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By applying nonequilibrium Green’s functions in combination with the density-functional theory, we investigate the
electronic, thermal, and thermoelectric properties of four kinds of bases in DNA perpendicularly coupling between two
ZGNR electrodes. The results show that the electron transport is highly sensitive to different base-ZGNR coupling geome-
tries, and the system can present large rectifying and negative differential resistance effects. Moreover, the fluctuations of
electronic transmission and super-low thermal conductance result in significant enhancement of the thermoelectric figure
of merit (ZT): the ZT will be over 1.4 at room temperature, and over 1.6 at 200 K. The results show that the base-ZGNR
coupling devices can present large rectifying, negative differential resistance, and enhanced thermoelectric effects.
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1. Introduction

Single-molecule devices have garnered much attention in
recent years for their potential applications in the next genera-
tion of electronic devices.!'!31 Many novel functional single-
molecule devices have been designed, and a number of fas-
cinating charge transport properties are found such as nega-
tive differential resistance (NDR), rectifying effect (RE), and
thermoelectric energy conversion.!!23] NDR effect is char-
acterized by a negative slope in the /-V curve, which can be
used in a wide range of applications such as frequency multi-
pliers, fast switches, memory, high-frequency oscillators. >
Furthermore, heat and electricity are two different forms of en-
ergy, and thermoelectric devices (TE) can offer direct thermal-
to-electrical energy conversion, including waste heat and so-
lar energy to electricity. The efficiency of thermoelectrics
can be measured using the thermoelectric figure of merit.
The single molecules with multi-functional properties will
occupy an important position in the future. In particular,
due to graphene extraordinary mechanical, physical,**2% and
chemical properties,!?’! graphene-based single-molecule de-
vices have attracted extensive interest in recent years. Based
on the existing planar carve technologies, graphene can be pat-
terned into quasi-one-dimensional material, graphene nanorib-
bon (GNR), which can be classified as zigzag (ZGNR for

zigzag GNR) and armchair depending on their edge geometry.
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The edge styles and widths were found to play a pivotal role
in the charge-transport properties. Until now, many interesting
physical effects have been revealed in these quantum struc-
tures by coupling GNRs with moleculars.?8! For instance, the
studies reported that the functionalized-GNR hybrid structure
with porphyrins only can not improve the solubility and dis-
persion stability®*! but also presents NDR.!*’! By the density
functional theory, Wu revealed that the Mn(dmit), molecule-
based molecular device with two ZGNR electrodes can present
large RE.[") Furthermore, good TEPY also were reported in
graphene-based topological insulators with heavy adatoms and
nanopores®! or ZGNR with gold atom chains at the edges. *?!
Such studies have aroused keen interest among the multifunc-
tional single-molecule devices by connecting GNRs with var-
ious molecules. More interestingly, DNA, a star of molecules,
can be accurately high-speed sequencing by GNRs,?3! which
is promising to monitor modulations in the currents running
through GNR on interaction with DNA bases!!'” (note that
there are four kinds of bases in DNA: adenine, cytosine,
thymine, guanine (in the following abbreviated as A, C, T,
G)). A deep understanding of the mechanisms underpinning
the operation of the base-GNR coupling devices is therefore
very important for the design and production of functional-
ized base-GNR coupling devices. However, the research in
this area is still lacking.
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Covalent linking of bases to GNRs could open the oppor-
tunity to create organic single-molecule devices with extraor-
dinary transport properties. In the present work, we investigate
the electron transport properties of GNRs with different bases.
On the basis of first-principles calculations, we find very in-
teresting transport properties in these base-molecule devices.
More interestingly, large RE and NDR behaviors are also ob-
served. Moreover, the ZT can be improved obviously, and the

ZTmax will be over 1.4 at room temperature, and over 1.6 at

200 K. These results are constructive for the practical applica-
tions of molecular devices.

2. Method and model

It is known that DNA is a double spiral structure with
m—7 stacking between neighboring bases. The real direction
of charge transfer is vertical to the surface of the DNA bases.
Inspired by this structure, the bases are designed to couple per-
pendicularly with N-ZGNR in this paper.

