA has become a unique 

addition to the components of some electronic devices [2]. Because of DNA’s exceptional 

properties, researchers integrate it in various branches of science, particularly in the field of 

nanotechnology. With the developments reached in nanotechnology and its subsequent need for 

size reduction, DNA appears to be the perfect candidate for the requisites of molecular electronics. 

Using DNA, scientists aspire to create electronic devices that would be smaller in size but higher 

in speed and efficiency rates compared to the contemporary ones; however, the chemical, 

structural, and electrical relationships between the two has puzzled researchers up until today [3]. 

Apart from its potential to be a vital component in electronic devices, the DNA molecules 

also play a significant role in detecting diseases such as cancer – a form of DNA cell dysfunction 

characterized by genetic mutation [4]. For purposes of mismatch detection and DNA repair, it 

would be essential to consider the process of oxidative hole transfer and reductive electron transfer 
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[5]. Due to the abilities of the DNA to distinguish other molecules and DNA strands, and 

subsequently connect with other similar strands distinctively, scientists have determined that the 

DNA could create electric circuits through DNA synthesis and DNA electron transmission [6,7]. 

Research has demonstrated that DNA has the ability to act as a conductor [2,8,9], insulator [10], 

semiconductor [11], or superconductor [12]. 

As discovered by Erwin Chargaff, a DNA comprises of four nucleotide bases, which 

includes guanine (G), adenine (A), cytosine (C), and thymine (T). The order of these four 

nucleotide bases on a DNA sequence dictates the genetic information of a living cell. As shown in 

Figure 1.1, the nucleobases linked to the sugar and phosphate molecule backbones make up the 

DNA double helix structure. The linkages consist of base pairs, which refers to the set of 

nucleobases. Linked by hydrogen bonds, these nucleobases could either be a complementary 

combination of G and C or of A and T, which remains in accordance to Chargaff’s rules [1,3]. 

 

Figure 1.1. The DNA double-helix structure presents two twisted strands of molecule (chains) with a 
diameter base of 2 nm. Along the two strands are series of nucleotides connected to each other. Each 
nucleotide consists of three parts, a sugar molecule, a phosphate molecule, and a nucleobase. There are four 
nucleobases include the guanine (G), adenine (A), cytosine (c), and thymine (T). A base pair pertains to a 
pair of nucleobases tied together such as GC and AT. A complete helix turn requires 10 nucleotide base 
pairs with a length of 3.4 nm. https://manwithoutqualities.com/ 
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The backbone consists of several groups of sugar and phosphate, which serves as the 

structural framework of the nucleic acids. To make a complete helix turn, it would require 10 base 

pairs with a length of 3.4 nm while the base of a DNA double-helix structure would be 

approximately 2 nm in diameter. As exhibited in Figure 1.2, the strands of the DNA double-helix 

structure run in an opposite direction as one strand runs towards the 3’ hydroxyl end while the 

other strand runs towards the 5’ phosphate end [1,13]. 

 
 

Figure 1.2. The DNA’s chemical structure presents its sugar and phosphate backbones and its four 
nucleobases. The double-helix DNA structure’s strands run in opposite directions with one strand going 
from the 5’ end to the 3’ end, and the other strand running from the 3’ end to the 5’ end. Note that the 
numbers 3 and 5 denote the carbon positions in deoxyribose [13]. 

 

Based on the study made by Lintao et al. [14], the poly(G)–poly(C) base-pairs provides a 

higher probability of conductance compared to that of a poly(A)–poly(T) base-pairs. This observed 

behavior could be attributable to the stronger hydrogen bonds between nucleobases G-C than the 

hydrogen bonds between nucleobases A-T, as depicted in Figure 1.3. 
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Figure 1.3. Structures present base-pairs including the sugars-phosphate molecules: guanine (G) linked to 
cytosine (C) by three hydrogen bonds, and adenine (A) linked to thymine (T) by two hydrogen bonds [13]. 

 

1. 1. Charge transfer through DNA molecules and DNA conductivity 

Although the examination of charge transfer through DNA calls for a complex process, it 

has given rise to numerous controversial issues over the recent years. In fact, the history of charge 

transfer could be traced shortly upon Watson and Crick’s discovery of the double-helix structure 

of DNA. At that time, the scientists also had the notion that electron hopping from one base to 

another could occur in matter of picosecond [15]. The formation of 𝜋-stacked base pairs in the 

double-helix structure of DNA led to the creation of the pathways, which allow the charge transfer 

process to take place. The motion of charge in DNA molecules depends on the onsite energy as 

well as the coupling between nearest-neighbor nucleobases [16]. Electron transport through 𝜋-

orbital occurs between adjacent base-pairs by means of electron hopping from one molecule to 

another. Considering the transmission as a function of energy, it could be observed that the 

resonant peaks appeared as the ionization potentials which are onsite energies coincide with the 

quasi-bound states. As the hydrogen bonds between base-pairs become stronger, the electron 

transmission intensifies. Conversely, the electron’s transfer rate could be affected by the base pair 

sequences as dissimilar base pair sequence lead to charge carrier localization; thereby decreasing 
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the rate of electron transport [9]. A sequence with similar base pairs could be deemed more ideal, 

as such sequence suits the condition of 𝜋 overlap. 

In 1962, research conducted by Eley and Spivey suggestd that the 𝜋-𝜋 interactions of 

stacked base pairs of the two nearest-neighboring base pairs in a DNA sequence could lead to a 

high conductance behavior [17]. To further enhance the established knowledge on electron 

transport through DNA, the researchers have employed a variety of studies over the years. As a 

matter of fact, a study was conducted by Anantram and Qi [18] to measure the conductivity of 

varying base pair sequences. As shown in Figure 1.4, their study included four double-stranded 

DNA molecule sequences, wherein each of which consisted of 15 base-pairs. These strands 

remained enclosed by two metal contacts, denoted as green bars, in the form of gold electrodes at 

each end. As depicted in Figure 1.4, the poly(G)–poly(C) base pair sequences contained a variable 

number of A-T base pairs in the middle portion of Seq. 1 to Seq. 4. Through this study, it was 

observed that the conductance gradually decreased as the number of A-T base pairs increased 

[18,19]. 

 

 
 

Figure 1.4. The four poly(G)–poly(C) base-pair DNA sequences present decreasing of conductance as the 
number of A-T base pairs injected in the sequence [18]. 
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Another study conducted by Fink and Schönenberger measured the electron conductivity 

based on the applied electric current to a single rope DNA molecule with a length of 600 nm. 

Results show that DNA could transport electric current; thus, making it a good semiconductor 

[11]. Aside from this, Porath et al. also measured the electron transport through a double stranded 

poly(G)–poly(C) DNA sequence enclosed by nanoelectrodes [9]. DNA sequence consists of 30 

base-pairs with an approximate length of 10.4 nm. Through electrostatic trapping, as shown in 

Figure 1.5, the results reveal that such DNA sequence acts as a semiconductor because the electric 

current drops to zero below the threshold voltage, but the electric current rises above the threshold 

voltage. 

 

 
 

Figure 1.5. The I-V curve of an experimental setup of 10.4 nm long (30 base pair) DNA sequence placed 
between two metal nanoelectrodes with a distance of 8 nm from each other. Through electrostatic trapping, 
results show that the plunge of electric current below threshold voltage makes the DNA sequence an 
insulator while an increase above the threshold voltage makes it a conductor instead [9]. 



 

 

7 

This thesis intends to study electron transport through DNA molecules as a function of 

electron energy through the tight-binding (TB) model. In chapter 2, we describe a two-

dimensional, four-channel DNA model with 20 base-pairs. We also investigate charge transport 

and electrical current as a function of applied voltage for different DNA sequences. In chapter 3, 

by using the model introduced in chapter 2, we study the effect of methylation processes of 

cytosine bases on charge transport through a methylated DNA system. Using the obtained 

transmission coefficient, we present the effects of temperature, Lyapunov coefficient (𝛾), and 

localization length 𝜉(𝐸) on the methylated DNA model. In chapter 4, we study the DNA thermal 

conductance by investigating the behavior of the phonon transport and the effects of varying the 

force parameters between the DNA bases. Using equations of motion of DNA systems and solving 

the harmonic matrices of the systems including left and right reservoirs, we study thermal transport 

as a function of frequency for 1-D and 2-D DNA systems with different numbers of DNA bases. 

Using the Landauer’s formula, the electronic 𝑇(𝐸) and phononic 𝑇(𝜔) transmission coefficients, 

we further study thermoelectric properties and figure of merit (ZT) for our DNA systems.  Finally, 

in chapter 5, we conclude and summarize the results of our study and present possibilities for future 

research. 
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Chapter 2: Sequence-dependent Electron Transport through 20 

Base-pairs of a DNA Molecular 

2. 1. Introduction 

The building instructions of all living organisms are found in a molecule called DNA. DNA 

is divided into 23 pairs of chromosomes that are found in each of the trillions of cells in a human 

body. A DNA molecule is made up of long, paired strands of four chemical bases: adenine (A), 

thymine (T), cytosine (C), and guanine (G) arranged in different ways and in different lengths. 

Genes are specific segments of DNA; small differences in the sequence of the bases in human 

genes make each person unique.  

DNA sequencing plays an important role, especially in the medical field, and is used in 

research on and diagnosis of genetic diseases. For instance, next-generation sequencing (NGS) 

technology has been used to identify the mutation in the genes of patients with retinal dystrophies 

[20]. Chromosomal alterations in the circulation of cancer patients can be also detected using 

whole-genome sequencing [21]. DNA analysis leads to earlier diagnosis, the prognosis of disease 

recurrence, and even to monitor the patient’s response to therapy. 

In 1984, the idea of an international scientific research project, the Human Genome Project 

(HGP), emerged. The main goal of the project was to understand and read the three billion bases 

of human DNA, as well as to determine the sequence of nucleotide base-pairs that make up human 

DNA (A, T, G, and C). Such a project was an enormous task that required two decades to complete. 

Finally, in 2003, the scientists were able to publish the full sequence of human DNA [22]. 

However, interpreting the genes of the genome would require further study. 

One technique that has been used to read long stretches of DNA sequences is biological 

nanopore sequencing (NS). Reading the bases of molecular DNA was impeded by the fast 
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translocation speed of DNA, and by the recorded signal obtained having originated from several 

nucleotides, but theses hurdles have been overcome [23]. By guiding a single-stranded DNA 

molecule through NS, characterizing bacterial strains, and detecting genetic mutations can be 

accomplished [24]. 

Scientific research has focused on DNA charge transport in recent decades. Charge 

transport has been found to occur even over long distances, depending upon the structure and 

dynamics of the DNA assembly [25]. The coupling between DNA and a device also plays a 

significant role, because the effective coupling changes DNA behavior from an insulator to a 

superconductor [26]. Due to DNA’s unique capabilities, such as self-assembly [27] and the ability 

to synthesize DNA of any sequence [28], DNA is a valid candidate for molecular electronic 

devices. The use of molecules as an electronic component is a new direction that plays a significant 

role in scientific and engineering applications [29, 30]. An observation made in several studies 

motivated us to study sequence-specific electron conduction. A computational study conducted by 

Anantram and Jianqing shows the probabilities of hole transport through eight DNA base-pairs of 

GC and various numbers of AT [18]. As a result, the transmission decreases exponentially by 

adding AT to the sequence, as shown in Figure 2.1. 
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Figure 2.1. Transmission of only GC base-pairs (black curve). The transmission drops by increasing AT in 
the sequence [18]. 
 

