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ABSTRACT: Understanding quantum transport through DNA- Well Barrier
based heterostructures is a key to advancing the field of DNA 10 0, 00, HeXe)
nanoelectronics, where quantum interference would play a J— N \ ;

\—
.. L« . 2 ccT..T,Cc C
significant role. Electronic “barriers” and “wells” can be N

constructed in DNA using adenine—thymine (AT) and gua- o r B-DNA Barrier
nine—cytosine (GC) base pairs, respectively, as their ionization Y108k A-DNA Barrier |
potentials differ significantly. We investigate the influence of the IS \ B-DNA Well
width of barriers and wells on hole transport. Density functional é 100} \‘;‘.,\

theory calculations are performed on energy-minimized DNA é ____________
structures, followed by quantum transport calculations including

decoherence. The device physics is probed by constructing a 107%% 1 2 3 4 5

model Hamiltonian and selectively turning oft long-range and

interstrand interactions. Major outcomes of the study include the following: (1) DNA heterostructures complement the solid-state
semiconductor counterparts; that is, conductance decreases sharply and marginally with an increase in barrier and well width,
respectively; (2) quantum interference in DNA heterostructures is robust, as seen by clear peaks in the transmission resonance even
with decoherence; (3) DNA conformation has a profound role in deciding the conductance of equivalent heterostructures; and (4)
structural differences lead to closer HOMO energy levels and more delocalized states. As a result, transport can be efficient in some

strands even with weaker 7—z orbital overlap.
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1. INTRODUCTION

The natal function of storing and transmitting information on
deoxyribonucleic acid (DNA) by pairing and stacking
characteristics of its bases kindles the idea that it can also
carry electrical signals. DNA offers precise self-assembly and
molecular recognition at the nanoscale, which can drive the
fabrication of molecular devices based on quantum interfer-
ence.' ™ Therefore, it is appealing to use such features to
design devices capable of processing information and
signals.*"® The emergence of 2D and 3D DNA structures
will also instigate ideas for the 3D integration of DNA-based
electronics. Apart from this, these devices offer biocompati-
bility” and the possibility of electronics beyond lithography
limits." The electronic conductivity of the DNA molecule can
be measured with DNA bridging the carbon nanotube gap®
and single-molecule break junction.”'® Additionally, recent
experiments and modeling studies show the potential to detect
methylation,"""> mutations,"> and mismatches'* by measuring
a single DNA molecule’s conductance. Better understanding
and prediction of a given DNA molecule’s electronic
conductivity would further expedite the engineering of DNA-
based electronic systems and sensors.
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Heterostructures are basic building blocks in electronic
devices; therefore, DNA heterostructures are key to DNA-
based nanoelectronics. The distinct electronic properties of the
different DNA bases lead to the idea of nanostructured wells,
barriers, and superlattices.l_3 The vertical ionization potential
(IP) values (in eV) in the gas phase for the four bases and base
pairs when isolated are G (7.91) < A (8.30) < C (8.74) < T
(9.05) and GC (7.28) < AT (7.86), respectively.'>'® Since the
AT (GC) base pair has a higher (lower) ionization potential
than GC (AT), it can be treated as a “barrier” (“well”) for hole
transport.”’ Therefore, one can think of quantum wells and
barriers constructed by engineering the DNA sequence. We
can expect DNA-based heterostructures exhibiting trans-
mission resonances akin to double barrier resonant tunneling
diodes and superlattices built from conventional semi-
conductor heterostructures. Adessi et al.’ and Qi et al’
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reported resonant tunneling and found a length-independent
maximum transmission in the purely coherent regime.
Additionally, coherent effects play a key role in charge
transport in DNA.'"” However, decoherence may wash out
these quantum interference effects. Therefore, quantum
interference phenomena in electronic barriers and wells
where decoherence plays a role need to be investigated.