¢
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Fig. 1. Schematic diagram of three kinds of base-ZGNR coupling devices (the bases are all sandwiched perpendicularly between two infinite N-ZGNR
electrodes): (a) the base is parallel to the zigzag edges and the zigzag edges keep perfect in the structures (N-AGNR-/-(a)), (b) the base is parallel to the
zigzag edges and the zigzag edges are disconnected in the scattering region (N-AGNR-/-(b)), (c) the base is vertically to the zigzag edges, and the left

and right electrodes are non-coplanar (N-AGNR-/-(c)).

The molecular devices we studied are illustrated in
Fig. 1, which display three coupling configurations, namely
N-AGNR-/-(a), N-AGNR-/-(b), and N-AGNR-/-(c) (N is the
number of carbon dimer lines across the ribbon width, and
I represents the types of bases). Here, the bottom-row fig-
ures are the top view, the middle-row figures are side view,
the top-row figures are the structures of A, C, G, T bases,
and the atoms with red circle markers are the atoms bonded
with the electrodes. The three coupling configurations are
divided into three regions: left and right N-ZGNR elec-
trodes, and central scattering region. The geometrical op-
timization of the model structures and the transport proper-
ties are all performed by using the ATOMISTIXTOOLKIT
(ATK) package. ATK is a powerful set of modeling tools
for investigating a variety of nanoscale systems such as
molecules, bulk and two-probe systems. The systems may
contain nanowires, nanotubes, graphene, high-k dielectric in-
terfaces, semiconductors, metals, efc., and the calculations are
based on the following techniques: density-functional theory
(DFT), extended Hiickel theory, classical potentials, and non-
equilibrium Green’s functions (NEGF). The overview of the
work flow is: Building Atomistic Structures, Script Genera-
tor, Job Manager, Analyzing the Results. The specific calcula-
tion see the official website for specific operation methods and
steps. (https://docs.quantumwise.com/index.html) For carbon
materials, using single-plus polarization basis and 150 Ry
(1 Ry=13.6056923(12) eV) of cutoff energy is enough to en-
sure the accuracy of calculation.**3%) Within the frame of

NEGF in combination with the DFT, local density approxi-
mation (LDA) is preferable at handling electronic transport in
device under open boundary conditions.>*3>! In order to ex-
amine the accuracy of the obtained results, a comparison of
the achieved data to those experimentally supplied in literature
was performed. The calculation results using LDA are highly
consistent with the experiments. %381 ATK calculation man-
ual indicates that for a calculation of a system like electrode—
molecule—electrode with a molecule along the Z axis and the
transport direction also along the Z direction, since the sys-
tem has no periodicity in x—y direction, one should therefore
not need more than one k-point in this direction. In the Z di-
rection, however, the self-energy calculation effectively corre-
sponds to an infinite number of k-points, and we need a lot
of k-points in the electrode calculation to match the electronic
structures of the electrodes and the central region. The cal-
culations should be safe to stick to 100 k-points along the C
direction. So, in the calculations, the cutoff energy is set to
150 Ry, and 1x1 x 100 k-point mesh is used. The structure in
the device region is relaxed until the forces acting on the atoms
dropped below 0.05 eV/A. Moreover, a large enough vacuum
layer (> 15 A ) is applied to keep the device from any inter-
action with its mirror images both in ATK calculation, and all
the dangling bonds of edge carbon atoms are passivated with

hydrogen atoms. At finite bias, the current can be expressed
as: [39-421

10%) = 2 [ (B Vo) UA(E )~ H(E -~ p)lE, (1)
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where Gy = 2¢2 /h is the conductance quantum, p — u, = eV,
U1, and u, are electrochemical potentials of the left (right) elec-
trode. fi(E — ) and f;(E — Y) are the Fermi-Dirac distribu-
tion functions, which can be expressed as

1

~ exp[(E— ) /x6T] +1

T.(E,Vp) is the transmission coefficient for the left electrode

i (E = tiry) (2)

across the scattering region into the right electrode, which is
the key issue to predict the current and can be expressed as

©.(E.Vy) = T(GLLG'IR). 3)

Here G'®) is the retarded (advanced) Green’s function of the
midsection, and I g) is the contact broadening function of the
left terminal (right terminal). It is known that the ideal thermo-
electric material with maximum power-generation efficiency

are given by!!8]

n _(Thot_Tcold> |: V1+ZT_1
ma Thot VI+ZT + (Teord/Thot) |’

where Tio: and Tio1q are the absolute temperatures of the left

“)

and right heat baths. Fixing Ty and Tio1q, the efficiency, Nmax,
is determined by the dimensionless figure of merit Z7,

