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Abstract

We report a theoretical study highlighting the thermoelectric properties of biological and synthetic
DNA molecules. Based on an effective tight-binding model of duplex DNA and by using the
nonequilibrium Green’s function technique, thermal conductance, electrical conductance, Seebeck
coefficient and thermoelectric figure of merit in the system are numerically calculated by varying
the asymmetries of the energies and the electronic hoppings in the backbone sites to simulate the
environmental complications and fluctuations. We find that due to the multiple transport paths in the
DNA molecule, the Fano antiresonance occurs, and enhances the Seebeck coefficient and the figure
of merit. When energy difference in every opposite backbone site is produced, the Dicke effect
appears. This effect gives rise to a semiconducting-metallic transition, and enhances the
thermoelectric efficiency of the DNA molecule remarkably. Moreover, as the Fano antiresonance
point is close to the Dicke resonance one, a giant enhancement in thermoelectric figure of merit in
the DNA molecule has been found. These results provide a scenario to obtain effective routes to
enhance the thermoelectric efficiency in the DNA molecules, and suggest perspectives for future

experiments intending to control the thermoelectric transport in DNA-like nanodevices.
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I. Introduction

Very recently, the deoxyribonucleic acid (DNA) molecule has attracted considerable attention from
the physics, chemistry, and biology communities,’ due to its superior self-assembly properties in
living organism and a promising candidate for molecular electronics.” Since the original proposal
by Eley and Spivey that the DNA molecule could provide a natural pathway for conducting
electrons,” a number of experimental groups reported the measurements of charge migration along

duplex DNA molecule, and demonstrated that the DNA has proximity-induced superconducting,”

0 11-13

metallic,”” semiconductor,*'® and insulating behaviors, mainly on poly(G: guanine)-poly(C:
cytosine) and A-NDA molecules. These rich transport behaviors stem from a wide range of
experimental complications, including the DNA samples, counterions, humidity, interaction of DNA
with substrate, and different situations of contacts between DNA and electrodes. To understand the
experimental observations, it has already realized that three different contributions on the DNA
molecule, i.e., the neucleobaes (basespairs) in DNA, the presence of backbones and the influence of

environment, should be taken into account.'*"’

On the other side, to grasp the underlying transport
mechanisms, various theoretical approaches have been adopted.lg’27 For example, ab initio
calculations predict that synthetic poly(G)-poly(C) is a semiconductor.”® While the tight-binding
Hamiltonian model in the DNA molecule shows that the rich transport behaviors are relative to
different mechanisms, such as hybridization between base pairs and sugar—phosphate,14 interbase
Coulomb repulsion,29 backbone-induced electronic effects,'” and dimensionality-induced effects.”
Besides, a very recent experimental observation shows that a high spin selectivity of photoelectron
transmission appears in self-assembled monolayers of double-stranded DNA molecule.® To
understand the high spin polarizations, the spin-orbit coupling, the environment-induced dephasing

and the helical symmetry should be considered together.”’31

Whereafter a generation of pure spin
currents by electric field driving is also proposed in the DNA molecule.” These works provide the

possibility of a deeper understanding of spin-selective processes in biology.3 3
2
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It is obvious that in the previous works, the electron or spin-dependent transport properties in
the DNA molecule have been mainly investigated, while the findings enrich organic electronics and
spintronics largely. To broaden the device applications on the DNA molecule, it is natural to ask
whether the DNA molecule can be applied as good thermoelectric devices, and what mechanisms
can enhance the thermoelectric efficiency in it. Motivated by these, in the present work, we devote
to study the thermoelectric properties in the DNA molecule, though they have less been reported so
far. Considering the particular double-stranded structures in the DNA molecule composed of lots of
nucleobases and backbone sites, much more Feynman paths for the electron transmission are
provided, thus quantum interferences of electron waves occur easily in passing through the DNA
sys‘[ems.34'36 As a result, the Mott relation and the Wiedemann-Franz (WF) law, which are two
factors to suppress the thermoelectric figure of merit, may be violated.”” Thus, an effective route to
enhance the figure of merit of the DNA systems is achieved. Our theoretical results show that due to
the dangling backbones in every nucleobase, the Fano antiresonance occurs,® leading to the fact
that the thermal electronic conductance is much suppressed. Meanwhile, if considering the energy
difference between the upper and lower backbones induced by environmental complications or
fluctuations, the Dicke resonance effect occurs,™* giving rise to a semiconducting-metallic
transition. More important, the both interference effects enhance the thermoelectric figure of merit
of the DNA molecule remarkably. Our study provides a scenario to obtain effective routes to
enhance the thermoelectric efficiency in the DNA molecule, and suggest perspectives for future
experiments intending to control the thermoelectric transport through DNA-like nanodevices.