Concerning charge transport through DNA (hence through
DNA-based heterostructures), most investigators seem to
agree that the interbase 7—n coupling in DNA could provide
a pathway for charge transport along the bases.'>'*7*°
Accordingly, B-DNA is expected to conduct better among all
the DNA conformations. However, recent studies have
challenged this understanding,g’10 where higher conductance
is observed in conformations other than B-DNA, despite
having relatively weaker interbase 7—z coupling.'® These
studies indicate distinct and/or additional charge transport
pathways in conformations other than B-DNA. Additionally,
the backbone and its environment can influence DNASs’
electronic behavior, such as solvent and counterions.”' ™
Therefore, it would be interesting to probe the charge
transport mechanism in DNA heterostructures considering
the effect of conformation, backbone, and solvent.

Against this backdrop, we present a critical study of quantum
transport (where interference is significant) in electronic
barriers and wells formed by sequence engineering in DNA.
Mainly, we investigate the influence of the width of the barrier
and well. We employ a combination of density functional
theory (DFT) and Green’s function-based quantum transport
calculations including decoherence. Apart from the most
common B-conformation, we also study quantum transport in
the A-conformation of DNA heterostructures, as dry (relatively
dehydrated) DNA exhibits A-conformation.”> We analyze the
role of long-range and interstrand interactions by constructing
a model Hamiltonian. The paper is organized as follows. We
first present an overview of the methodology employed to
obtain the electronic Hamiltonian, model Hamiltonian, and
conductance. Next, we present and discuss the conductance
variation for barriers and wells. We conclude the paper by
discussing the significance of the results and the main findings
of our work.

2. METHODS

The sequences 3'-CCCTyCCC-5' (CTyC) and 3'-TTTC\TTT-§’
(TCy\T) are considered as barrier and well sequences for hole
transport, where N defines the width of the barrier and well regions,
respectively. We obtained the atomic coordinates of DNAs from
Nucleic Acid Builder (NAB) in AMBER 16%° with one extra base pair
(GC for CTyC and AT for TCyT sequences) at each end to avoid the
edge effects. We used 100% water and 85% ethanol + 15% water as
explicit solvents for B- and A-DNA, reszpectively. For solvent with an
ethanol + water mixture, PACKMOL®’ was used to obtain initial
frames with packed molecules in a 60 A X 60 A x 60 A cubic
solvation box. General Amber Force Field (GAFF)*® was used to
account for interactions involving ethanol. For water as a solvent, the
B-DNA structure was solvated with a truncated octahedron box of the
SPC/E water model, the size of which was determined from the
minimum buffer distance of 11 A. We introduced sodium (Na)
counterions to neutralize the negatively charged phosphate groups.
Additionally, Na and chlorine (Cl) ions were added randomly to
represent a homogeneous mixture with a concentration of 150
mM.** Joung and Cheatham ion parameters were used for ions.*!
For DNA, the Amber force field with the parmbscl correction® was
used. The system was then energy-minimized in two steps with a 9 A
cutoff for nonbonding interactions. In stage 1, DNA was restrained

with a force of 25 kcal/mol-A? for the first 1000 cycles. In stage 2, the
entire system was minimized for a further 1000 cycles. Each stage of
energy minimization involves 500 steps of the steepest descent
method followed by 500 steps of the conjugate gradient method.
Next, we imported the molecule with solvent and counterions into
GaussView5.”> We deleted the extra base pairs at the two ends, excess
salt ions (the closest ions required to neutralize the DNA molecule
were kept), and solvent molecules. We used DFT calculations with
the B3LYP functional® and the 6-31G(d,p) basis set within
GAUSSIAN09* to obtain the Fock (F) and overlap (S) matrices
for the given DNA molecule. We modeled the solvent effect within
the polarizable continuum model.>® The dielectric constant of the
ethanol—water mixture (€,,) is determined by considering only the
linear dependence on mole fractions in the Jouyban-Acree model,*”
ie, €, = ¢e, + (1 — @)é.y In this equation, ¢ is the mole fraction of
water in the mixture, €, is the dielectric constant of water, and €.y, is
the dielectric constant of ethanol. For the 85% ethanol + 15% water
mixture, we used an effective dielectric constant of 32.877. The F and
S matrices extracted from DFT calculations are transformed to the
orthogonal basis using Lowdin transformation:****