ZT =TGS*/(Ke +Kp), (5)

where T is the temperature, G is the electronic conductance
(which is the electronic current / generated for a given volt-
age V in a material and G =1/V), § is the Seebeck coefficient
(which is the voltage V' generated for a given temperature dif-
ference AT in a material and S = V /AT), K. is the electronic
thermal conductance (which is the electron thermal current Iq
generated for a given temperature difference AT in a material
and K. = Io/AT), and K, is the lattice thermal conductance
(which is the lattice thermal current J generated for a given
temperature difference AT in a material and K, = J/AT). In
the ballistic transport, an intermediate function*¥! is intro-
duced for expressing G, S, and K, conveniently,

2 [ af(E,u,T)
F<’"):f/ E—p)" | -2 o (E)E.
2oy |TEED e, o
Then the seebeck coefficient S, the conductance G, and the
electron thermal conductance K. can be expressed as

1, 1 r
S 0 2 ir@_ _
aro T 7 ja0)

)

respectively. The phonon transmission function and phonon
thermal conductance can be expressed as!*4]

1(0) = Te(GTLG*IR), %)
RO b
- 7kBTzﬁ/o (O) gt ®

Based on the above calculation, we can get ZT value.
Some experimental efforts have been done by using graphene

nanostructures for DNA sequencing, involving DNA pass-
ing through graphene nanopores, nanogaps, and nanoribbons.
Most of the experimental and proposed work involving us-
ing recognition tunnelling to identify DNA nucleotides rely
on hydrogen bonds, or other temporary interactions between
the bases and electrodes. This is presumably for practical
reasons: in order to sequence a strand of DNA it must be
able to move through the tunnelling junction. Recently, He
et al. succeeded in covalently linking porphines to graphene

[36] Xu et al. reported a robust approach to fabricate

edges.
single-molecule transistors with covalent ZGNR-molecule—
ZGNR chemical bonds, and current—voltage characteristics
is measured steadily by experiment at room temperatures in
ZGNR-molecule-ZGNR devices.!*’! Merging these technolo-
gies, the behavior of electronic transport for different bases of
DNA should be able to achieved experimentally. Some studies
found that ZGNR have magnetic (or spin) states at their edges,
and that these states can be either antiparallel or parallel.[*—7]
Further studies showed that these states become unstable at
room temperature.!*! So in our calculations, the spin polar-
ization in the ZGNR-related systems is ignored. Since the ex-
periment shows that the current—voltage characteristics have
been measured as being stable at room temperature, >’ the
optimized structures in our calculations should also reach a

stable state at room temperature. 4853

3. Results and discussion

Figure 2 investigates the current values of N-ZGNR-/-
(j) (j =a, b, or c) as a function of applied bias. Moreover,
the current-voltage characteristics of the pristine 4-ZGNR, 5-
ZGNR are also presented for comparison. It is interesting to
find that different base devices exhibit different transport char-
acteristics, although they have the same left and right elec-
trodes. Clearly in Fig. 2(a), 4-ZGNR-I-(a) (I = A, G, and T)
significantly improves the current value when the bias volt-
age is higher than certain threshold voltage, and the current
value is even almost 3 times larger than the pristine 4-ZGNR
at bias voltage 0.9 V in 4-ZGNR-A-(a). However, the cur-
rent value of 4-ZGNR-C-(a) is far lower than that of the cor-
responding pristine 4-ZGNR. Moreover, another impressive
characteristic is that the current values in 4-ZGNR-A-(a) and
4-ZGNR-A-(c) present obvious unsymmetry under opposite
biases. Especially, the current values in 4-ZGNR-A-(c) are
larger than those in pristine 4-ZGNR under negative biases
while the current values in 4-ZGNR-A-(c) are much lower
than those in pristine 4-ZGNR under positive biases. Relative
to large differences of current—voltage characteristics in dif-
ferent base coupling systems with 4-ZGNR, the current val-
ues in 5-ZGNR-/-(j) are all much lower than those in pris-
tine 5-ZGNR. These results indicate that the phenomenon of
current—voltage characteristics in base-ZGNR coupling sys-
tems depends on the width of ZGNRs.
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Fig. 2. Descriptions of the currents as a function of the applied bias of N-AGNR-/-(j). Purple solid, red solid, dashed, dotted, and dash-dotted curves in
panels (a)—(f) correspond to the structures of pristine N-ZGNR, N-ZGNR-A-(j), N-ZGNR-C-(j), N-ZGNR-G-(j), and N-ZGNR-T-(j). Panels (a)—(c)
correspond to 4-ZGNR-/-(a), 4-ZGNR-I-(b), and 4-ZGNR-I-(c); Panels (d)—(f) correspond to 5-ZGNR-/-(a), 5-ZGNR-/-(b), and 5-ZGNR-I-(c). The