In 2017, an experiment was conducted by Sharipov and Bakhtizin to study the electrical 

conductivity of DNA molecules. Using a scanning probe microscope, the current-voltage curves 

were measured in dark locations by scanning in tunneling-spectroscopy mode. They observed that 

the obtained current-voltage curves are most similar to the current-voltage curves of the 

semiconductor (see Figure 2.2) [31].  

 

Figure 2.2. Current-voltage curve of DNA molecules [31]. 
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In this chapter, we first present the model employed in this study. Then, by using the tight-

binding (TB) approach, we investigate the electron transport through two-dimensional, four-

channel DNA of twenty base-pairs sandwiched between two electrodes. We study four different 

DNA sequences: periodic sequence, barrier sequence, superlattice sequence, and Fibonacci 

sequence. Contour plots of the transmission and current-voltages (I-V) characteristics as a function 

of source-drain voltage are presented in this study. We observe variations of the resonant peaks in 

the transmission by changing the number of barriers (AT base-pairs) and wells (GC base-pairs) in 

the sequence. Finally, we investigate the effects of AT base-pairs positions in a periodic sequence 

of poly(G)–poly(C). 

 

2. 2. Theoretical model and calculations  

 The structure of DNA considered in this research is called the “chess” model, which is 

also known as 2-D four-channel tight-binding model. It consists of four conduction channels as 

shown in Figure 2.3. The upper and the lower channels are backbones. The two channels between 

the backbones are the conduction chains, which are connected between two semi-infinite 

electrodes and consist of		𝜋-orbital overlapping through the nearest-neighbor bases. Each base 

contains an ionization potential which acts as the source of energy, and these bases are then 

connected to the backbones by stacks of π-π interactions. each onsite energies are used as follows:  

G = 7.75 eV, C = 8.87 eV, A = 8.24 eV, and T = 9.14 eV [16]. 
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Figure 2.3. The “chess” model of  DNA for electron transport from the left electrode through the channels 
to the right electrode. The blue hexagonal shapes repersent the backbones. The red circles are DNA bases. 
The coupling between the base-pairs and the electrode are  𝑡#$, 𝑡#&, 𝑡'$  and	𝑡'&. The vertical coupling 
between each base-pairs are hydrogen bonds ℎ,	.	The horizontal coupling between the bases are 
𝑡$	and	𝑡&	.	The coupling between the backbone and the base-pairs is 𝑡..	The intra-backbone coupling is 𝐵.. 
The onside energies for the electrode and backbone are 𝑒1 and 𝑒., respectively.  
 

Tight-binding model (TB) is used to obtain the electron transmission through the base-

pairs. TB model is a useful method to calculate a single electron approximation to the Schrödinger 

equation. The wave function in the TB approximation can be expressed using the Schrödinger 

equation as: 

−∑𝑡d,e 𝜓e + 𝑒d𝜓d = 𝐸𝜓d.																																																														(2.1) 

The sum is for nearest-neighbors of 𝑛 (the circles and hexagons in Figure 2.3). The matrix 

elements, 𝑡d	,e are couplings between 𝑛 and 𝑚 sites with the potential of site 𝑛 (all nearest-

neighbors with their hopping amplitudes). E is the electron energy and 𝑒d is the onsite energy. The 

total Hamiltonian of the system can be writen as: 

                                        𝐻jkl = 𝐻#^.YX + 𝐻mno + 𝐻#^.YXpmno.                                              (2.2)                                              

The Hamiltonian is described by three parts: the DNA molecule, the leads (electrodes), and the 

hopping amplitude between the DNA bases and left (right) leads (electrodes).   
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The Hamiltonian for the leads is:                      

        𝐻#^.YX = 𝑒1q 𝑙,∗, 𝑙, − 𝑡1q (𝑙,∗𝑙,t$ + ℎ. 𝑐), .                                      (2.3)      

 The Hamiltonian for a DNA molecule is: 

𝐻mno = q (𝑒,𝑐,∗,,v 𝑐, + 𝑒v𝑑,∗𝑑, + 𝑒.𝑎,∗𝑎, + 𝑒.𝑏,∗𝑏,) −q (𝑡.𝑐,∗𝑎, + 𝑡.𝑑,∗𝑏, + ℎ,𝑐,∗𝑑 + ℎ. 𝑐. ), −

q (𝑡$𝑐,∗𝑐,t$ + 𝑡&, 𝑑,∗𝑑,t$ + 𝐵.𝑎,∗𝑎,t$ + 𝐵.𝑏,∗𝑏,t$ + ℎ. 𝑐. )                  (2.4) 

where  𝑐,∗(𝑐,)	, 𝑑,∗(𝑑,), 𝑎,∗(𝑎,) and  𝑏,∗(𝑏,) are the creation (annihilation) operators at i-th bases 

sides and the i-th upper and lower backbone sites. The 𝑒, and  𝑒v	are the onsite potential energies 

of the DNA bases. The DNA molecule is coupled to two semi-infinite metallic leads by the 

tunneling Hamiltonian 

                        𝐻#^.YXpmno = −𝑡#$𝑙1∗𝑐$ − 𝑡#&𝑙1∗𝑑$ − 𝑡'$𝑙$∗𝑐n − 𝑡'&𝑙$∗𝑑n + ℎ. 𝑐.,	                          (2.5)         

where ( ) are the hopping strengths between the left (right) lead and the end DNA bases, 

and  ( ) is the creation (annihilation) operator at the i-th site of the leads. 

 

Generally, the incoming and outgoing wave function can be described as:  

𝜓d = 𝑒,dz + 𝑟𝑒p,dz						(𝑛 ≤ 0) 

𝜓d = 𝑡𝑒,dz							(𝑛 ≥ 1) .                                                     (2.6) 

Here, 𝜃 = 𝑘𝑎, where 𝑎 is lattice constant, which is the distance between nearest-neighbors and 

𝑘 is the wave vector that is connected with the energy by the dispersion relation for the Bloch 

states, 𝐸 = −2	𝑡1 cos 𝑘𝑎 + 𝑒1	, r is the reflection amplitude, and t is the transmission amplitude. 

The Schrödinger equation of the TB model uses a total of 82 site wave functions which 

consist 2 lead sites, 40 sugar-phosphate backbones, and 40 bases including G, C, A, or T. By 

applying these wave functions into the TB Hamiltonian equation, an 82 x 82 matrix can be 

)2(1Lt )2(1Rt

†
il il
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obtained. By solving the matrix equation for the linearized TB Hamiltonian, we obtain the 

transmission amplitude as a function of the incoming energy, 𝑡(𝐸). Similarly, the transmission 

coefficient is obtained by squaring the transmission amplitude	𝑇 = |𝑡(𝐸)|&. 

 

2. 3. Periodic sequence of poly (G)–poly(C) 

Transmission probability is calculated for a periodic sequence of poly(G)–poly(C) base-

pairs. First, we calculate the transmission in the absence of the upper and the lower backbones (𝑡.	 

= 0 eV). The remaining parameters are fixed at	𝑡1	= 1 eV, 𝑡#$ = 𝑡#& = 	𝑡'$ = 	𝑡'& = 0.3 eV, 𝑡$ =

𝑡&	= 0.2 eV, ℎ,	= 0.3 eV (a hopping energy between G and C), ℎ, = 0.2 eV (a hopping energy 

between A and T), 𝐵.	= 0 eV, and  𝑒. = 8.5 eV. Figure 2.4(a) shows the transmission (T) as a 

function of electron energy (E) for different 𝑡.	values. When 𝑡.	= 0, two mini-bands appear near 

each onsite energy of both bases G = 7.75 eV and C = 8.87 eV. Since there is no charge 

transmission flow through the backbones, the two mini-bands are related to charge transport only 

through the two chains, poly(G) and poly(C) and each mini-band contains twenty peaks 

corresponding to the number of DNA base-pairs. We also note that the left mini-band that 

corresponds to base G shows a higher transmission than the right mini-band that corresponds to 

the base C. This indicates that the base with lower onsite energy makes higher electron transport 

through DNA molecules. 

 Figure 2.4(b) presents a contour plot of electron transmission through a periodic GC 

sequence with open couplings between the base-pairs and the backbones	(𝑡.	). As the value of 

𝑡.		increases, we can clearly see two more mini-bands appearing between the previous mini-bands, 

which indicates electrical transmission through the entire system (four chains): poly(G), poly(C), 

upper backbone, and lower backbone. This finding coincides with results of a study by Macia and 
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Roche, in which the backbone-induced charge transport in the synthetic DNA molecules is 

enhanced [32]. 

 

 

Figure 2.4. (a) Transmission plots and (b) a contour plot of electron transmission through GC sequence 
with varying 𝑡.	and a fixed 𝐵.	value at 0.0 eV. 
 

To examine the transmission through a system including intra-backbone coupling, we fix 

𝑡.	at 0.4 eV and increase the value of  𝐵.	 (Figure 2.5(a)). We note that the four mini-bands (when 

𝐵.	= 0.0 eV) merge as the value of 𝐵.	becomes larger (𝐵.	= 0.1 eV and 0.5 eV). By 

opining	𝐵.	couplings, we basically allow the charge to flow through the entire system, including 

horizontal coupling between the backbones. We also note the behavior of the transmission zeros 

and poles, called Fano resonances, arises when 𝐵.	is fixed at 0.5 eV from E = 7 eV to E = 8 eV. A 

Fano resonance appears as a line-shape due to interference between the two scattering amplitudes. 

One is due to scattering within a continuum of states, and the other is due to the localized quasi-

bound states of the quantum dot [33]. 
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Figure 2.5. (a) Transmission plots and (b) a contour plot of the electron transmission through GC sequence 
with 𝑡.	fixed at 0.4 and varying values of 𝐵.. 
 

2. 4. Barrier sequence 

As mentioned above, each one of the four-nucleotide base has different onsite energies, as 

follows: G = 7.75 eV, C = 8.87 eV, A = 8.24 eV, and T = 9.14 eV. For this study, we consider a 

barrier sequence of DNA based on the values of the onsite energies of DNA bases. Because the 

average of the onsite energies of AT base-pairs (8.69 eV) is greater than the average of GC base-

pairs onsite energies (8.31eV), we assume that AT base-pairs form a barrier in the middle of the 

GC sequence, as shown in Figure 2.6. As we increase the number of AT base-pairs, the barrier 

becomes wider, leading to decrease a probability of electron transmission through the system. 
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Figure 2.6. AT base-pair forms a barrier in the middle of GC base-pairs sequence. The barrier becomes 
wider by increasing the number of AT base-pairs. 
 

First, we consider electron transport through twenty same GC base-pairs sequence without 

considering the backbones (a previous transmission result from the periodic sequence, shown again 

in Fig 2.7(a)), in order to examine the effects of adding AT base-pairs in the sequence. By plotting 

the transmission as a function of electron energy, we find in Fig 2.7(b) that the transmission 

magnitude of two mini-bands with one AT base-pairs in the middle of the GC sequence drops to 

roughly 0.4 and 0.8 respectively. The transmission in the first mini-band decreases even more with 

two AT bases-pairs in the sequence. With N number of ATs, however, we see in Figure 2.7(d) and 

(e) that the transmission starts to recover gradually, where we plotted for 15 AT base-pairs and 19 

AT base-pairs sequences, respectively. We notice here that N number of ATs is greater than a half 

of total number of DNA bases. 

Finally, for all AT sequence, the transmission is enhanced and two mini-bands are 

increased again and reach to one in Figure 2.7(f). Notice that the two mini-bands are now 

associated with the ionization potential of the bases A and T, respectively. In general, higher 
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transmission can be obtained when the DNA sequence includes only one type of base-pairs such 

as only GC or AT base-pairs shown in Figure 2.7(a) and (f), respectively. 