H=S"?ps7'? (1

Here, the diagonal elements of H represent the energy levels at each
atomic orbital, and the off-diagonal elements correspond to the
coupling between the different atomic orbitals. Mathematically, it can
also be expressed as

D D oD oD oD
H = Hpny + Hep + Hpna + Hep + Hepna (2)

where the diagonal matrices Hpy, and HE correspond to all the
atoms in DNA (base + backbone) and counterions, respectively. The
off-diagonal matrix HSy, represents interactions between the basis
states of each atom with the basis states of the rest of the DNA atoms.
Similarly, HO is the off-diagonal matrix representing interactions
among the counterions and HElpy, represents the interaction
between counterions and DNA. The matrices Hoy,, H2;, HOP, HOR A,
and H2Phy, are defined as

HSNA = Z

k=1-b,n=1-Npys

HO = D

k=1-b,,m=1-N¢|

¥
ek,nck,nck,n

ek,mck,mck,m
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HDNA - Z ti,n:j,n’(ci,ncj,n’ t+cc )
nn'=1-Npnp,ij=1-b,
oD _ ¥
HCI - 2 ti,n:j,m’(ci,nq,m’ +cc )
n=1-Ng|,m'=1-Ngy,i,j=1-b,
and
op  _ T
Hcrpna = Z ti,n:j,m'(ci,ncj,m’ +cc)

n=1-Npya,m'=1-Np,ij=1-b,

3)
Here, the total number of atoms in the system is given as Ny = Npy,
+ N¢p, where Npy, and N are the number of atoms in the DNA and
counterions, respectively. B = Z,fi"lbn is the total number of basis
functions used to represent the entire system for DFT calculations,
where b, is the number of basis states of the nth atom. €, is the kth
on-site energy of the nth atom. The interaction between the ith basis
state of the nth atom and the jth basis state of the m’th atom is
denoted by t;,,,,, and c.c. stands for the Hermitian conjugate. C"and
C are the creation and annihilation operators, respectively.

The transmission, T, and density of states (DOS) are then
determined using the Green’s function approach within the Biittiker
framework.”® The retarded Green’s function (G) was found by
solving the following equation:

[E- (H+Z +Z +Zp)IG =1 4)
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where E is the energy level and and I, is the left (right) contact
self-energy, representing the coupling strength of the DNA to the left
(right) contact by which charge enters and leaves the DNA. The self-
energy of the phase-breaking decoherence probe is defined as Zp. In
this study, we employ a new atomic partitioning scheme that treats
each atom in the system as a block.

Molecular dynamics simulations have shown that the energy levels
of the DNA fluctuate. The time—averaged behavior of these
fluctuations leads to energy broadening® which is qualitatively
obtained by the decoherence probes that we employ in our study. The
decoherence probes are artificial probes connected to the DNA.
Electrons flow from the DNA into these probes which are maintained
at thermal equilibrium, as given by Fermi statistics. These electrons
are reinjected from the probe back into the DNA such that the total
current in the decoherence probe is zero. This process effectively
causes the electron’s phase to decohere. We consider a uniform
decoherence rate of X3 = 10 meV at each site/block. We choose this
value because it is consistent with estimates for decoherence from
Parsons’ quantum molecular dynamics simulations** and reference.”*
The contact-DNA self-energy, Xy = 100 meV, is added to the ends
of the DNA, i, at 5’ (3') end at the backbone-base atoms to inject
and extract electrons from the left (right) contact. The contact sites
are shown in Figure S1 in the Supporting Information.

We assume that the difference between the left and right electrodes’
chemical potential is relatively small, and so the linear response
transport is assumed. The conductance is thus defined as

+eo —of (E - EF)
G(Eg) = G, f T.4(E)———=dE
( F) oo ff( ) JF ( 5)
where G, is the quantum of conductance, i.e., 2¢*/h (e is the charge on
an electron and  is Planck’s constant) and f is the Fermi distribution
function. Our computational models and approach are summarized in
Figure 1, and further details can be found in ref 41.