insets in panels (a)—(f) correspond to the rectification ratio RR.

Furthermore, another two interesting effects ca also be
observed from these /-V curves: (i) Rectifying effect. The rec-
tification ratio is defined as RR = I(—V)/I(V), where I(—V)
and I(V) correspond to the currents under negative and pos-
itive biases with the same voltage magnitude. From the in-
serts in Fig. 2, we can see clearly that the rectification ef-
fects in 4-ZGNR-A-(a) and 4-ZGNR-C-(a) are most obvious,
and the largest rectification ratios reach 180 at 0.04 V in 4-
ZGNR-A-(a) and 254 at 1.49 V in 4-ZGNR-C-(a). In addi-
tion, the rectifying behavior is also observed in other base de-
vices. These behaviors mean that our base-ZGNR coupling
systems can function as a good electronic rectifier. (ii)) NDR
effect. Clearly, NDR behavior can be observed in 4-ZGNR-
I-(a) (I = A, G, and T) and 4-ZGNR-/-(c) (I = A and C). It
is known that the NDR effect has very important application

value in future electronic circuity, including fast switches, am-
plifiers, and memories.*3! For organic molecules, including
microbial molecule, their molecular energy levels are discrete.
In general, there is a large energy gap between the frontier
molecular orbits, which results in a small total conductivity of
the system. Furthermore, the degree of localization of molec-
ular frontier orbitals also affects the conductivity of the sys-
tem. So the current of molecular system is generally at the
level of mA, or even lower. The rectifying property of the de-
vice is often due to the asymmetry of the system, or affected
by the doping of the recipient and donor. In this work, the
DNA bases contains N atom and other groups, which can be
considered as acceptor doping. These bases have asymmetric
structure, and the asymmetry of the base structure will also
cause rectification effect. These base pairs are abundant in na-
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ture. Their rectification effect can provide theoretical basis for
their application in biological devices and electronic devices.
Compare with H-bonding modalities between the nucleotides
and the electrodes in similar systems, covalent bond in this
paper is more permanent and the magnitudes of the observed
currents in our systems are much greater. For example, the
magnitude of the measured currents in hydrogen-bonded con-
figuration lies in the range from a few nA to about a few pA.
However, the magnitude of the currents in our systems lies in
a few pA. The low currents are responsible for the weak in-
teraction, which is also consistent with previous studies.!""]
From the point of view of the difficulty of current detection,
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our model is easier to be detected. Especially, it is interest-
ing to find that in Fig. 2(), I4_7zGNR-A—(a) > l4-ZGNR—C—(a) >
I4_7GNR-G-a) > l4-7GNR-T- (a) Within the applied-bias region
[0.70 eV, 1.10 eV], which is consistent with the recognition
tunneling currents by integrating over the 1-ps duration of the

[20] Recent researches found

simulation in previous studies.
that thermoelectric conversion efficiency in different base-
sandwiched systems displays different characteristics.!'”! In
theory, thermoelectric effects should also be able to sequence
DNA. So, thermoelectric studies may provides novel opportu-
nities for nanodevices for DNA sequencing. We look forward