 

Figure 2.7. (a) Transmission plot for all GC sequence. The number of AT bases-pairs is increased as 
follows: (b) one AT, (c) two AT, (d) fifteen AT, (e) nineteen AT, and (f) twenty AT. 

 

To investigate further the transmission behavior of the barrier sequence, we focus mainly 

on the first mini-band of our previous transmission results by graphing log plots for the 

transmission. In Figure 2.8(a), the blue line indicates only the GC base-pairs sequence. Then, by 

adding one and two AT base-pairs, the transmission decreases (green and red lines, respectively). 

However, when the number of AT base-pairs is greater than the number of GC base-pairs in the 

sequence, the transmission starts to increase again. For example, the transmission for fifteen AT 

base-pairs with five GC base-pairs (blue line), nineteen AT sequence with one GC base-pair (green 

line), and all AT base-pairs (red lines) in the sequence are shown in Figure 2.8(b). 
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Figure 2.8. (a) Log plot of electron transmission versus energy for poly(G)–poly(C) (blue line), GC 
sequence with one AT base-pair (green line), and GC sequence with two AT base-pairs (red line). (b) Log 
plot for fifteen AT sequence with 5 GC base-pairs (blue line), nineteen AT sequence with one GC base-
pair (green line), and poly(A)–poly(T) base-pairs (red line). 

 

The I-V characteristics could be acquired through the use of the Landauer-Buttiker formula 

[34, 35]:  

𝐼 = &^
C ∫ [𝑓#	(𝐸) − 𝑓'	(𝐸)]𝑇(𝐸)𝑑𝐸

�
p� .          (2.7) 

Here, the Fermi-Dirac distribution 𝑓#	(')(𝐸) can be written as 𝑓#	(')(𝐸) =
$

^�[����(�)]		t$
, in which 

𝛽 = 1/𝑘V𝑇 . Here 𝑘V is the Boltzmann constant, and the electrochemical potential of both left and 

right leads,	𝜇#	('), depends on the applied bias voltage. We choose 𝜇# = 	𝐸Z + (1 − 𝜂)𝑒𝑉XY and 

𝜇' = 𝐸Z − 𝜂𝑒𝑉XY, where 𝑉XY indicates the applied source-drain voltage, 𝐸Z represents the 

equilibrium Fermi energy, and 𝜂 signifies the parameter that explains the probable leads’ 

asymmetry contact. Note that the value of the Fermi energy (𝐸Z) directly affects the structural 

appearance of I-V characteristics because the Fermi energy plays a crucial role in the process of 

conductivity. 
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Figure 2.9. Current as a function of the source-drain applied voltage for different sequences. The Fermi 
level energy is fixed at 6.3 eV, and the temperature is fixed at 300 K. (a) I-V curve for twenty-GC sequence 
(black line), GC with one-AT (blue line), and for GC with two-AT (red line). (b) I-V curve for five-GC 
with fifteen-AT (black line), one-GC with nineteen-AT (blue line), and 20-AT (red line). 

 

Based on the assumption of using DNA molecules as a component to create devices [36], 

we investigate the I-V characteristics because it is used mainly to define the operation of an 

electrical circuit. The relationship between the current flowing through an electronic device and 

the applied voltage across its terminals can be shown by plotting I-V characteristic curves. Using 

Eq. (2.7), we plot the current as a function of source-drain applied voltage for periodic GC base-

pairs sequence and the barrier sequence in Figure 2.9. The Fermi energy (𝐸Z) and lead asymmetry 

contact parameter (𝜂) are fixed at 𝐸Z = 6.3 eV and 𝜂 = 0.5. As expected from our previous 

transmission results, we obtain the highest current in the I-V curve when the sequence consists of 

only poly(G)–poly(C) (black line) in Figure 2.9(a). Then, the current starts to drop by adding one 

and two AT base-pairs (blue and red lines, respectively). However, when the system consists of a 

large number of AT base-pairs, the current is enhanced by adding AT base-pairs as shown in Figure 

2.9(b). We note here that the gaps, indicating semiconductor behavior [37], in the GC base-pair 

sequences in Figure 2.9(a), are smaller than those in the AT base-pairs sequence in Figure 2.9(b). 

This clearly indicates that GC base-pair sequence has a higher conductivity than AT base-pairs 
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sequence. This result agrees with an experiment performed by Lintao et al. assessing the 

conductivity of both poly(G)–poly(C) and poly(A)–poly(T) [38]. 

 

2. 5. Superlattice structure 

The superlattice structure of DNA is basically a periodic sequence of GC and AT base-

pairs. Due to the ionization potential energy of the bases, we consider AT base-pairs as a barrier 

and GC base-pairs as a well for electron transport as shown in Figure 2.10.  

 

 

Figure 2.10. Superlattice sequence of DNA base-pairs consisting of ten-GC bases-pairs (barriers) with ten-
AT base-pairs (wells). 

 

We investigate the electron transmission through a sequence containing equal numbers of 

GC and AT base-pairs in Figure 2.11. When we ignore the backbone effects (𝑡.	= 0.0 eV), four 

mini-bands appear close to the value of the onsite energies of each one of the four DNA bases, G, 

C, A, and T. However, when 𝑡. =	0.5 eV, the number of mini-bands increases because the electron 

transmission now takes place through the four channels instead of only two channels. The contour 

plot shows clearly the behavior of electron transmission when the value of 𝑡. increases. The 
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number of mini-bands doubles gradually from four to eight, and the gap between two groups of 

four mini-bands is distinctive as the value of 𝑡.	increases. 

 

Figure 2.11. (a) Transmission for superlattice sequence of DNA (GC-AT-GC-AT….) with fixed value of 
𝑡. at 0.00 eV, 0.1 eV, and 0.5 eV. (b) A contour plot showing the behavior of the transmission as the value 
of 𝑡. increases. 

 

In quantum-well and superlattice structures, resonant tunneling has received more attention 

due to its importance in new functional device applications [39]. Resonant tunneling occurs when 

barriers are separated by small distances forming potential wells as shown in Figure 2.10. Here, 

we investigate the electron transmission behavior through arbitrary numbers of potential barriers 

to examine the effects of the number of barriers on the electron transmission. First, we consider a 

structure containing double wells trapped between three barriers as follows: GC-GC-GC-GC-GC-

GC-GC-AT-GC-AT-GC-AT-GC-GC-GC-GC-GC-GC-GC-GC. The transmission in the system 

shows two resonance peaks in the first mini-band in Figure 2.12(a), indicating the double wells in 

the sequence. We then increase the number of barriers as follows: GC-GC-GC-GC-GC-AT-GC-

AT-GC-AT-GC-AT-GC-AT-GC-GC-GC-GC-GC-GC. In Figure 2.12(b), we obtain four 
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resonance peaks in the first mini-band. We conclude that the number of resonance peaks in the 

first mini-band corresponds to the number of wells trapped between the barriers. Moreover, when 

increasing the width of the wells as GC-GC-GC-GC-GC-GC-AT-GC-GC-AT-GC-GC-AT-GC-

GC-GC-GC-GC-GC-GC, we find that four mini-bands appear in the transmission and the barrier 

AT between the two wells shows up as a gap in Figure 2.12(c). 

 
Figure 2.12. Electron transmission as a function of energy for a system (a) GC-GC-GC-GC-GC-GC-GC-
AT-GC-AT-GC-AT-GC-GC-GC-GC-GC-GC-GC-GC, (b) GC-GC-GC-GC-GC-AT-GC-AT-GC-AT-GC-
AT-GC-AT-GC-GC-GC-GC-GC-GC, and (c) GC-GC-GC-GC-GC-GC-AT-GC-GC-AT-GC-GC-AT-GC-
GC-GC-GC-GC-GC-GC. 

 

We compare the electron transmission between a barrier structure and a superlattice 

structure in Figure 2.13 in order to investigate more closely the effects of both a wide barrier and 

a multiple narrow barriers of DNA sequences. Despite each sequence having the same number of 

AT and GC base-pairs (50% GC and 50% AT for each sequence), we obtain different electron 

transmission because of the different locations of GC and AT bases. In Figure 2.13(b), the 
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transmission diminishes due to a wide AT barrier in the middle of the sequence which obstructs 

the electron’s movement. For a superlattice structure, however, the transmission in Figure 2.13(a), 

is much higher, unlike a large barrier reducing the transmission. Figure 2.13(c) shows the average 

transmission of both cases: a superlattice structure (blue line) and a barrier structure (red line). 

 

Figure 2.13. Electron transmission for (a) a superlattice structure: GC-AT-GC-AT-GC-AT-GC-AT-GC-
AT-GC-AT-GC-AT-GC-AT-GC-AT-GC-AT, and (b) a barrier structure: GC-GC-GC-GC-GC-AT-AT-
AT-AT-AT-AT-AT-AT-AT-AT-GC-GC-GC-GC-GC. (c) Average transmission for both cases (a) and (b). 
Both sequences contain 10 GC base-pairs and 10 AT base-pairs. 

 

2. 6. Fibonacci and random sequences 

  After observing various patterns found in the natural world, the Fibonacci sequence was 

developed in 1202 by the Italian mathematician, Leonardo Pisano, whose nickname was Fibonacci. 

He noticed the pattern that forms Fibonacci numbers appears in nature often enough to be 

noteworthy, such as the number of rabbits produced from a single rabbit, seed heads, fruits and 
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vegetables. The Fibonacci numbers are a sequence of 0, 1, 1, 2, 3, 5, 8, 13, 21, 34, 55 and so on, 

to infinity. Each consecutive number is the sum of the previous two numbers. Starting from a 

single GC base-pair and following the inflation rule, we form a Fibonacci sequence. Thus, each 

subsequent base is the sum of the previous two shown in Figure 2.14. The obtained sequence 

consists of 60% GC and 40% AT. 

 

Figure 2.14. Schematic illustration of Fibonacci sequence of a DNA molecule. 

 

We present the electron transmission through Fibonacci sequence of DNA molecules in 

Figure 2.15(a). The magnitude of the transmission is reduced, and width of the mini-bands in the 

transmission is narrower than those for the periodic GC sequence (see Figure 2.4.) because the 

Fibonacci sequence is disordered. Furthermore, we plot the transmission as a function of energy 

for a more disordered system, called a random sequence with 65% GC and 35% AT: GC-AT-GC-

AT-GC-GC-GC-AT-GC-AT-AT-GC-GC-AT-GC-GC-GC-AT-GC-GC. The transmission 

diminishes even more than the Fibonacci sequence as seen in Figure 2.15(b), despite the inclusion 
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of a lower precentage of AT bases in the random sequence. This leads us to conclude that the 

transmission deceases as the system is more disordered, regardless of the number of AT bases. 

 

 
 

Figure 2.15. Transmission for (a) Fibonacci sequence: GC-AT-GC-GC-AT-GC-AT-GC-GC-AT-GC-GC-
AT-GC-AT-GC-GC-AT-GC-AT, and (b) a random sequence: GC-AT-GC-AT-GC-GC-GC-AT-GC-AT-
AT-GC-GC-AT-GC-GC-GC-AT-GC-GC. 

 

2. 7. Varying the positions of AT base-pairs in a periodic GC sequence 

As we observed earlier in the barrier structure, including AT base-pairs in a periodic 

sequence of GC base-pairs drops the magnitude of transmission from 1.0 to an average of 0.55. 