3. RESULTS AND DISCUSSION

The location of Ep with respect to the energy levels of the
DNA molecule is determined by factors such as the IP values
of DNA bases and the work function of metal electrodes*” and
the configuration of DNA with respect to the electrodes. The
configuration accounts for the number of DNA atoms in
contact and their relative orientation with respect to the
electrode. These factors determine the partial charge transfer
between DNA and electrodes,’ which determines Eg. By

10031

comparing the IP values of DNA bases and accounting for gold
electrodes with a work function of 5.3 eV, we expect the Ej
location to be in the HOMO—-LUMO gap, closer to the
HOMO of the DNA. As emphasized in previous work,*
partial charge transfer between the electrode and DNA brings
Eg closer to the HOMO. In this study, we assumed that the Eg
shifts similarly for all strands with respect to their respective
HOMO energy. This scenario can occur if we have a three-
terminal setup (see Figure 2): it consists of left and right

Figure 2. Three-terminal setup having a gate electrode that can sweep
the Fermi energy from HOMO to LUMO.

electrodes across which conductance is calculated and the gate
electrode that can sweep the E; from HOMO to LUMO
energies. In presenting our results in Figure 3a—e, we assumed
that the Ef is gated such that it is at the HOMO of each strand
and a small bias is applied across the left and right electrode.
The trend in conductance obtained for E; = HOMO (Figure
3e) also holds when Ez = HOMO + 100 meV (Figure S2 in the
Supporting Information).
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Figure 3. Conductance variation with Fermi energy for (a) B-DNA barriers, (b) A-DNA barriers, (c) B-DNA wells, and (d) A-DNA wells. (e)
Conductance at HOMO of B-DNA (blue) and A-DNA (orange) barriers (solid) and wells (dashed) as a function of barrier/well width N. Shorter
B-DNAs conduct better than A-DNA, whereas longer A-DNAs conduct better than B-DNAs.

Figure 3a—d shows conductance variation with Eg, and
Figure 3e shows conductance variation at respective HOMO
energies for DNA as a function of the width of the barrier and
well regions (N = 0-5). See Table S1 of Supporting
Information for HOMO energy levels. These DNA molecules
exhibit conductance within the range of 0.2 to 80 nS, which lies
within the broad range of reported experimental values of
1072 and 107° 8."*****7%® A prior modeling study” on a DNA
strand without a backbone also showed that the conductance
decreases monotonically with increasing N for barriers.
However, the work did not consider the effect of DNA
conformation, backbone, solvent, and counterions. Reference
24 considered the backbone but failed to include the impact of
the solvent around the DNA. We also note that the
experiments with increasing AT base pairs found that the
conductance decreases with an increase in N.'>*** In general,