The reminder of this work is organized as follows. In Section 2, we construct a theoretical
model to describe the poly(G)-poly(C) DNA molecule and present some analytical expressions for
the thermoelectric properties by using the non-equilibrium Green’s function technique. Then we
discuss the Fano and Dicke effects in the DNA molecule, and explore their influences on the figure

of merit and the Seebeck coefficient in Section 3. Finally, we make a brief conclusion in Section 4.
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I1I. Model and theoretical method

According to quantum chemistry studies on duplex DNA that the hydrogen bonding between
complementary nucleobases is larger than the w stacking energies between successive base pairs,
each Watson-Crick base pair can be treated approximatively as a single entity with a characteristic
on-site energy.‘”’42 A detailed understanding of the DNA structure suggests that m-m interaction
between the stacked base pairs in the DNA molecule could support extended charge transport.
Moreover, the electronic couplings though a duplex stack of nucleobases are expected to involve
both intrastrand and interstrand pathways.43 Therefore a physically reasonable description of charge
transport in duplex DNA including the backbone structure would be Fishbone model."*** Here we
choose poly(G)-poly(C) oligomer as a typical sequence which has been investigated widely in
experiment and theory. ™’ As illustrated in Figures 1(a) and 1(b), the poly(G)-poly(C) DNA
molecule in the Fishbone model has one central conduction channel in which individual sites
represent a G:C base-pair, which are interconnected and further linked to upper and lower
backbones, but are not interconnected along the backbones.'* In the presence of the left and right
thermal contacts, the Hamiltonian can be described as

H=H +Hy+Hy, +H,, (1

where H, g represents the Hamiltonian of the left (right) thermal contact and can be expressed as

T . . oy . .
H,_ z;;akacakacaka, where ¢}, (c,,) 18 the creation (annihilation) operator of the electrons

ako
with momentum k, spin index ¢ (¢ = 1, | or ¢ = =1) and energy ¢, in the lead-a (e = L, R). The

Hamiltonian of the poly(G)-poly(C) DNA molecule, i.e., Hpna, may be described as follows,'*

_ i i i
Hpy, = Zglzdz oyt Z tyd, d; , + Zgi,ﬂai,a,ﬂai,a,ﬂ + Z Iﬂ(az opdis +HC). (2)
i,o (i,j),0 i,0.0 i,o,f=%

Here, d/ (d,,) and a, 4 (@, ) denotes the creation (annihilation) operators of an electron with
spin o at site i in the GC base pair and in the backbone, with index i€ [1, N] labeling a nucleotide

4
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and index S == labeling an upper or lower backbone sites. &, and ¢, , are the on-site energies of

the GC base pair and the backbone, respectively. 7o is the hoping integral along the GC base pairs
and 1, gives the hopping integral from each site on the GC base pairs to the upper or lower
backbone. The last one in Eq. (1) denotes the coupling between the DNA molecule and the contacts,

and takes the form

HCoup = Z(VLkJCzko‘dI,a + VRkO'c;;kO'dN,O' + H‘C‘)’ (3)
k.o

where V., denotes the coupling strength between the contacts and the left (« = L) and right (a = R)