to progress in this area.
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Fig. 3. Panels (a)—(c) [(d)—(f)] describe the electron transmission spectra of 4-ZGNR-/-(a) (4-ZGNR-/-(b)) at bias voltages 0.6 V, 1.0 V, and 1.4 V.
Purple solid, red solid, dashed, dotted, and dash-dotted curves in panels (a)—(c) [(d)—(f)] correspond to the structures of pristine 4-ZGNR, 4-ZGNR-A-
(a), 4-ZGNR-C-(a), 4-ZGNR-G-(a), and 4-ZGNR-T-(a) (4-ZGNR, 4-ZGNR-A-(b), 4-ZGNR-C-(b), 4-ZGNR-G-(b), and 4-ZGNR-T-(b)). The left and
right insets of panels (a) and (b) [(d) and (e)] show the LDOSs of 4-ZGNR-A-(a) and 4-ZGNR-C-(a) (4-ZGNR-A-(b) and 4-ZGNR-C-(b)) at E = 0.

To understand the electron transport properties in differ-
ent base devices, in Fig. 3, we calculate their transport spectra
under different bias voltages. For brevity, only bias voltage
0.6V, 1.0V, and 1.4 V are considered here. For the symmet-
ric pristine 4-ZGNR, a transmission gap is formed near the
Fermi level due to 7w and 7* subbands have opposite ¢ par-
ity and they cannot couple with each other to contribute to

the transmission.>*! When the bases exist in scattering region

(which breaks the electronic symmetry>*), 7 and 7* sub-
bands no longer have definite ¢ parity and can couple with
each other, leading to big transmission coefficients near the
Fermi level in 4-ZGNR-I-(a) (I = A, G, and T). However,
the transmission coefficients in 4-ZGNR-C-(a) are very low
near the Fermi level. In order to understand the divergence
of the transmission coefficients, we display the local device
density of states (LDOS) of 4-ZGNR-A-(a) and 4-ZGNR-C-
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(a) in Fig. 3(a). LDOS analysis shows that the LDOS in 4-
ZGNR-C-(a) is distributed unsymmetrically highly and also
much weaker than that in 4-ZGNR-A-(a), which means the
wave functions of the 7 subband from the left electrode hardly
touch those of the 7* subband in the right electrode. So, the
electrons from the left electrode scarcely cross the scattering
region to the right electrode, and leading to a very low trans-
mission coefficient in 4-ZGNR-C-(a). However, although the
LDOS in 4-ZGNR-A-(a) is distributed unsymmetrically, the
distribution of LDOS along the edges is very symmetric, and
the wave functions of the 7 subband from the left electrode
can couple with those in the right electrode by the edge states,
forming a perfect transport channel in the edge and resulting
in a big transmission coefficient. Increasing the bias voltage
from 0.6 V to 1.0 V, a wider peak of 4-ZGNR-A-(a) and nar-
rower peaks of 4-ZGNR-G-(a) and 4-ZGNR-T-(a) appear in
the bias window. Therefore, the current of 4-ZGNR-A-(a) is
further increased, while the currents of 4-ZGNR-G-(a) and 4-
ZGNR-T-(a) are decreased, which induces the NDR behavior
in 4-ZGNR-G-(a) and 4-ZGNR-T-(a). Further increasing the
bias voltage from 1.0 V to 1.4 V, the transmission coefficients
of these base systems are all suppressed obviously. So the
currents are also decreased and the NDR behavior occurs in
4-ZGNR-A-(a). Compared the transport spectra of 4-ZGNR-
1-(b)s with those of 4-ZGNR-I-(a)s at the same bias voltage,
the main divergence is that the transmission coefficients of 4-
AGNR-/-(b)s in the bias window are very low.

In order to understand the low transmission coefficients of
4-AGNR-I-(b)s, the LDOSs of 4-ZGNR-A-(b) and 4-ZGNR-
C-(b) are presented in the insets of panels (d) and (e). Clearly,
the LDOSs in 4-ZGNR-C-(b) and 4-ZGNR-A-(b) are dis-
tributed unsymmetrically highly compared with that in 4-
ZGNR-A-(a), the weak wave functions overlap hinders carrier
injection from the left electrode to the base and finally to the
right electrode. This phenomenon indicates very low trans-
mission coefficients in 4-ZGNR-I-(b)s. Increasing the bias,
enlarging the range of transport spectra in the bias window,
and forming greater current values in all 4-ZGNR-/-(b)s. An-
other interesting discovery is the significantly rectifying char-
acteristic, which further broadens electronic applications of
base-ZGNR coupling devices in a new generation of electronic
circuity. In the present work, although large rectifying effect
occurs at some biases in Figs. 2(a) and 2(d), the current val-
ues at these biases are — 0. So, the applications of theses
devices are restricted. Especially, in strong contrast to low
current values in 4-ZGNR-I-(c) (I = C, G, and T), the current
in 4-ZGNR-A-(c) is comparable with that in pristine 4-ZGNR
and a big rectifying effect can also be observed in this struc-
ture (the RR = 4.92 at 0.45 eV, and RR = 5.4 at 0.82 eV).
To understand these interesting effects, we describe electron
transmission spectra for 4-ZGNR-A-(c) at 0.2 V, 0.4 V, and