we also find that DNA conductance decreases with increasing
N. However, there are important exceptions, differing from
prior studies. We find that for B-CT\C, the conductance
surprisingly increases from 41 to 54 nS as N changes from N =
0 to N = 1 (Figure 3e). That is, the inclusion of a single AT
barrier increases conductance. Also, note that the longer A-
DNA heterostructures conduct better than B-DNAs. The
crossover point occurs upon introducing a GC base pair for
well sequences, as against two AT base pairs for barrier
sequences. We confirmed that these observations are
consistent even in the vicinity of HOMO level to account
for variation in the Fermi energy in experiments (see Figure S2
in the Supporting Information) and for textbook DNAs (see
Figure S3 in the Supporting Information). Next, we explain
these observations one by one.
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First, we look at the HOMO—LUMO energy levels and the
DOS along the DNA length for the well sequences (Figure 4).
For brevity, we are restricting our discussion to N =0, 1, 3, and
S cases. In general, the HOMO—LUMO gap for B-DNA (A-
DNA) decreases with the increasing number of GC base pairs,
from 5.80 eV (5.45 eV) for N=0to 5.19 eV (5.11 V) for N =
S; see Figure 4a. When we introduce the GC base pairs,
additional energy levels are introduced in the HOMO band
(=S5.1 to —5.5 eV), as the HOMO in DNA mainly lies on
guanines.'®"’~* In Figure 4b—i, we plot the DOS as a
function of energy along the DNA length. Although the
HOMO orbitals primarily reside on GC base pairs, that is, in
the middle of these molecules, a smaller orbital component is
on the nearby AT base pairs. This localization is true for both
conformations, which we can see for N = 1, 3, and S. However,
in A-DNAs (Figure 4c—e), the HOMO orbital localization on
AT base pairs is considerably higher (Figure 4g—i). The
HOMO wave functions plotted in Figure S4 in the Supporting
Information further support this observation. We also explore
the HOMO band of well sequences by plotting the decoherent
transmission T.g variation in the HOMO band in Figure S.
The HOMO band of well structures shows that the number of
transmission peaks is consistent with the number of GC base
pairs between the AT barriers. As the well width increases, the
overall structure length increases, increasing scattering and
lowering the transmission (conductance) by small amounts.
The small amount of variation indicates that the quantum
interference phenomena of resonant tunneling remain
effective. Another interesting observation is that B-DNA
displays a relatively uniform distribution of transmission
peaks, whereas A-DNA looks disordered (Figure S). The
transmission peaks are better resolved in coherent transmission
plots, as presented in Figure SS in the Supporting Information.
While it is tempting to think that the transmission spectrum for
A-DNA is due to decoherence, we believe that the primary
reason is its structure, which makes the energy levels
nonuniform when compared to the B-DNA case. We can
also see from Figure 4a that the HOMO levels are energetically
more closely spaced for A-DNA than for B-DNA. For N = §
(3), Egonmo — Enomo—z is 59 meV (75 meV) for A-DNA but
96 meV (120 meV) for B-DNA. These observations and
relatively more delocalized HOMO orbitals support our
finding that A-DNA heterostructures conduct better than B-
DNA.

Next, we explain the barrier case. Increasing the number of
AT base pairs decreases the conductance (Figure 3e) as AT
base pairs function as a barrier for holes. However, for the B-
DNA, an exception arises at N = 1, which we will address
shortly. Figure 6a shows that the HOMO-LUMO gap
decreases as N changes from 0 to S. In contrast to the well
case, Figure 6a shows that when we introduce the AT base
pairs, a corresponding number of energy levels are introduced
deeper in the HOMO band (between —5.7 and —5.9 €V; also
see Figure 6b—i). This observation is also reflected in coherent
transmission plots for barriers in Figure S6 in the Supporting
Information. As the HOMO mainly lies on guanines, the
HOMO level is relatively unchanged. For N = 3, the HOMO
band of A-DNA (Figure 6d) is more delocalized than that of B-
DNA (Figure 6h). For N = S, we see that the HOMOs are
mainly localized on the GC base pairs (Figure 6e,i). HOMO
distributions presented in Figure S7 in the Supporting
Information also support this. Furthermore, like the well
case, we find that HOMO levels are energetically more closely
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Figure 4. (a) HOMO—-9: HOMO and LUMO: LUMO+9 energy
levels for A- and B-DNA for well sequences. DOS along the length of
(b—e) A-DNA and (f—i) B-DNA. B-DNA HOMO orbitals are
localized mainly on central GC base pairs, whereas A-DNA HOMO
orbitals are relatively more delocalized (extended to nearby AT base
pairs). The left and right ends of the sequences are 3’ and 5’ ends,
respectively.
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Figure S. Decoherent transmission in HOMO band regions for
different well widths. (Left) A-DNA and (right) B-DNA. HOMOs are
aligned to the N = 1 case.

spaced in A-DNA than in B-DNA. For N = $ (3), Eyomo —
Enomo-—s is 62 meV (33 meV) for A-DNA and is 152 meV (95
meV) for B-DNA.