Now, we study the effects of replacing one GC base-pair with AT base-pair in different positions 

of a periodic GC sequence to see how the position of AT base-pair affects the transmission. We 

plot the transmission for 19 GC base-pairs with one AT base-pair in the middle, the beginning, 

and the end of the sequence. When AT bases-pair is placed at the beginning or at the end of the 

sequence, the transmission of these two DNA sequences are exactly identical as shown in Figure 

2.16(a). In other words, when two DNA sequences have a mirror-symmetry pattern, the results of 

the transmission are the same. However, if the AT is placed in the middle of the sequence, we 

obtain a different transmission coefficient (see a middle curve in Figure 2.16(a)). We also find that 
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the average transmission for a sequence having one AT in the middle is slightly higher than that 

for a sequence having one AT at the beginning or the end of the chain (Figure 2.16(b)). 

 

 
 
Figure 2.16. (a) Transmission for 19 GC base-pairs with one AT at the beginning, the middle, and the end 
of the sequence, respectively, from top to bottom. (b) Average transmission for one AT in the middle (red 
line) and one AT at the beginning or the end of the sequence (gray line). 
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Chapter 3: Role of Cytosine Methylation on Electron Transport 

through 2-D 20 Base-pairs of a DNA Molecule 

3. 1. Introduction 

Cytosine methylation has been found to play a significant role in the generation of genetic 

mutations. In human DNA, 5-methylcytosine (5-mC) occurs in roughly 1.5% of genomic DNA 

[40]. A number of human genetic diseases such as cancer arises from somatic DNA changes [41]. 

Cytosine methylation is an epigenetic mechanism that refers to the replacement of the hydrogen 

atom by a methyl group that is added to the pyrimidine ring at the 5′-carbon, resulting in the 

formulation of 5-mC, also known as the fifth base, as shown in Figure 3.1. This replacement leads 

to the modification of the gene expression of a DNA segment as well as the function of the genes, 

such as X-chromosome inactivation, gene imprinting [42, 43], and some DNA somatic mutations 

[44]. The methylation reaction is carried out by a family of enzymes called DNA 

methyltransferases (DNMTs) [45]. 

 

 

Figure 3.1. Structure of a native cytosine base (left) and a 5′-methylcytosine base (right). The hydrogen 
atom at the 5′ position is substituted by a methyl group. 
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For some common disease diagnoses and drug designs, it is important to identify the 

methylated DNA. Observing DNA methylation patterns and hypermethylated promoter regions in 

genes provides biomarkers for early cancer diagnostics as well as treatment responses [46]. The 

major detection techniques that have been used recently are called PCR-based methods, which rely 

on polymerase chain reactions (PCR). Breitling et al. contended that the epigenetic variation in the 

genome is important to the treatment of multifactorial diseases and DNA methylation accounts for 

the identification of missing heritability that is not identified through sequence variation [47]. 

However, it is achieved through the methylation with the complicated phenotypes which was a 

difficult target to achieve. DNA methylation was used as a mechanism to mediate the effects of 

tobacco smoking, as it is associated with cancer-causing generation through differential 

methylation. 

 Electron transport through methylated DNA has been carried out through various 

experiments and methods. One of these experiments included the electrical detection of cytosine 

methylated DNA through the induction of currents with the help of auxiliary (Au) electrodes. 

Tsutsui et al. studied electrical conductivity through DNA with sequences of 3′-mCGmCG-5′ and 

3′-GGGG-5′. Unlike most experiments, the measurements of electrical flow were performed 

perpendicularly to a DNA molecule rather than along a DNA molecule [48]. They reported that 

the methylation of cytosine contributes to improve the DNA’s electrical conductance. However, 

Hihath et al. reported different results when measuring the conductance of a DNA duplex before 

and after the methylation of cytosine bases [49]. Their results showed that methylated DNA causes 

a lower conductance in comparison with native DNA, even though the methylated DNA is more 

stable and has a lower energy gap. This disagreement between Tsutsui et al.’s and Hihath et al.’s 

results could be feasible because they used different methods to measure DNA’s conductivity. 

Charge transport in Tsutsui et al.’s work was measured perpendicular to the axis of the base-pairs, 
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as the electrodes were transverse to the DNA molecule. This method makes electron transmission 

more sensitive to the methylation. Regardless of their disagreements, both of these studies 

confirmed that DNA methylation has an obvious impact on the charge transport properties of 

DNA. 

In this chapter, by using tight-binding (TB) method and Landauer-Büttiker approach which 

are discussed in Chapter 2, we study the effects of cytosine methylation by examining the electron 

transmission and current through 20 base-pairs of methylated double-stranded DNA. We first 

incorporate the effects of the cytosine methylation process in TB parameters, including the onsite 

energies of methylated cytosine itself, hydrogen bonds, and the intra- and inter-hopping integrals. 

We also show the variation of transmission under different contact coupling energies between the 

methylated cytosine and the leads. By applying temperature-dependent hopping strengths, we 

further investigate the effects of temperature on methylated DNA. Finally, we plot the Lyapunov 

coefficient and localization length at different temperatures in our methylated DNA model. 
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3. 2. Electron transport through native and methylated DNA strands 

 
Figure 3.2. A methylated DNA structure, GCm sequence. Native cytosine bases are replaced by methylated 
cytosine. The onsite energies of methylated cytosine bases (Cm), hydrogen bonds (ℎ,), intra-chains of the 
nearest neighboring (𝑡&), and coupling between the backbone and the base-pairs (𝑡.)	are changed in the 
methylated DNA system.  

  

Although the methyl group is a small chemical modification that has a van der Waals radius 

of only 2Å [50], it provides a significant change in a DNA strand. Figure 3.2 presents a methylated 

DNA structure contains of 20 GCm base-pairs. It has been found that the hydrogen bonding for a 

methylated base-pair is 23 meV higher than that for a native cytosine base-pair, and the onsite 

energies of the methylated cytosine bases are 200 meV stronger than those of native cytosine. 

Moreover, the intra-strand hopping integrals between methylated cytosine bases are 15 meV higher 

than those of native DNA. Therefore, when interacting with water molecules, methylated DNA is 

more rigid and much steadier compared to a native DNA strand [51]. In this section, we calculate 

the transmission coefficient as a function of electron energy for DNA molecules with both a native 

cytosine and a methylated cytosine. We expect that the electron transmission coefficient is affected 

by the methylation process because the methylated cytosine parameters are changed.  



 

 

32 

 

Figure 3.3. Transmission coefficient vs. electron energy of poly(G)–poly(C) (left) and log plot of the 
transmission (right). (b) Transmission coefficient of ploy(G)–poly(Cm) (left) and log plot of the 
transmission (right). The transmission decreases slightly in the methylated DNA system between 8.4 eV 
and 8.6 eV. 

 

Figure 3.3(a) presents the transmission coefficient and log plot for a periodic sequence of 

regular GC base-pairs. The TB parameters are fixed at 𝑡.= 0.1 eV,	𝑡1= 1 eV, 𝑡#$ = 𝑡#& = 	𝑡'$ =

	𝑡'& = 0.3 eV, 𝑡$ = 𝑡&	 = 0.2 eV, ℎ,	= 0.3 eV, 𝐵.	= 0.001 eV, and  𝑒. = 8.5 eV. Figure 3.3(b) shows 

the transmission coefficient and log plot for a periodic methylated DNA sequence (GCm). We 

notice that the first miniband (7.2–8.1 eV), which corresponds to the G bases, remains the same in 

both plots. This is because the process of converting hydrogen bonds into methyl groups does not 

affect guanines’ onsite energies, unlike cytosines’ onsite energies. However, the second miniband 

in the methylated cytosine case is shifted slightly to the right about 0.2 eV higher. This can be 

explained that the onsite energy of a methylated cytosine is approximately 0.2 eV larger than a 
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native cytosine [51]. In addition, the second miniband in the transmission shows up as a clear 

combination of both a backbone effect (8.3eV <E< 8.7 eV) and a methylated cytosine effect (8.7eV 

<E< 9.6 eV). In the meantime, the backbone and the cytosine effects are overlapped in some energy 

ranges of the second miniband in the native cytosine case. 

We further plot the average transmission and current-voltage curve for both the native and 

methylated DNA strands. Figure 3.4(a) shows that the average transmission in the native cytosine 

bases (red curve) slightly higher than that of methylated cytosine bases (blue curve).  This clearly 

indicates that including methylated cytosine bases in a DNA strand reduces the transmission 

coefficient in that system. The I-V curves at Fermi energy 𝐸Z = 6.3 eV are plotted in Figure 3.4(b) 

for both the native (red curve) and methylated (blue curve) DNA strands. The current at low 

applied voltage, 𝑉XY < 3	Volts, remains the same for both cases. However, the current in the native 

cytosine bases is higher than that of methylated cytosine at 𝑉XY > 3	Volts. We conclude that the 

native DNA strand achieves higher electrical conductance than the methylated cytosine one. This 

study suggests that DNA methylation has a clear effect in reducing the charge transport through 

DNA molecules. 

 

Figure 3.4. (a) Average transmission coefficients and (b) current as a function of the source-drain applied 
voltage for the GC sequence (red line) and the GCm sequence (blue line). 
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3. 3. Effects of contact coupling between DNA bases and the electrodes 

The effects of contact between the molecule and electrodes deserve special attention 

because the process of electron transfer measurements requires connecting DNA molecules to 

electrodes. Experimentally, connecting DNA molecules with electrodes is achieved by laying the 

molecules directly on two electrodes. An electrical measurement was done by connecting the 

electrodes to the DNA sugar group in aqueous buffer solutions to maintain the native conformation 

of the molecule [52]. Another experiment measured the electron transport in a single DNA 

molecule bridged to two electrodes by highlighting the coherent and incoherent transport through 

different distances [53]. Furthermore, Kathia et al. applied a new approach to measure the current 

flowing through isolated double-stranded DNA. Instead of attaching the DNA molecule to two 

electrodes, they attached fullerene groups C61 to the ends of a DNA strand placed on top of a gold 

surface [54]. They reported that DNA-C61 molecules can be used in high-conductance nanowire 

materials because they can transport charge efficiently and even across long distances. 

Our theoretical work is based on the assumption that two semi-infinite electrodes enclose 

20 base-pairs of a DNA molecule. In this study, we particularly focus on the effects of the contact 

coupling variation on electrical transport by considering symmetrical and asymmetrical coupling 

strengths between the base-pairs and the electrodes. Therefore, the variable factors of symmetrical 

and asymmetrical cases are the values of the contact couplings. Figure 3.5(a) presents a contour 

plot of transmission as a function of the electron energy and the same left and right coupling 

strengths (𝑡#$,#& = 𝑡'$,'&). In a weak coupling system (𝑡#$,#& = 𝑡'$,'& = 	0.2), the electron 

tunneling between the leads and DNA bases decreases, as depicted by sharp and narrow resonances 

in the contour plot. In a stronger coupling system (𝑡#= 𝑡' increases), however, the probability of 

the electron tunneling increases. 
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Figure 3.5. (a) A contour plot as a function of electron energy and left and right coupling energies. (b) 
Transmission coefficient for fixed coupling energies 𝑡#$,#& = 𝑡'$,'& = 0.2 eV. (c) Contour plot with fixed 
guanines coupling energies at 0.2 eV and varied cytosines coupling energies; and (d) guanine and cytosine 
coupling energies are fixed at 0.2 eV and 0.3 eV, respectively. 