0.8 V biases in Figs. 4(a)—4(c). As a comparison, in Figs. 4(e)—
4(g), we describe electron transmission spectra for the same
structure at opposite biases. Clearly from Figs. 4(a) and 4(d),
the transmission coefficients in 4-ZGNR-A-(c) at 0.2 V are
much lower than those in 4-ZGNR-A-(c) at —0.2 V within
bias window, which induces much lower current at 0.2 V than
—0.2 V. When the bias is changed from —0.2 V to —0.4 V,
the region with big transmission coefficients are also widened
in the increased bias window. So, the current value increases
from 4.96 pA to 6.77 uA. However, when the bias is increased
from 0.2 V to 0.4 V, the transmission coefficients near the right
chemical potential decrease obviously. Though the low trans-
mission region also widens as the bias voltage increases, the
increased low transmission region cannot compensate for the
loss. Therefore, the current value decreases from 2.11 pA to
1.44 pA, leading to the appearance of NDR at positive bi-
ases and large rectifying ratio. When the bias is changed from
0.4 V1o 0.8 Vand —0.4 V to —0.8 V, although the increased
bias window both contains lesser transmission coefficients, the
strength of the scattering in the structure with positive bias
is much stronger than that with negative bias, giving larger
rectifying ratio. The rectifying effect can be understood with
the help of the schematic LDOSs in these structures. Clearly
from the insets in Fig. 4, the distribution of LDOSs at negative
bias is more symmetric than that at positive bias in the same
structures, which means that the carrier can more easily pass
through the base-ZGNR coupling systems at negative bias, and
forming obvious rectifying effect. Clearly, comparing the rec-
tification ratio RR in 4-ZGNR-A-(c), the most striking differ-
ence is that the rectification peak of RR in 4-ZGNR-T-(c) and
4-ZGNR-G-(c) occurs at big bias [see Fig. 2(c)]. The transport
spectra under different negative bias shown in Fig. 4 illustrate
this interesting phenomenon. Obviously in Figs. 4(e)—4(g),
the transmission peak only exists at low energy with negative
bias in 4-ZGNR-A-(c). So, the rectification peak just exists at
low bias. However, the transmission peak only exists at large
energy of electron with negative bias in 4-ZGNR-T-(c) and 4-
ZGNR-G-(c) [see Figs. 4(d) and 4(h)], which results in that
big RR only happens at large bias.

It is known that the covalent bond is generally more per-
manent in nature than the H-bond. Some studies focused
on single-molecule devices rely on covalent bond coupling.
While many studies involving using recognition tunnelling to
identify DNA nucleotides rely on hydrogen bonds. It would
be very interesting and important to do a comparison analy-
sis contrasting their electrical transport properties. So, as a
comparison with the current in 4-ZGNR-I-(b) (I = A, C, G,
and T)), we study -V curves of 4-ZGNR-A-(h), 4-ZGNR-C-
(h), 4-ZGNR-G-(h), and 4-ZGNR-T-(h). (note that the bond
between the bases and electrodes is H-bond in 4-ZGNR-I-(h)
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(I=A,C, G, and T)). It is found from Fig. 5(a) that the current
values in 4-ZGNR-/-(h) are less than 0.5 nA even the voltage
reaches 2 V, which are similar to previous DNA sequencing
studies®?! and much smaller than those in 4-ZGNR-I-(b).
The reason can be revealed from the LDOS at the insets in