base pair. In the calculations, the coupling between the contact and the base pair is described usually
by the width function ', =271V, I’ p_ (@), where p, (@) is the density of states in the contact-a.
Here, we will ignore the @ dependence of I', since the density of states (DOS) in the left
contact, p(@), can be usually viewed as a constant. Similarly, we can defineI',, the coupling

coefficient associated with the right contact. Because we only consider the symmetric coupling
between the contacts and the DNA molecule by the assumption V= V=V .
Assume that the bias voltage difference AV as well as the temperature gradient AT are applied in

two contacts. The linear response theory gives the following formulas for the charge, spin and heat

currents:
r=31=2Y1Av +%ZLIJAT, 4)
, h h
I=X1==>0cL,AV+—> oL AT, 5)
> 24 2T %
1°=>"12=> LAV +%2L20AT. (6)

It should be noted that in the linear response regime, both AV and AT approach to zero. The
above three thermoelectric coefficients are expressed in terms of quantities L,,, which can be easily

determined by the following relation
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__ld_a) B 8f(a))
o hIZE( E )T (@)=5 = ow

(7

where f (w) corresponds to equilibrium Fermi-Dirac function having the form of

[, (o) ={expl(w—pu,)/ kBTa]+1}'l, where u, and T, denote the corresponding chemical potential
and temperature, and kp indicates the Boltzmann constant. Moreover, Ef is the Fermi energy and
T (w) describes transmission probability through the GC base pairs along the DNA molecule,
which can be expressed by the Fourier transform of Green's functions of the DNA molecule and by

the coupled matrices I', (a = L, R) through the expression 7_(w) = Tr[G! (o) (@)G. ()T, (w)],

48,49

where G’(w) is retarded (advance) Green's function, which can be calculated by the equation

. . 50,5
of motion technique. 051

The Seebeck coefficient S is defined as the ratio of the voltage drop AV generated by the
temperature difference AT, S = AV/AT, taken in the absence of charge current, I° = 0. Thus,
considering the above equations, the liner electronic conductance G, the Seebeck coefficient S, and

the electronic thermal conductance x. can be defined as the following5 2,53

G=e z 0o ° (6)

sV, L2k
AT eTZ .

A ]

It should be noted that the thermal conductance is determined on the condition of vanishing

@)

charge current. Thus, to determine the basic thermoelectric properties, we need to calculate out all

the relevant integrals L,, (n = 0, 1, 2). Then we can get the figure of merit (Z7) of the DNA system
as ZT =(S°GT)/x , where x is the thermal conductance, which is contributed by the electric

thermal conductance «, and the lattice (phonon) thermal conductance x, , ie., K =K, +k,,
6
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Considering that the temperature set in the device is low remarkably and that the linear-response
regime is adopted, the thermal conductance contributed by lattice vibrations is little and thus
neglected in the calculations firstly. These formulas presented above will be used to calculate the

related thermoelectric coefficients.

III1. Results and discussion

In this section, we will present the results of our numerical computations. In the calculations, we set
p(w) = 1, and set the chemical potentials of the left and right contacts to be u; = eV/2 and ug=-eV/2,
respectively, where eAV = u; — ug denotes the applied bias voltage. It is assumed that the DNA
molecule is symmetrically coupled to the contacts with I'y, = I'r = 7, indicating a relatively strong
coupling. Before we proceed, we need to introduce the coupling parameter ¢, as the energy unit, and
consider a very low device temperature kg7 = 0.01¢y, because relatively high device temperature
suppresses the quantum interference effects and reduces the figure of merit of the system.”* In
addition, we assume that the system has a uniform Fermi energy E; which is set as zero, and for
convenience, we set e = /i = 1 in the calculations.