 

In order to examine the impact of increasing methylated cytosine couplings on electron 

tunneling, we also consider asymmetric couplings for the DNA structure by varying the left 

(incoming) and right (outgoing) coupling strengths that are only connected to the methylated 

cytosine bases (𝑡#&	and	𝑡'&). Figure 3.5(c) and (d) shows a contour plot and transmission coefficient 

plot with fixed guanines coupling strength and varying methylated cytosine coupling strength. We 

note that as the coupling strength between the cytosine bases and the leads increases, the electron 

transmission also increases as shown in Figure 3.5(d). 
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3. 4. Temperature effects on electron transport through methylated DNA  

It is worth noting that environmental changes, such as temperature, play an important role 

in DNA properties. It has been found that increasing temperature enhances DNA flexibility and 

causes bends in the double-stranded DNA chain [55]. However, the flexibility and bending 

modulus of DNA molecules remain stable below melting temperature [56]. Motivated by the idea 

of temperature affecting DNA conformation properties, we investigate charge transport though our 

methylation DNA model under varying temperatures. Varying temperature creates disorder and 

fluctuations in the DNA structure. The 20 base-pairs, which show a structural disorder due to the 

thermal fluctuations, of the 2-D four-channel methylated DNA are depicted in Figure 3.6.  

 

Figure 3.6. A methylated DNA structure with thermal fluctuations on the hopping integrals 
𝑡$,&, 𝑡., ℎ,, 𝑎𝑛𝑑	𝐵.. The structure is randomly disordered as a result of the variation of temperature. 

 

We investigate electron transport behavior with the application of temperature-dependent 

hopping strengths in the system. In other words, we apply varying temperatures in the hopping 

integrals in terms of twist-angle fluctuations. The average twist angles	< 𝜃�,�t$ >	= 0, where 

𝜃,,,t$ is a relative twist angle deviated from its equilibrium value between 𝑖 and 𝑖+1. We consider 
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the equipartition theorem, < 𝜃,,,t$& >	= ��j
���

, where ��
�

��
= 250	𝐾, 𝑇 is temperature, 𝐼 is the reduced 

moment of inertia for relative rotation of the two adjacent bases, and 𝛺 is the oscillator frequency 

of the mode [57-60]. Based on this theorem, we multiplied the temperature dependent hopping 

integrals 	𝑡$, 𝑡&	, 𝑡.	, ℎ,, and 𝐵.	by  𝑐𝑜𝑠	𝜃,,,t$, where 𝑐𝑜𝑠	𝜃,,,t$ ≅ 1 − z�

&
≅ 1 − ��j

&���
× 𝑋, ( 𝑋, is a 

random fluctuation factor). The final hopping integral can be written: 

𝑡$,& → 𝑡$,& ¤1 − ¥
𝑘V𝑇
2𝐼𝛺&¦ × 𝑋,§	 

𝑡. → 𝑡. ¤1 − ¥
𝑘V𝑇
2𝐼𝛺&¦ × 𝑋,§ 

ℎ, → ℎ, ¤1 − ¥
𝑘V𝑇
2𝐼𝛺&¦ × 𝑋,§ 

𝐵. → 𝐵. ¤1 − ¥
𝑘V𝑇
2𝐼𝛺&¦ × 𝑋,§ 
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Figure 3.7. (a) Electron transmission coefficient vs electron energy for two different temperatures. (b) 
Lyapunov coefficient, (c) localization length, and (d) average transmission coefficient as a function of 
electron energy for T = 0 K and 300 K. 
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Figure 3.7(a) presents the transmission as a function of energy for temperature at 0 K (blue 

line) and 300 K (red line), with random fluctuation factors 𝑋,= -0.2, 0.5, -0.7, 0.2, 0.3, 0.7, -0.5, 

0.4, 0.1, -0.3. The other parameters are fixed as before. We clearly notice that as the temperature 

increases from 0 K to 300 K, the mini-bands are separated and deformed due to the thermal 

fluctuations which change temperature dependent hopping integrals. Using the transmission 

coefficient, we also calculate the Lyapunov coefficient, 𝛾 = − ln [j(©)]
&n

, where N is the number of 

the DNA base-pairs, and the localization length 𝜉(𝐸) = [𝛾]p$, which is inversely related to the 

Lyapunov coefficient [61, 62]. The behavior of the localization length clearly indicates that 

thermal fluctuation destroys the system and thereby reduces the electron transport through that 

system. Finally, in Figure 3.7(d), we plot the average electron transmission as a function of electron 

energy for T= 0 K and 300 K to observe the behavior of the electron conductance. As a result of 

the thermal fluctuations, the probability of the average electron transmission through the 

methylated DNA molecule decreases about 14% at T= 300 K. 
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Chapter 4: Thermal Conductance and Thermoelectric Properties of 

a DNA Molecule 

4.1. Introduction 

As today’s research shifts from microscale to nanoscale, thermal transport has attracted 

great attention from nanoscience researchers, and it is known as a crucial issue in the modern 

energy science. Nanostructures present distinct electronic and thermal properties in comparison 

with macroscopic materials. For instance, reducing the size of devices presents a significant 

increase in integration degree in integrated circuits, necessitating efficient thermal management 

[63]. Understanding thermal management including heat flow, heat dissipation, and heat energy 

conversion, stands as a vital theme in the design of nanodevices. Its significance remains apparent 

in the most recent thermal management breakthroughs, such as phonon triode, topological effects 

of phonon, and phonon diode. It has also paved the way for the subsequent development of 

molecular beam epitaxy (MBE) and chemical vapor deposition (CVD), which greatly aid in 

comprehending the phonon propagation in nanodevices [64]. 

Since most studies center on the electronic properties, the nanoscale thermal properties 

remain largely unexplored; the weaknesses of experimental substantiation have restricted 

theoretical research from advancing [65]. To name a few examples, one experimental study 

involved a DNA–gold composite that demonstrated a thermal conductivity of 150 W/m·K. 

According to Savin et al., such measurement could be relatively comparable to that of a pure gold’s 

thermal conductivity of 317 W/m·K when exposed to a temperature of 300 K [66]. Other 

researchers have utilized computer simulations to generate more valuable insights into nanoscale 

structures. Through these insights, researchers have expanded the application of Fourier’s Law to 

anomalous heat transport [67,68]. 
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Aside from the experimental studies, several theoretical models and methods, such as 

molecular dynamics (MD) [69,70,71], lattice dynamics (LD) [72], and the non-equilibrium 

Green’s function (NEGF) [71,73,74], appear to measure thermal conductivity in nanomaterials. 

Other theoretical models employ the Peyrard–Bishop–Dauxois (PBD) model in a double-helix 

DNA strand bridged between two heat reservoirs, as shown in Figure 4.1, providing a thermal 

conductivity of 1.8×10−3 W/m·K. In addition, three-dimensional (3-D) coarse-grained modeling 

concerning double-stranded poly(G)–poly(C) DNA molecules presented a thermal conductivity of 

less than 0.3 W/m·K. These theoretical models prove that DNA acts as a poor heat conductor with 

low thermal conductivity [66,75].  

 

Figure 4.1. Schematic presenting a double-helix DNA molecule connected between two heat reservoirs at 
different temperatures. The heat current flows from the hot (left) reservoir to the cold (right) one [75]. 

 

Although relatively fewer studies have been performed on DNA’s thermal properties, the 

understanding of this topic remains crucial in managing the heat flow, heat energy conversion, and 

heat dissipation present in nanostructures. Moreover, comprehensive knowledge of thermal 

fluctuations describes an essential part in the formation of a transcription bubble, a molecular 
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structure formed during DNA transcription when a limited portion of the DNA double strand is 

unwound. When exposed to a high temperature level, double-helix structure DNA undergoes a 

denaturation process, where the DNA breaks into two single strands, also known as the random 

coil, and interaction between base-pairs begins. Such interaction and its subsequent effect on other 

molecules have motivated researchers to explore and understand the details of thermal fluctuations 

[75,76]. 

It remains apparent that different models and simulation approaches present varying 

depiction of DNA’s thermal conduction properties during denaturation. While the PBD model 

visualizes an increase in thermal conductivity, other nonlinear models predict otherwise [77]. This 

raises the need to further study thermal transport through DNA to paint a clearer picture of the 

actual thermal mechanism.  

Because thermal transport generally involves the contributions of phonon transmission, we 

first calculate the probability of phonon transport through DNA base-pairs. Using the TB method 

and phonon Hamiltonian approach, we study the phonon coefficient  𝑇BC as a function of frequency 

(𝜔) for 1-D and 2-D DNA models. To understand the effects of TB parameters on thermal 

conductivity, we plot the phonon transmission coefficient under the variation of central and non-

central restoring force constants, hydrogen bonds, and contact couplings. We then study the 

thermal current and conductance of the DNA double-helix at temperature T using phonon 

transmission function and the Landauer formula. Finally, Seebeck (𝑆) and figure of merit (𝑍𝑇) 

versus chemical potential (𝜇) are plotted for our DNA model using both phonon and electron 

conductance functions. 
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4.2. Phonon transport theory and calculation method 

4.2.1. Single-stranded DNA model 

In this section, we present the theoretical formalism to determine the transmission 

coefficient for phonons. We consider that a 1-D harmonic chain includes N number of DNA bases 

bridged between two semi-infinite heat reservoirs, as shown in Figure 4.2. The DNA bases have a 

mass m= = (mG + mC + mA + mT) / 4 ≈ 2.96 × 10−25 kg, which is the average mass of the four types 

of nucleobases, guanine (G), cytosine (C), adenine (A), and thymine (T). The coupling between 

nearest-neighbor bases is 𝛼 (called central force constant), and the couplings between the DNA 

bases and left and right contacts are Γ? and Γ<, respectively. Finally, m< and 𝛼< are the mass and 

coupling related to the reservoirs, respectively. 

 
Figure 4.2. Schematic of a 1-D DNA bases chain attached to two semi-infinite contacts (reservoirs). The 
mass of the reservoir is 𝑚', and the mass of the DNA bases is 𝑚«. Γ? and Γ< denote the spring constant for 
connection between DNA bases and left and right contacts, respectively; 𝛼 denotes the spring constant for 
connection between DNA nearest-neighbor bases, while 𝛼'	denotes the spring constant for connection 
between contact bases. 

 

The phonon Hamiltonian of the system is expressed as [78] 

																																														𝐻	BCY =
1
2¬�̇�	,Y	�̇�	,Y +

1
2

,

¬ 𝑢	,Y	𝛼	,vY 	𝑢	vY	
|,pv|¯1,$

,																																									(4.1) 
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where 𝑢	,Y is the mass-renormalized atom displacement and �̇�	,Y is the momentum operator. 𝛼	,,Y =

2𝛼	1Y/ 𝑚	,
Y and 𝛼	,vY = −𝛼	1Y/±𝑚	,

Y𝑚	v
Y  (𝑖 ≠ 𝑗).	The mass of the 𝑖-th base in the DNA strand is 𝑚	,

Y, 

while 𝛼	1Y  is the spring constant between the bases. The Hamiltonians for the coupling are 

																																																																				𝐻	BC#Y =
1
2¬𝑢	,#	𝛼	,v#Y	𝑢	vY,

,v

																																																						(4.2) 

and 

																																																																			𝐻	BCY' =
1
2¬𝑢	,Y	𝛼	,vY'	𝑢	v'.																					