Fig. 5(a). Clearly, due to the absence of electronic states in
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many atom positions of 4-ZGNR-/-(h), the wave functions of
the electron states from the left electrode cannot touch those of
the wave functions of the electron states in the right electrode.
So, the electron from the left electrode can hardly cross the
scattering region to the right electrode. As a result, the current

is very low in H-bond coupling structures.
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Fig. 4. Panels (a)—(c) [(e)-(g)] describe the electron transmission spectra at bias voltages 0.2 V, 0.4 V, and 0.8 V (at bias —0.2 V, —0.4 V, and —0.8 V). Purple
solid and red solid curves in panels (a)—(c) and (e)—(g) correspond to the structures of pristine 4-ZGNR and 4-ZGNR-A-(c). The insets of panels (a)—(b)
and (e)—(f) show the LDOSs of 4-ZGNR-A-(c) at E = 0, and The insets of panels (c) and (g) show the LDOSs of 4-ZGNR-A-(c) at E = —0.24 eV. Solid,
dashed, and dotted curves in panel (d) [(h)] describe the electron transmission spectra in pristine 4-ZGNR at bias 1.87 V, 4-ZGNR-G-(c) at bias 1.87 V, and
4-ZGNR-G-(c) at bias —1.87 V (pristine 4-ZGNR at bias 1.56 V, 4-ZGNR-T-(c) at bias 1.56 V, and 4-ZGNR-T-(c) at bias —1.56 V).

Meanwhile, it is also noted that although the cur-
rent is low and there is no negative differential effect, the
current Iy_7GNR-T—(h) > 14-zGNR—C—(h) > l4-ZGNR-A—(h) >
I4_7GNR-G- (n)>» Which means that the base can be easily dis-
tinguished by the current value. Then, we analyze the I-V
curves of 4-ZGNR-I-(f) (I = A, C, G, and T)). In these struc-
tures, the bases are designed to couple with deoxynucleotides
and then covalently bonded with left and right N-ZGNR elec-

trodes. Figure 5(b) shows that the current Iy zGNr-7—(f) >
I4_7GNR—1-(n)- Larger currents may be responsible for the
stronger interaction, namely the covalent bonds between the
left and right N-ZGNR electrodes. To confirm this hypoth-
esis, the LDOS of 4-ZGNR-/-(f) are plotted in the insets of
Fig. 5(b). It is Clearly seen from the inserts in Fig. 5(b) that,
due to the existence of electronic states in more atom posi-
tions of 4-ZGNR-/-(f), this well-proportioned distribution of
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LDOS is advantageous for electron going through the system
more smoothly. As a result, the current in 4-ZGNR-I-(f) is
larger than that in 4-ZGNR-/-(h). In addition, although the
bonds between the scattering region and the left (right) elec-

trodes are covalent in 4-ZGNR-/-(b) and 4-ZGNR-/-(f), due to
more atoms in the scattering region in 4-ZGNR-/-(f), the elec-
trons are more easily scattered by the scattering region, which
induces the current Iy_7GNR—i—(b) > 14— ZGNR—i—(f)-

¢ ~ b
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Fig. 5. Description of the currents as a function of the applied bias of 4-ZGNR-/-(h) and 4-ZGNR-/-(f) in panels (a) and (b). Purple solid, dashed, dotted, and
dash-dotted curves in panel (a) correspond to the structures of N-ZGNR-A-(h), N-ZGNR-C-(h), N-ZGNR-G-(h), and N-ZGNR-T-(h). Purple solid, dashed,
dotted, and dash-dotted curves in panel (b) correspond to the structures of N-ZGNR-A-(f), N-ZGNR-C-(f), N-ZGNR-G-(f), and N-ZGNR-T-(f). The insets

in panels (a)-(b) correspond to the LDOS at E = 0.5 eV.

Clearly from Figs. 2(a) and 2(c), another impressive char-
acteristic is the currents enhancement in 4-ZGNR-A-(a) and
4-ZGNR-A-(c), and the currents are even much bigger than
those in pristine 4-ZGNR at some biases. So, we judge that
the coupling between the base A and ZGNR should be ex-
cellent thermoelectric performance. Recently, the current—
voltage characteristics is measured steadily by experiment at
room temperatures in ZGNR-molecule-ZGNR devices. The
room temperature is experimentally feasible to study thermo-
electric performance in base-ZGNR coupling devices. So in
the following study, we focus on the thermoelectric perfor-
mance in this coupling system in Fig. 6 at room temperatures.
It can be found that in perfect 4-ZGNR, the phonon transmis-