First of all, let us focus on the influence of the Fano antiresonance on the thermoelectric
properties of the DNA molecule. For simplicity, we consider here a homogeneous DNA chain with
&n =80, i+ =&i.= &0, and t; . = t;_ =ty. In Figures 2(a) and 2(b), we show the thermal conductance
spectra x for several DNA structures with different chain length N. As expected, the thermal
conductance displays as a clear antiresonance valley with a zero point at the Fermi level for the
structure with N = 1. This is ascribed to the Fano antiresonance originating from the destructive
interference between the non-localized states in the base pairs along the main conductance channel
and the localized states in the upper and lower backbones. Meanwhile two resonance peaks appear
at the energies corresponding to the bonding and antibonding “molecular states”, i.e., the
superradiant states in upper and lower backbones. As N increases, both edges of the valley become

steep rapidly, and as N increases to a not very large value, for example N = 4, the valley is much
7
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suppressed to a well-defined adiabatic band, where the thermal flux is forbidden to flow through the
DNA chain. Moreover, these antiresonance and resonance characteristics also appear in the
corresponding electronic conductance spectra G as shown in Figures 2(c) and 2(d). Nevertheless, as
N increase, the difference becomes obvious in the resonances near to the both edges of the
antiresonance valley. In order to clearly see the influence of the Fano antiresonance on
thermoelectric properties of the DNA system, we compare Lozentz ratio L = x/GT with Lorentz
number Lj = (kB7r)2/3e2 in Figures 2(e) and 2(f). It can be found that Lorentz ratio strongly deviates
from Lorentz number in the vicinity of the antiresonance point, indicating a strong violation of the
WF law. Moreover, such a violation becomes stronger as the DNA chain length increases. In
particular, L also deviates from L in the vicinity of superradiant states, i.e., &g = to.

The quantum interference has a significant impact on the thermopower S and the figure of merit
ZT as well. The thermopower S, shown in Figures 2(g) and 2(h), has one zero point corresponding
to Fano antiresonance point in the spectrum of thermal conductance as N is small. As N increases,
two additional zero points appear in the vicinity of the superradiant states, as shown in Figure 2(g).
Whenever gy passes these three zero points, the thermopower S changes its sign and displays as an
antisymmetric behavior due to the electron-hole symmetry.5 >3¢ When the level &, is above one of
these zero points the main carriers are electrons and then the thermopower is negative. When ¢ is
below the zero point the main carriers are holes and thus the thermopower is positive. Obviously, a
considerable enhancement of the thermopower appears in the vicinity of the antiresonance points
since the transmission function changes sharply near these points. Besides, the figure of merit ZT
develops double peaks around the level ¢y = 0, and their maximum values increase with increasing
N as shown in Figures 2(i) and 2(j), indicating that the Fano antiresonance enhances the
thermoelectric efficiency of the DNA system remarkably. In addition, we also find that ZT is also
enhanced in the vicinity of superradiant states, which ascribes to the weighted symmetry in the

location of the bonding and antibonding states with respect to the Fermi level. That is to say, the

8
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current due to electrons tunneling thought the bonding state is compensated by the current due to
holes tunneling through the antibonding level.”® This is just a local bipolar effect in the backbones
of the DNA molecules.

Considering the intrinsic double helix confirmation of the DNA molecule, the upper and lower
backbones are no longer symmetrical to the GC base pairs due to the environmental complications

or fluctuations.™ To simulate such a characteristic, we assume the energies in the upper and lower

backbones are no longer uniform by an energy difference A, ie., ¢, =¢,—Aand ¢,_=¢;+A. In

Figure 3 we show the thermoelectric and electric transports through the DNA molecule with

A =0.5t, and various chain lengths. It is clear that some additional resonance peaks appear at &g =0

in both the thermal conductance spectra x (see Figure 3(a) and 3(b)) and the electronic conductance
spectra G (see Figure 3(c) and 3(d)). Meanwhile two Fano antiresonance points with zero value

appear at &, =*A in them. These additional central peaks around &y = O arise from the subradiant