,v

																																		(4.3) 

The vibrational modes of the DNA chain can be calculated through the vibrational equation of 

motion for the longitudinal mode of the bases as: 

																																					−
𝛼

F𝑚,𝑚,p$
𝑢,p$ −

𝛼
F𝑚,𝑚,t$

𝑢,t$ +
2𝛼
𝑚,

𝑢, = 𝜔&𝑢,,																																		(4.4) 

where 𝑚, is the mass of the i-th base, 𝑢, is the displacement of the i-th base, and 𝛼 represents the 

spring force constant between bases and their nearest-neighbors. Then, the standard wave solution 

can take the form as 

																																																																							𝑢, = 𝐴𝑒p,µlp,d�..																																																														(4.5) 

We assume that, in the incident wave transmitted from the left lead to the right lead (reservoirs), a 

part of this wave is reflected, and the rest is transmitted to the right. Here, the waves at the ends of 

the system have the following boundary condition form: 

																																																						𝑢	,# = 𝑒,d�.	 + 𝑟𝑒p,d�., 𝑖𝑓	𝑛 ≤ 1																																													(4.6) 

																																																															𝑢	,' = 𝜏𝑒,d�.	, 𝑖𝑓	𝑛 > 𝑁																																																					(4.7) 

where 	𝑟	and	𝜏 are the coefficients of reflection and transmission, respectively. We label the bases 

by 𝑛 = −∞, . . . . , −1, 0, 1, . . . . , +∞	, and 𝑁 is the total number of bases. The phonon transmission 

is evaluated by using the dispersion relation 𝑚'	𝜔& = 2𝛼'[1 − cos(𝑘𝑎)], where 𝑚' and 𝛼' are 
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the mass and restoring force constant of the reservoirs. We form the harmonic matrix and then 

calculate the probability of phononic transmission by inversing the matrix and taking the square 

of the transmission amplitude, 𝑇 = |𝑡(𝜔)|&. 

 

4.2.1-A. Variation of length and central force constant 

The real length of one complete turn of the DNA helix is 3.4 nm (34 Å), and there are 10 

base-pairs in one turn. Like electronic transmission in DNA, varying the number of DNA bases 

controls the properties of phonon transmission. In this study, we modify the number of DNA bases 

to 1, 3, and 10 DNA bases and examine the transmission coefficient as a function of angular 

frequency (𝜔). Since the four type of nucleobases are almost randomly presented in a DNA double-

helix, we fix the mass of the bases as 2.96 × 10−25 kg, which is the average mass of the DNA 

nucleobases. 

In Figure 4.3, we plot the transmission coefficient for the three different DNA lengths with 

two central force constants, 𝛼 = Γ?,< =	31.1 N/m (blue curve) and 10 N/m (yellow curve). At	𝜔 →

0, the resonant transmission peak should in principle reach to one due to translational invariance. 

The oscillation becomes intensive for larger N due to increasing the number of the resonant modes 

in the system. In other words, for larger N, new transmission peaks appear due to the appearance 

of new vibrational modes [79]. Note that increasing the DNA bases increases only the number of 

the transmission peaks, but it does not shift the angular frequency window.  

Figure 4.3 also shows how varying the restoring force constant affects the frequency range. 

The blue curves present a transmission coefficient with a larger force parameter (Γ? = Γ	< = 𝛼 = 

31.1 N/m), while the yellow curves present a transmission coefficient with a lower force 

parameter 	(Γ?  = Γ	<  = 𝛼	= 10 N/m). When the spring force constant in a system is large, the 

separation between transmission peaks are larger and the frequency window are wider, −30 THz	<
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𝜔 < 30	THz. For smaller spring force constant, however, the peaks tend to be narrow and sharp; 

thus, they shift to a lower frequency window, −20 THz < 𝜔 < 20	THz. We conclude that the value 

of the force constant determines the broadening of the resonant peaks in the transmission spectrum. 

Since increasing the DNA bases augments only the number of the transmission peaks, not the 

angular frequency window, we expect that the DNA length does not affect the thermal conductance 

of a DNA strand. However, thermal conductance may be affected by varying the restoring force 

constant. 

 

Figure 4.3. Three sets of phonon transmission 𝑇BC as a function of frequency (𝜔)	show the effects of 
increasing the number of DNA bases and central force coupling. From (a) to (c), N represents 1, 3, and 10 
bases. Increasing the number of DNA bases increases the number of resonant peaks. Two central force 
constants are used as 𝛼 = Γ?,< =	31.1 N/m (blue curve) and 𝛼 = Γ?,< =	10 N/m (yellow curve). Increasing 
𝛼 and Γ?,<	increases the width of the resonant transmission peaks, widening the frequency range. 

 

To provide a deeper understanding of phononic transport characteristics, we consider only 

one DNA mass connected to left and right heat sources. The masses of the DNA base and the heat 
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reservoirs are set to be identical (𝑚 = 2.19 × 10p&¼ kg), and the spring force constants in the 

reservoirs (𝛼<) are twice as large as those between the mass and the reservoirs (𝛼). We note here 

that 𝛼 is the same as both	Γ? and Γ<, shown in Figure 4.4(a). We observe that the probability for a 

phonon to be transferred the thermal source of a higher temperature to a lower temperature is 

perfect (100 %) for certain characteristic frequency: 

																																																																														𝜔 = ½2𝛼
𝑚 .																																																																				(4.8) 

We notice in Figure 4.4(b) that 100% resonant transmission peaks appear at	𝜔 = 16.8 THz, 𝜔 = 

9.5 THz, and	𝜔 = 6.7 THz for 𝛼 = 31.1 N/m,	𝛼 = 10 N/m, and 𝛼 = 5 N/m, respectively. A perfect 

transmission resonance occurs at a higher frequency value when a spring constant increases. In 

addition, the phonon transmission probability increases as a spring constant increases. Based on 

these results, we expect that the thermal conductance also increases for larger values of 𝛼. 

 

Figure 4.4. (a) Schematic of one DNA base attached to two semi-infinite contacts. (b) Phonon transmission 
coefficients 𝑇BC as a function of frequency (𝜔) for one DNA base. The spring constant	𝛼' is set as double 
the spring constant 𝛼, giving 100% transmission at 𝜔 = F2𝛼/𝑚. 
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4.2.1-B. Variation of the contact interaction strength 

In chapter 2, we reported that effective contact coupling between the base-pairs and leads 

widely contributes to the enhancement of electron transport through the DNA system. Now, we 

study the effects of varying the interaction strength between the DNA bases and leads on the 

phononic transmission probability. We set the length of DNA to N = 10 bases and fix the restoring 

central force constant at 31.1 N/m, and then evaluate the transmission coefficient for strong, 

moderate, and weak coupling strengths, represented in Figure 4.5(a), (b), and (c), respectively. 

Our transmission coefficient is sensitive to variation in the contact coupling value with 

respect to our frequency window, −30 THz < 𝜔 < 30	THz. In the weak coupling regime (Γ?= Γ< = 

5 N/m), the phonon transmission shows very sharp resonant peaks except near 𝜔 = 0 (Figure 

4.5(c)). As contact coupling strength increases, however, the width of resonant peaks starts to 

broaden and an average phonon transmission increases. This is shown in Figure 4.5(b) and (a) for 

Γ?= Γ< = 15 N/m and 30 N/m, respectively. In Fig. 4.5(d), we present a contour plot of 𝑇BC vs 

𝜔	and Γ?,<, indicating three Γ?,< values, marked as white dashed lines, which correspond to Fig. 

4.5(a), (b), and (c). It is clearly seen that the phonon transmission shows sharp and narrow 

resonances due to the localization of states in the weak coupling regime. For Γ?,< = 30 N/m, on the 

other hand, overlapping of the wave functions increases due to mixing of vibrational modes and 

resonant peaks in 𝑇BC become overlapped and an overall 𝑇BC is enhanced.  
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Figure 4.5. (a), (b), and (c) present phonon transmission coefficient versus frequency (𝜔)	with varying 
coupling strengths to Γ?= Γ< = 30 N/m, Γ?= Γ< = 15 N/m, and  Γ?= Γ< = 5 N/m, respectively. (d) A contour 
plot for phonon transmission as a function of frequency	(ω) and coupling strength Γ? and Γ<. Increasing	Γ? 
and Γ< enhances the phonon transmission spectrum. 

 

4.2.1-C. Variation of central restoring force constant 

In general, the restoring force is a force that brings a body to its equilibrium position. For 

our system, it is the spring constant for connecting the DNA bases with its nearest neighbors. We 

present a contour plot of 𝑇BC vs 𝜔	and 𝛼 in Figure 4.6(d) and 𝑇BC vs 𝜔 with a fixed Γ?,< =	31.1 

N/m for 𝛼 = 30 N/m, 15 N/m, and 5 N/m in Figure 4.6(a), (b), and (c), respectively. We find that 

as 𝛼 increases, the width of the transmission band with multiple resonance peaks becomes wider 

and an average 𝑇BC	is increased. When 𝛼	= 5 N/m, sharp and narrow resonant peaks appear in a 

small frequency window (−10	THz < 𝜔 < 10	THz). When 𝛼	= 30 N/m, on the other hand, the 

resonant peaks in the transmission band spread out to a wide frequency window (−25	THz < 𝜔 <

25	THz). 
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Figure 4.6. Phonon transmission 𝑇BC as a function of frequency (𝜔) for 10 bases of a DNA strand. The 
restoring central force is varied as (a) 𝛼	= 30 N/m, (b) 𝛼	= 15 N/m, and (c) 𝛼	= 5 N/m. (d) A contour plot 
shows that width of the transmission band with multiple resonance peaks becomes wider when increasing 
the restoring central force constant. 

 

4.2.2. Double-stranded DNA model 

In this section, we develop our model for more complicated configuration masses coupled 

by springs with different spring constants. We consider a 2-D DNA model attached to two heat 

sources, as shown in Figure 4.7. The schematic presents four conduction channels for phonon 

propagation, which consist of two main channels that are any type of the four nucleobases (G, C, 

A, and T) and the upper and lower backbones. The interaction strength between the bases and the 

backbones are called non-central restoring force (𝛽) [80]. Unlike the 1-D model, the 2-D model 

employs two left and two right coupling strengths,	Γ? and Γ<. The vertical interaction between two 

base-pairs is hydrogen bonds, ℎ, while the horizontal interaction between two bases is called 

central restoring force (𝛼) [80]. The masses used in our model and TB calculations are shown in 
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Table 4.1. Here, we consider the movement of phonons through our system as harmonic 

oscillations in the longitudinal mode. 

 

Figure 4.7. Schematic of a 2-D DNA molecule with two semi-infinite contacts (reservoirs) on the left and 
right sides. The values 𝑚', 𝑚«, and 𝑚sp represent the masses of reservoirs, DNA bases, and the sugar 
phosphate group, respectively. Γ?	and Γ< denote the spring constant for connection between DNA bases and 
left and right contacts, respectively. 𝛼 and 𝛽 denote the spring constant for connection between DNA 
nearest-neighbors, and between DNA bases and backbones, respectively. 𝛼'  denotes the spring constant for 
connection between contact bases. 

 

 
Table 4.1. Masses of the DNA bases, sugar phosphate group, and reservoir in (kg) unit.  