sion coefficient is of quantum character, and the phonons can

be transported perfectly without scattering. While the phonon
transmission coefficients of 4-ZGNR-A-(d) and N-ZGNR-A-
(e) (N =4 and 5) exhibit many peak-dip structures, and are
much lower than those of the pristine 4-ZGNR due to the struc-
ture scattering. So, the thermal conductances in these struc-
tures are decreased obviously. In order to measure the reduc-
tion degree in the thermal conductance of N-ZGNR-A-i, the
= ki/kn—7GNR (i is N-ZGNR-A-(d) or N-ZGNR-A-(e)
(N =4 and 5)), is defined. Clearly from the inset of Fig. 6(b),
the ratio is lower than 0.1 in the temperature 0 <+ 500 K in 4-
AGNR-A-(d), and even lower 0.05 in N-ZGNR-A-(e) (N =4

and 5). The very low thermal condctances can bring a strong

ratio, §;

advantage to high ZT discussed later. In addition, ZT also de-

pends strongly on the seebeck coefficient S. It can be found
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from the inset of Fig. 6(c) that the electron transmission func-
tion for perfect 4-ZGNR shows some smooth stepwise plat-
forms, which implies that electrons can pass through the pris-
tine 4-ZGNR without any scattering. However, when the base
A exists in scattering region, Similar to phonon transport, the
stepwise platforms are dramatically destroyed, and the elec-

tron transmission coefficients show some peak-dip structures.

Especially, theses electronic transmission mutates induce the
high peak of seebeck coefficient S, which is also fully consis-

tent with the Cutler—Mott formulal!=3]

N 7r2k123 dInT;
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Fig. 6. Panels (a), (b), (c), and (d) describe the phonon transmission, thermal conductance, Seebeck coefficient, and ZT values of N-ZGNR-A-(i) (i = d and
e) at temperature 200 K, respectively. Solid, dashed, dotted, and dash-dotted curves in panels (a), (b), (c), and (d) correspond to 4-ZGNR, 4-ZGNR-A-(d),
4-ZGNR-A-(e), and 5-ZGNR-A-(e). The inset in panel (b) corresponds to the thermal conductance ratio 1(T') = k; /ko, and the dashed, dotted, and dash-
dotted curves correspond to 4-ZGNR-A-(d), 4-ZGNR-A-(e), and 5-ZGNR-A-(e). The inset in panel (c) corresponds to the electron transmission spectra,
and the solid, dashed, dotted, and dash-dotted curves correspond to 4-ZGNR, 4-ZGNR-A-(d), 4-ZGNR-A-(e), and 5-ZGNR-A-(e). The inset in panel (d)

corresponds to the ZT value of 4-ZGNR-A-(e) at temperature 300 K.
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Although the base A can induce low phonon thermal con-
ductance kpy, electric thermal conductance ke, electric con-
ductance o, and also high peak S, the ST /(kph + ke) will
win the competition with 0. As a consequence, the ZT =
S20T /(kpn + ke) will reache a much bigger value in N-ZGNR-
A-(i) than that in pristine N-ZGNR, and the ZT},,x hits 1.6 at
temperature 200 K in 4-ZGNR-A-(e), which is much bigger
than the maximum value (= 0.09) of ZT in perfect 4-ZGNR

pristine. 69

4. Conclusion and perspectives

In summary, we investigated the electronic, thermal, and
thermoelectric properties in the A, G, C, and T bases perpen-
dicularly coupling between two N-ZGNR electrodes by us-
ing nonequilibrium Green’s functions in combination with the
density-functional theory. The results show that the currents in
different base-ZGNR coupling systems display different cur-
rent bias voltage characteristics, and the base-ZGNR coupling
system can present large RE and NDR effects. These inter-
esting results are well explained in terms of the transmission
spectrum and the spatial distribution of LDOS. Moreover, due
to the fluctuations of electron transmission and the reduction
of the phonon thermal conductance, the ZT is improved signif-
icantly: the ZTn,x will be over 1.4 at room temperature, and
over 1.6 at 200 K. Our results will be helpful for designing
and fabrication of high-performance switches, memories, and
thermoelectric devices.
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