3940 thus we refer to it as Dicke

state and are analogous to the Dicke effect in quantum optics,
resonances. As the DNA chain length increases, the Dicke resonance peak develops to a resonance
plateau characterized by very step edges in the thermal conductance spectra x while by several
small sharp peaks in the electronic conductance spectra G. Moreover, the appearance of the Dicke
resonance plateau indicates that the energy difference due to the environment complications or
fluctuations induces the adiabatic-diabatic transition in the DNA molecule. As for electronic
transport through the DNA system, it indicates a semiconducting-metallic transition. This may give
a qualitative explanation for the experimental observation the conductance of the DNA molecule
increases with the increasing of salt concentration and pH, and a larger current is observed at
ambient conditions than in vacuum conditions.’” Similar to the discussions above, Lorentz ratio is

also calculated and shown in Figures 3(e) and 3(f). One can see that in the WF law is not only

strongly violated at two zero points &, =*A, but also violated in the vicinities of the superradiant
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state and the subradiant state due to the Dicke effect. Moreover, these violations become stronger as
N increases, indicating that the Dicke effect is more pronounced. As expected, the thermopower S,
shown in Figures 3(g) and 3(h), has six zero points. Two of them correspond to the Fano

antiresonance points &, = A, and the other four zero points correspond to the resonance points in

the vicinities of the subradiant states and the superradiant states in the DNA molecule. For non
vanishing A, the spectrum of ZT is mainly dominated by two double-peak structures in the vicinity
of the two antiresonance points on both sides of the Fermi level, as shown in Figures 3(i) and 3(j).
In the vicinities of two antiresonace points and four resonance points, Z7 is much enhanced, and
meanwhile is enhanced further by the increasing of the DNA chain length.

To shed a more detailed light on the Dicke effect in the thermoelectric coefficients of the DNA
molecule, we need change the energy difference A in the upper and lower backbones. Here we take
the DNA molecule with N = 5 as an example. The corresponding numerical results are shown in

Figure 4. It is obvious that for a small level shift A ~ 0, a sharp Dicke peak appears at &, =0 in both

the thermal conductance spectrum x (see Figure 4(a)) and the electric conductance spectrum G (see

Figure 4(c)), and the DOS exhibits a J-like shape at the level &, =0, indicating a semiconducting-

metallic transition in electronic transport. Moreover, as A increases, the width of the Dicke peak
becomes large, as shown in Figures 4(a)-4(d). For a small value of A, the subradiant state and the
Fano antiresonance points are close to each other, the WF law is much strongly violated (see Figure
4(e)), while as A increases to a relatively large value, the subradiant state is far away from the both
sides of the Fano antiresonance points. As a result, the thermopower § increases sharply near the
subradiant state with increasing A (see Figure 4(g)), while decreases as A increases further (see
Figure 4 (h)). Due to the strong violation of the WF law as the Fano antiresonance points are close
to the Dicke resonance ones, a giant enhancement in Z7T high to 1.2x10° is observed in the DNA
molecule for A ~ 0.1¢#p, as shown in Figure 4(i), while as A increases across this value, the

maximum value of ZT increases sharply (see Figure 4(j)). It should be noted that to achieve such an
10
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enhancement in Z7T does not need a large energy difference between the upper backbone and the
lower one. Such a relatively small energy difference tends to occur in a realistic DNA molecule by
the environmental fluctuations. These results put forward a new route to realize high figure of merit
in the DNA molecule.

Intrinsic double helix confirmation of the DNA molecule and the environmental fluctuations may
induce another phenomenon, i.e., the symmetry of the electronic hoppings between the backbones
and the GC pair bases is broken. To determine the influence of the asymmetric hoppings on the
electric and the thermoelectric properties of the DNA molecule, we take the DNA molecule with
energy difference parameter A = 0.5¢ as an example, in which the hopping parameters are set as ?, .
=ty (1- n) and ¢,. = typ (1+ 5), where # denotes the asymmetry strength of the upper and lower
electron hopping. The numerical results are shown in Figure 5, where # is changed from zero to 1.
First, one can find that as # increases, the central Dicke resonance plateaus in both the thermal
conductance spectra x and the electronic conductance spectra G becomes narrow progressively, and
meanwhile shift towards high-energy direction, as shown in Figures 5(a)-5(d). As # increases to its
maximum value, which means that ¢, ;. is turned out from the system while #, . reaches its maximum
value of 2¢y, one can find that the Dicke resonance peak disappears from the thermal and electronic
conductance spectra, which means that two or more dangling side radicals with difference energies
coupled with the base pairs is a crucial condition for occurrence of the Dicke resonance in the DNA
molecule and similar systems.