 

The vibrational modes of the DNA chain can be calculated through the vibrational equation of 

motion for the longitudinal mode of the system as follows: 

												−
	𝑘,p$,v

F𝑚,,v𝑚,p$,v
	𝑢,p$,v −

𝑘,t$,v
F𝑚,,v𝑚,t$,v

	𝑢,t$,v −
	𝑘,,vp$

F𝑚,,v𝑚,,vp$
	𝑢,,vp$ −

𝑘,,vt$
F𝑚,,v𝑚,,vt$

	𝑢,,vt$ 

																																							+		
	𝑘,p$,v + 𝑘,t$,v + 	𝑘,,vp$ + 𝑘,,vt$

𝑚,,v
𝑢,,v = 𝜔&𝑢,,v,																																				(4.9) 

Guanine Cytosine Adenine Thymine Sugar 
phosphate 

Reservoir 

2.49 × 10p&¼ 1.82 × 10p&¼ 2.24 × 10p&¼ 2.09 × 10p&¼ 2.95 × 10p&¼ 2.95 × 10p&¼ 
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where 𝑢,,v represents the i-th and j-th item displacements from their equilibrium position, and	𝑘,,v 

is the spring force constant considered in the system that could be 𝛼, 𝛼<, 𝛽, ℎ, Γ? or Γ<. Moreover, 

𝑚,,v denotes the mass of an item, which could be m=, m<, or msp. The waves at the ends of the 

system have the same boundary condition as the 1-D DNA model. We solve the equation of motion 

of a DNA system with 20 base-pairs and form an 82 × 82 matrix. Then, by solving the matrix 

equation, we obtain the phonon transmission amplitude as a function of frequency 𝑡(𝜔). Finally, 

the transmission coefficient is obtained by taking the square of the transmission amplitude 𝑇 =

|𝑡(𝜔)|&. 

 

4.2.2-A. Hydrogen bonds dependent phonon transmission 

As we have discussed, the DNA base-pairs are held together by hydrogen bonds attached 

between the bases. Here, for simplicity, we neglect the effects of the upper and lower sugar 

phosphate backbones by fixing 𝛽 at 0.0 N/m, and we calculate the phonon transmission coefficient 

transferred through only two poly(G)–poly(C) channels. Figure 4.8(a), (b), and (c) represent 

transmission plots with hydrogen bonds for 20 N/m, 5 N/m, and 0 N/m, respectively. In the non-

hydrogen bonds case (ℎ = 0), where the phonon propagates separately through G bases in the 

upper strand and C bases in the lower strand, almost perfect transmission appears in a narrow 

frequency range (−6	THz < 𝜔 < 6	THz) in Figure 4.8(c). When ℎ = 20 N/m, a wide range of 

almost perfect transmission is shown in Figure 4.8(a) in the frequency window of −16	THz <

𝜔 < 16	THz.  Figure 4.8(d) shows how resonance peaks are dependent on the phonon frequency 

and hydrogen bonds. The red area in the contour plot represents the resonance peaks where the 

maximum transmission occurs. On the other hand, the purple area indicates zero transmission. The 

behavior of the transmission peak-dip pairs, called a Fano resonance, is shown in Fig. 4.8. Fano 
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resonance is in general a manifestation of interference between localized quasi-bound states and 

continuum states of the system. This transmission resonance-antiresonance combination in the 

phonon transmission appear due to the non-uniform mass in the system (G and C masses), which 

produce a localization in the frequency mode. When we use identical masses in our system, 

however, the antiresonances in the transmission spectrum disappear and the feature of Fano 

resonance vanishes [not shown here]. 

 

Figure 4.8. Phonon transmission 𝑇BC as a function of frequency (𝜔) for a 2-D, two-channel DNA model 
with different hydrogen bonds: (a) ℎ = 20.0 N/m, (b)  ℎ = 5.0 N/m, and (c) ℎ = 0.0 N/m. (d) A contour plot 
for phonon transmission as a function of frequency (𝜔) and hydrogen bonds (ℎ). Increasing the hydrogen 
bonds from 0 N/m to 20 N/m increases the transmission window from 𝜔 = ±	6 THz to about	𝜔 = ±	16 
THz. 

 

4.2.2-B. Non-central restoring force dependent phonon transmission 

The non-central restoring force (𝛽)	is basically the coupling strength between the upper 

backbone and G bases or between the lower backbone and C bases. In the previous work, we 

ignored the backbones effects by setting 𝛽 = 0 N/m. We now plot the transmission graphs with 
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increasing 𝛽 to observe the effects of opening the upper and lower channels (backbones) on the 

transmission spectrum. Figure 4.9(a), (b), and (c) represent a set of transmission plots for 𝛽 = 5 

N/m, 𝛽 =	2.5 N/m, and 𝛽 = 0 N/m, respectively. When we change 𝛽 from 0 N/m to 2.5 N/m, 

there is a transition from almost perfect transmission to a reduced amplitude of transmission, 

including four transmission zeros and two Fano resonance features, in the frequency range of 

−10	THz < 𝜔 < 10	THz. In general, we can conclude that as	𝛽 is increased from zero, more 

resonance peaks and antiresonance dips in the phonon transmission occur. This is the fact that 

opening the backbone channels allows new masses, msp, to vibrate within the system, which causes 

localization effects in the frequency mode and more resonances-antiresonances in the transmission 

spectrum.  

 

Figure 4.9. Transmission coefficient as a function of frequency (𝜔) for different non-central restoring 
forces: (a)	𝛽 = 5 N/m, (b) 𝛽 = 2.5 N/m, and (c)	𝛽 = 0 N/m. (d) A contour plot of 𝑇BC vs 𝜔	and 𝛽 shows 
that more transmission resonances-antiresonances occur as 𝛽 increases. 
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4. 3. Thermal conductance of double-helix DNA 

For numerical modeling of the thermal transport along the double-helix DNA, we consider 

the ends of a DNA strand placed in two different heat sources (thermal baths), each with different 

temperatures	𝑇#	and	𝑇'. When there is a temperature difference (∆𝑇) between the two reservoirs, 

heat flows from the hot side to the cold side across the molecule. To obtain the coefficient of 

thermal conductivity, we first calculate the heat flux through the system using the Landauer 

approach [81, 82] 

																																																	𝐼BC(𝑇) =
ℏ
2𝜋Á 𝜔	𝑇(𝜔)	[𝑛V(𝑇#) − 𝑛V(𝑇')]	𝑑𝜔	,

�

1
																								(4.10) 

where 𝑛V(T) =
$

(ÂℏÃ/Ä�Å		p$)
 is the Bose-Einstein distribution for phonon, 𝑘V is the Boltzmann 

constant, 𝑇#,' = 𝑇 ± ∆j
&

 and 𝑇(𝜔) represents the phonon transmission function. Within the limit 

of small temperature difference between two reservoirs, the phonon thermal conductance 𝜅BC(𝑇) 

= �ÆÇ
△j

 is 

																																									𝜅BC(𝑇) =
ℏ&

2𝜋𝑘V𝑇&
	Á 𝜔& eℏÉ/��j

(eℏÉ/��j − 1)& 	𝑇
(𝜔)	𝑑𝜔

�

1
.																							(4.11) 

Here, we set the integration limit at 𝜔\  , where 𝜔\  is cutoff frequency which is defined as Debye 

frequency [83] 

																																																																															𝜔\ = 2	½
𝑘
𝑚.																																																													

(4.12) 

Here, 𝑘	is the spring constant that connects masses 𝑚. For the temperature range considered in this 

study, we set the temperatures to be smaller than the critical value defined via cutoff frequency 

[83] 

																																																																																			𝑇 <
ℏ𝜔\
𝑘V

.																																																															(4.13) 
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Using the phonon transmission function, we then calculate the phonon thermal current and 

conductance as a function of temperature under a variation of TB parameters. 

In this study, we investigate the thermal current and conductivity for a longer system. We 

employ 2-D, 20 base-pairs DNA model with different masses as presented in Table 4.1 and 

coupling spring constants as presented in Table 4.2. To examine closely the behavior of phonon 

propagation through the system, we first calculate the phonon transmission function with and 

without the backbone effects (𝛽 = 0 N/m and 𝛽 = 5.36 N/m) as shown in Figure 4.10(a) and (b), 

respectively. The transmission spectrum in both cases shows a mirror-image behavior about the 

line 𝜔 = 0. Phonon propagation through the backbones exhibits extremely narrow transmission 

peaks due to strong phonon scattering mechanisms. However, the transmission spectrum remains 

unchanged at the boundary frequency ranges (𝜔 > 24 THz and 𝜔 < −24 THz). 

𝚪𝐋,𝐑 𝜶𝐑 𝜶 𝜷 𝒉 

31.1	N/m	 62.2	N/m 31.1	N/m 5.36	N/m 0.1	N/m 
 
Table 4.2. Standard spring force constant parameters used in TB calculation. 

 

The corresponding thermal current and thermal conductance curves can be obtained from 

Eqs. (4.10) and (4.11), respectively. As the transmission spectrum changes with the increase of 

𝛽 value, the corresponding thermal current and conductance slightly decrease due to the effects of 

phonon scattering in Figure 4.10(c) and (d). The thermal current shows a linear behavior, in which 

the straight line	is directly and positively proportional to ∆𝑇. In the meantime, the thermal 

conductance increases linearly in the lower temperature regime as the temperature increases. On 

the other hand, however, its ultimate saturation is reached in the higher temperature regime, 

especially above 130 K in Figure 4.10(d).  
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Figure 4.10. Phonon transmission coefficient as a function of frequency (a) without and (b) with backbone 
effects. (c) Thermal current and (d) thermal conductance for the system without and with backbone effects 
are shown in blue and yellow lines, respectively. 

 

We also calculate thermal current and thermal conductance with varying TB parameters 

and present their results in Figure 4.11. A significant change of thermal conductance at low 

temperature can be observed when the spring constant parameters are varied. For strong system-

bath coupling	Γ?,< and central force coupling	𝛼, the conductivity is enhanced as shown in Figure 

4.11(d) and (e), respectively. We find that as Γ?,< and 𝛼 interaction forces increase, the thermal 

current also increases linearly with respect to the temperature difference and the corresponding 

conductance is enhanced in the low temperature regime (T < 50 K). Finally, we examine hydrogen 

bonds dependent thermal conductance for three different interaction between complementary 

bases. The highest conductivity we obtain is 0.08 nW/K when  ℎ = 20 N/m, shown as a blue curve 

in Figure 4.11(f). When we use parameters obtained from inelastic X-ray scattering in Ref. [80], 
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ℎ = 0.1 N/m,	𝛽 = 5.36 N/m, and, 𝛼 = 31.1 N/m, the thermal conductance of our double-helix 

DNA at 250 K is 0.06 nW/K which is shown as a green curve in Figure 4.11(f). A small value of 

ℎ does not significantly decrease the conductance because the hydrogen bonds do not interact 

directly with the heat reservoirs. We also calculate the conductivity for a short DNA strand 

consisting of five G-C base-pairs (not presented here) and obtain the same result as that from long 

DNA strand. This finding shows that DNA is a poor heat conductor, and the thermal conductivity 

does not depend on the length of the DNA strand. 

 

Figure 4.11. (a) – (c) Thermal currents and (d) – (f) the corresponding thermal conductance of 20 base-pairs 
of double-helix DNA with varying TB parameters. Increasing TB parameters enhances the thermal current 
and thermal conductance. 
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4. 4. Thermoelectric properties of DNA double-helix and figure of merit (ZT) 

In the continuous pursuit to explore the DNA’s possible device applications, researchers 

began considering the use of DNA molecules in constructing nanoscale thermoelectric devices 

[84]. This prospect has received further attention over the years, as additional research studies have 

been conducted to fully comprehend how thermoelectric materials convert heat energy into 

electrical energy. Such converted electrical energy could be measured by the ZT value, wherein a 

higher ZT value signifies the presence of better thermoelectric properties [85]. However, a closer 

examination reveals that the conventional formula of the figure of merit, ZT = S2ρ−1κ−1T, could 

sometimes be unreliable since it disregards the material’s temperature dependences [86,87]. 