Under current circumstances, two Fano antiresonance points are still located at &, ==*A

symmetrically. However, the L/L, spectra are no longer symmetrical about Fermi level, and the
violation of the WF law is more stronger at gy = A than that at gy = -A as shown in Figures 5(e) and
5(f), because the subradiant state due to the Dicke effect is close to the antiresonance point gy = A.
Moreover, just due to the same reason, the thermopower S and the figure of merit ZT are no longer

symmetrical about the Fermi level as shown in Figures 5(g)-5(j). It is clearly shown that the shapes
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of S and ZT around the antiresonance point gy = -A show little changing with various #. While
around another resonance point €y = A, for a small value of 7, the thermopower § and the figure of
merit ZT are enhanced to very large values compared to the cases of A = 0.5ty and # = 0 shown in
Figure 3. Nevertheless, as # increases, the values of S and ZT in the vicinity of €y = A decreases
sharply, and as # increases to its maximum value, i.e., # = 1, the thermopower S and the figure of
merit ZT only keep their symmetrical structures about the antiresonance point €y = -A. This is due to
the fact that as # = 1, the upper backbones are entirely detached from the system and show no any
influence on the thermoelectric properties of the system. Thus there is only one Fano antiresonance
point appearing at €y = -A in the corresponding thermal conductance and the thermopower spectra.
It should be pointed out the giant enhancement in the thermopower and the figure of merit of the
DNA system induced by the asymmetrical electronic hoppings between the backbones and the base
pairs dose not need a large disturbance in the electronic hoppings, this is easy to realize in a realistic
DNA molecule by the environmental fluctuations. It is believed that we obtain another effective
route to enhance the thermoelectric efficiency in the DNA molecule.

It should be noted that in the above discussions, the electric thermal conductance is only taken
into account, thus we need to give some comments on the influence of the lattice thermal
conductance. Considering that device temperature is so low and assuming that the every repeated
unit of the DNA molecule is composed of multiple molecules with different structures, the phonons
in the system are difficult to propagate and the electron-phonon couplings are also very weak.
Moreover, considering that the Fishbone model with a quantum-dot array is adopted as shown in
Figure 1, the lattice thermal conductance is mainly contributed by the base pairs in the main

transport channel. Thus the lattice thermal conductance can be described roughly by

27,2
Koy = TE;—;T F, ,® which has been successfully applied to calculate the phonon thermal conductance

of the silicon nanowires and matches very well with a recent experiment. ® The dimensionless

12
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scattering factor F, arises from phonon scattering with surface impurities or quantum dots.®” The
expression «,, with F =1 is the universal lattice thermal in a nanowire as in a phonon wave guide,61
while «, with F=0.1 can suitably describe the lattice thermal conductance of a silicon nanowire

with surface states.®* Since the DNA molecule length in our calculations is much smaller than the
phonon mean free paths, the lattice thermal conductance is possible to be reduced by one order of
magnitude or even more compared with the electric thermal conductance. Therefore, we adopt

F,=0.5 as a suitable parameter to estimate the lattice thermal conductance of the DNA chain, and
assume that F, is independent of the number of the base pairs. We can find that the maximum value

of the figure of merit of the DNA chain obtained above, i.e., ZT1,,=1200, will be reduced
approximately to 16. If we consider further the influence of the electron-phonon couplings, this
value will be reduced to a smaller one. In addition, if we consider inelastic scattering, phase-
breaking, field radiation® and others in the process of the thermal transport through the DNA
molecule, the thermal figure of merit will be reduced more. However, the conclusion that the
thermoelectric efficiency in the DNA molecules is enhanced remarkably by the Fano and Dickes
effects remains. Our results put forward effective routes to enhance the figure of merit of the DNA
molecules and other quasi-one-dimensional materials with similar structure configurations, such as

carbon nanotubes, graphene nanoribbons and multiple-coupled quantum-dot systems.
IV. Conclusions

In conclusion, we theoretically investigate the thermoelectric transport through the poly(G)-poly(C)
NDA molecule. Our results show that due to the particular structure composed of the repeating
backbones and base pairs, the quantum interferences play an important role on the thermoelectric
properties of the DNA systems, and the Fano and Dicke effects can be considered as two effective
routes to enhance the thermopower and the thermoelectric efficiency of the DNA molecule. Due to

the destructive quantum interference originating from the difference backbones, the thermal
13
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conductance spectrum shows a Fano antireasonce zero point at Fermi level, while in the vicinity of
the Fano antiresonance point, the WF law is strongly violated, thus the thermopower and the figure
of merit are enhanced considerably. Considering the environmental complications or fluctuations,
an energy difference between the upper and lower backbones in every repeat unit occurs, which
leads to a Dicke resonance appearing at the Fermi level in the thermal conductance spectrum. The
appearance of the Dicke effect, on the one side, induces the adiabatic-diabatic transition in the
thermal conductance in the DNA molecule. On the other side, the Dicke resonance leads to a strong
violation of the WF law, thus in the vicinity of the subradiant state due to the Dicke resonance, the
thermopower and the figure of merit are also enhanced considerably. More important, through
controlling the Fano and the Dicke effects, for example to make the Dicke resonance points close to
the Fano antiresonance ones by adjusting the onsite energies in the backbones or the electronic
hoppings between the backbones and the base pairs, a giant enhancement in the figure of merit of
the DNA molecule is achieved.

Finally, we give an estimation of the magnitude of the DNA device temperature used in our
calculations. The first-principle calculations have reported the electronic hopping t, between the
GC base pairs ranging from 0.03 to 0.4V, the corresponding device temperature kg7 (=0.01¢)
distributes in the region [3.6 K, 48 K]. The temperatures are lower than room temperature but
located in the measured temperatures in the most experiments on the DNA molecule, and consistent

with the thermoelectric experimental parameters.®
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Figures and Captions
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(b) Fishbone model

(c) DNA thermoelectric device

Fig. 1 (a) A schematic view of poly(G)-poly(C) DNA molecule; each GC base pair is attached to
sugar and phosphate groups forming the upper and lower molecule backbone. (b) The diagram of
the lattice adopted in building a fishbone model, with the m-stack connected to the isolated states as
+ edges. (c) A schematic view of a thermoelectric device based on the poly(G)-poly(C) DNA

molecule.
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Fig. 2 Thermal conductance x, Electric conductance G, Lorentz ratio L/Ly, thermopower S and
figure of merit ZT as a function of the energy level ¢y for some DNA molecules with the chain

length N =1 —5, in which the onsite energies in the backbones are setas &;, =¢;- = &, = &.
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Fig. 3 (Color online) Thermal conductance x, Electric conductance G, Lorentz ratio L/Lo,

thermopower S and figure of merit ZT versus & for some DNA molecules with the chain length N =

1 -5, in which the onsite energies backbones are set as ¢;, = €9, &+ =& — Aand ;. = g9 + A, where

A =0.51.
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Fig. 4 (Color online) Thermal conductance x, Electric conductance G, Lorentz ratio L/Lo,
thermopower S and figure of merit ZT versus gy for a particular DNA molecule with the chain
length N = 5, where the onsite energies backbones are ¢;;, = €9, €;+ =& — Aand ;- =¢o + A, and A

is changed from 0 to 0.91,.
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Fig. 5 (Color online) Thermal conductance x, Electric conductance G, Lorentz ratio L/Lo,
thermopower S and figure of merit Z7 versus ¢ for a particular DNA molecule with N =5 and A =
0.5¢9, in which the electronic hopping between the backbones and the base pairs is set as tj. =ty

(1-n) and ¢;- = to (1+ #7), where # is changing from O to 1.
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