Essentially, a good thermoelectric material simultaneously shows a strong Seebeck effect, high 

electric conductivity, and low thermal conductivity [85]. 

Although its research and development still stand on its early stage, the emerging 

experimental studies present notable approaches on how to improve the ZT value. For example, a 

study conducted in the early 1990s reveals that low-dimensional thermoelectric materials could 

present a greater ZT value through the employment of quantum-well structures that generate 

quantum confinement effects [88]. The employment of a nanostructuring approach in p-type 

bismuth antimony telluride nanocrystalline bulk alloys also demonstrated a greater ZT value of 

1.4 at 100°C; this improvement is a result of low thermal conductivity that is caused by increasing 

phonon scattering [89]. Likewise, a greater ZT value could also be observed by modifying electron 

and phonon transport properties among nanostructured thermoelectric materials [90]. Despite the 

conduct of these experimental studies, the properties of thermoelectric energy conversion remain 

a blur; thus, further studies should be carried out to provide a clearer and a more accurate depiction 

of that field. 



 

 

60 

In this section, both electron and phonon transport through 2-D, 20 base-pairs DNA model 

are considered as independent from each other. The electrical conductance (G), the Seebeck 

coefficient (S), and the thermal conductance by electrons (𝜅^_) can be respectively calculated as 

follows: 

																																																																																𝐺 = 𝑒&𝐿1,																																																																	(4.14) 

																																																																														𝑆 =
1
𝑒	𝑇	

𝐿$
𝐿1
	,																																																															(4.15) 

																																																																							𝜅^_ =
1
𝑇	Ò	𝐿& −

𝐿$&

𝐿1
	Ó,																																																								(4.16) 

where 𝑒 is the electric charge, and the functions 𝐿e are given in terms of the electronic 

transmission function as 

																																																𝐿e =
2
ℎÁ

(𝐸 − 𝜇)e Ò−
𝜕𝑓(𝐸, 𝜇, 𝑇)

𝜕𝐸 	Ó 	𝑇(𝐸)	𝑑𝐸.																															(4.17) 

Here, 𝑓(𝐸, 𝜇, 𝑇) = [𝑒(©pÕ)/��j + 1]	p$ is the Fermi-Dirac distribution function, 𝜇 is the chemical 

potential, ℎ is Planck’s constant, and T is temperature. The thermal conductance by phonon (𝜅BC) 

in term of phononic transmission 𝑇(𝜔) is given in Eq. (4.11). 

 

In this work, the thermoelectric (TE) properties of poly(G)–poly(C) double-stranded chain 

connected between two contacts at different temperatures are theoretically studied under the 

influence of different lengths and temperature effects. In Figure 4.12, using Eq. (4.15), we plot the 

thermopower (S) as a function of chemical potential (𝜇) for 5 and 20 base-pairs of poly(G)–poly(C) 

chains with and without backbone effects. In general, the Seebeck coefficient curves exhibit an 

oscillating behavior that decreases with increasing temperature. In the non-backbone system (left 

column), for 20 base-pairs DNA (blue curves), the Seebeck coefficient is characterized by the 

presence of two peaks around a point located at 𝜇1 = 8.3 eV. The thermopower values reached at 
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the peaks are significantly high for lower temperature, T = 50 K, and decreases gradually as the 

temperature increases from 50 K to 250 K. However, for 5 base-pairs DNA strand represented by 

green curves, the thermopower spectrum oscillates almost stably along the chemical potential 

range.  

In the backbone system (right column), for 20 bases-pairs DNA (blue curves), the 

thermopower also shows an oscillatory behavior and its magnitude decreases as higher 

temperatures are applied. Compared with the left column, the thermopower values are low due to 

the electrical propagation into the upper and lower backbones that leads to increase the electron 

scattering in the electronic transmission spectrum. The Seebeck coefficient of the system with 

backbone effects, shown in Figure 4.12(d), (e), and (f), exhibits two distinctive peaks whose signs 

are negative; therefore, the DNA strand behaves as an n-type material when backbone effects are 

included. We also notice that the Seebeck coefficient is sensitive to the chain length. The green 

curves, for the five base-pairs strand, show how the thermopower spectrum tends to be lower when 

the number of the base-pairs is decreased from 20 to 5 base-pairs. Based on these findings, the 

efficiency of DNA-based TE devices relies on the applied temperature, the DNA length, and the 

consideration of backbones. 
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Figure 4.12. Seebeck coefficient as a function of chemical potential (𝜇) at different temperatures for 
poly(G)–poly(C) chain without backbone effects [(a), (b), and (c)] and with backbone effects [(d), (e), and 
(f)]. The blue curves represent 20 base-pairs while the green curves represent 5 base-pairs. 
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The ability of TE materials to convert heat into electricity is measured by the dimensionless 

unit, called figure of merit (ZT) which is expressed as 

																																																																								𝑍𝑇 =
𝑆&𝐺	𝑇

𝜅BC + 𝜅^_
.																																																												(4.18) 

Here, G is the electronic conductance given in Eq. (4.14), S is the Seebeck coefficient given in Eq. 

(4.15), T is the absolute temperature, and 𝜅BC	and	𝜅^_ are the phonon and electron contributions 

to the thermal conductance, respectively. When ZT is larger, the performance of the TE materials 

is better. Therefore, in order to obtain a satisfactory TE material, the power factor (𝑆&𝐺) should 

be high and thermal conductance should be low. 

In this work, we consider two possible DNA systems which are 20 base-pairs of poly(G)–

poly(C) chain and 20 base-pairs of poly(A)–poly(T) chain, and plot thermoelectric ZT as a function 

of chemical potential in Figure 4.13 as blue curves and green curves, respectively. At low 

temperature (T= 50 K), the spectrum of the TE figure of merit (ZT) for both systems is composed 

of a multiple group of resonances which have two resonance peaks and one antiresonance dip. 

Notice that the periodicity of the antiresonance dip is approximately 0.08 eV and the separation 

between two resonance peaks is approximately 0.03 eV [see an inset of Fig 4.13(c)]. As the 

temperature increases from 50 K to 250 K, the ZT resonance peaks diminish and shift slightly to 

lower chemical potential energy. Although the poly(A)–poly(T) chain causes a reduction of 

effective pathways for charge carriers, it performs higher phonon transmission, resulting in an 

increase in the thermal conductivity. Figure 4.13(d) shows that the thermal conductivity for the 

poly(A)–poly(T) chain is higher than that for the poly(G)–poly(C) chain, which leads to a decrease 

in its TE figure of merit (ZT) in accordance with Eq. (4.18). Therefore, the potential of a DNA 

strand to act as a TE material will ultimately depend on its thermal properties, which have not been 

fully studied. The actual capabilities of DNA-based TE devices need to be studied experimentally 
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under different environmental conditions to obtain a clearer picture about the TE properties of a 

DNA molecule. 

 

Figure 4.13. Dimensionless thermoelectric figure of merit (ZT) as a function of chemical potential (𝜇) for 
a poly(G)–poly(C) chain [(a) and (b)], and a poly(A)–poly(T) chain [(c) and (d)] at different temperatures. 
(e) Thermal conductance as a function of temperature for both chains represents higher heat conductivity 
for the poly(A)–poly(T) chain. 
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Chapter 5: Summary and Conclusion 

In this thesis, we have investigated the ability of charge transport and mutation effects in 

DNA heterostructures. Thermal conductance and thermoelectric power of DNA molecules also 

have been carried out by examining both electron and phonon transport in DNA systems by means 

of the tight-binding (TB) model. 

In Chapter 2, we employed the TB approach to study the electron transport through the 

varying DNA sequences, particularly periodic, barrier, superlattice, and Fibonacci sequences. For 

the periodic poly(G)–poly(C) sequence, the data demonstrated electrical transmission throughout 

the GC chain, backbones, and intra-backbone coupling. For the barrier sequence, the data showed 

that the AT base-pairs serve as a barrier in a poly(G)–poly(C) sequence, as the transmission 

decreased when the AT base-pairs increased. Further, greater electron transmission remained 

apparent when the DNA sequence included a single base-pairs type (i.e. either GC or AT). Also, 

the highest current in the I-V curve presented in a single base-pair DNA sequence. While both GC 

base-pairs and AT base-pairs enabled electron transmission, the gap in the I-V curve—which 

shows semiconductor behavior—is smaller for GC base-pair, indicating a greater conductivity 

compared to the AT base-pairs. For the superlattice sequence, the resonance peaks increased as 

the number of wells trapped between barriers also rose, and gaps became wider as the width of the 

wells expanded. Both the barrier and superlattice sequences regarded AT base-pairs as a barrier 

wherein its quantity and location varied electron transmission spectrums. For the Fibonacci 

sequence, a disordered system dropped the transmission notwithstanding the number of AT base-

pairs present. In addition, we also explored the effects of the varying positions of the AT base-

pairs in periodic poly(G)–poly(C) sequences. The electron transmission coefficients remained the 

same when these sequences had a mirror-symmetry pattern. In the meantime, the AT base-pairs 
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placed in the middle resulted to a different transmission coefficient, but with a higher average 

transmission coefficient. 

 As we moved on to Chapter 3, which discussed the impact of the cytosine methylation on 

electron transport, we examined the transmission coefficient as a function of electron energy for 

native and methylated DNA strands. The native DNA strand presented a higher average 

transmission and current-voltage curve than the methylated DNA strand. While the strong contact 

coupling energies increased the electron transmission, the thermal fluctuation, as presented by the 

localization length’s behavior, reduced the electron transmission spectrum through our methylated 

DNA system.  

In Chapter 4, we investigated the phonon transmission coefficient in single-stranded and 

double-stranded DNA models. The transmission coefficients were influenced by varying the TB 

parameters such as central and non-central force constants, contact coupling, and hydrogen bonds, 

and it was shown that increasing TB parameters increased the transmission coefficients. We also 

examined the thermal conductance of DNA double-helix placed under two different heat sources 

with different temperatures. The transmission spectrum demonstrated a mirror-image behavior. 

The phonon propagation through the backbones resulted in narrow transmission peaks and thereby 

the corresponding thermal current and conductance reduced. Considering the variation of spring 

constant parameters, the thermal conductance increased at low temperature conditions, and it is 

approximately constant at its ultimate saturation in high temperatures. Our results showed that the 

DNA stands as a poor heat conductor and its length does not affect its conductivity. In terms of 

the thermoelectric properties of DNA double-helix, the thermopower values showed that the DNA 

strand acts as an n-type material when considering the backbones effects.  In accordance with the 

dimensionless figure of merit (ZT) formula, poly(A)–poly(T) chain performed lower ZT figure of 

merit, while its thermal conductivity remained higher compared to the poly(G)–poly(C) chain. 
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Although the study of DNA-based thermoelectric devices has been broadly interesting to many 

researchers, the possibility of DNA functioning as a thermoelectric material is still questionable 

due to inadequate experimental studies.  

The research findings describe the DNA’s behavior and characteristics in relation to the 

electron transmission in DNA heterostructures and the possible mutation and thermoelectric 

impacts on DNA molecules. However, in the future, it would be necessary to carry out a study that 

focuses on the thermal and thermoelectric properties of different sequences of DNA molecules. 

For instance, the probable influence of mismatched base-pairs on phonon transport should be 

considered as it could potentially affect the thermal and thermoelectric properties of DNA. Apart 

from this, it would also be essential to investigate the spin-phonon interaction to understand how 

spin polarization affects the DNA’s thermal conductivity. 
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