The B-DNA barrier with N = 1 conducts better than N = 0;
that is, a longer DNA with a barrier conducts better than
shorter DNA without a barrier. Upon introducing a single AT
base pair, the HOMO and HOMO-1 energy levels almost
become degenerate around —5.2 eV (Figure 6a), and the gap
between them has decreased from 60 to 18 meV. One of the
significant effects of decoherence is to broaden energy levels.
Hence, applying the 10 meV decoherence helps overcome the
18 meV separation between the two levels.”* In other words,
the presence of decoherence makes these energy levels
accessible for holes to traverse. Figure S6a in the Supporting
Information shows that the coherent transmission at HOMO
for N = 1 is smaller than that of the N = 0 case. The DOS plots
along the DNA length are shown in Figure 6f,g, respectively for
N = 0 and 1. The DOS is more uniformly distributed in the
case of N = 1 of B-DNA. Also, at the injection site, DOS is
higher for N = 1 than for N = 0. For A-DNA, the relatively
smaller DOS with nonuniform distribution for N = 1 supports
the expected smaller conductance than the N = 0 case. The
DOS in the HOMO band, as shown in Figure 6b,c, also
substantiates this. The line plot in Figure S8 in the Supporting
Information further validates this.

To rule out that the higher conductance exhibited by longer
A-DNA heterostructures is due to long-range interactions, we
formulated a model Hamiltonian H' that excludes long-range
interactions.

y D D oD’ oD oD
H' = Hpny + Hep + Hpna + Hep + Herpaa (6)
where
op _ +
HDNA - Z tirq:j’q,(ciﬂcj’q, tec )

q=1-N,,q'=1-6i,j=1-5,

Here, N, is the total number of bases in the DNA molecule (22
for N = 35); q’ = [quqL9a9audargss) represents an array of bases
and part of the backbone allowed to interact with a given base
g- qu and g are upper and lower bases, respectively, in the
same strand as base g. g, is the adjacent base in the
complementary strand; g,y and g,; are upper and lower bases
to gy, respectively, and ggg corresponds to the part of the DNA
backbone which is covalently bonded to the base q. These
constituents of DNA are depicted in Figure 7 (left). Note that
we set all other interactions to zero in the model Hamiltonian.
We further extend this analysis to understand the role of
interactions of interstrand bases. The model Hamiltonian
approach enables us to switch on and off particular interactions

a)
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Eg -0.4 x o o X ADNA
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~0.8 g . 5 5 i
— -1.01 x %
> x
12
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Figure 6. () HOMO—-9: HOMO and LUMO: LUMO+9 energy
levels for A- and B-DNA barrier sequences. DOS along the length for
(b—e) A-DNA and (f—i) B-DNA. The A-DNA HOMO band extends
further along the length of the molecule as against B-DNA.

selectively and is readily extendible for other systems. We
compare the conductance in Figure 7 (right) through the
longest molecule representing the barrier and well, that is, the
N = § case for A-DNA with model Hamiltonian, H'. The
conductance values do not change significantly upon switching
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Figure 7. (Left) Constituents of DNA molecule. Blue and green lines represent backbone and bases, respectively. (Right) Conductance is
calculated by using H’ as defined in eq 6, H' — qu, H' — (g4 + qau + 9aL) and is compared with the conductance obtained using H in eq 2. H' — q,
represents H' without g < g, interactions. Similarly, H' — (g, + qau + qaL) represents H' without g < g, g < qay, and q < g, interactions.

off the long-range interactions. We have extended this analysis
by switching off the interactions between interstrand bases.
Switching off the interactions between complementary bases,
g begins to decrease the conductance. This leads to a
relatively larger conductance reduction for the well case
compared to that for the barrier case. This could arise in the
well case from the combination of two facts: (i) the large DOS
in the complementary strand (Figure S10a,b and (ii) the larger
hopping parameter on an average with the g, interaction
compared to g,y and gy, as can be seen from Figure S10c in
the Supporting Information. Finally, switching off all the
interstrand interactions causes a substantial decrease in
conductance for barrier and well cases. However, even after
removing all the interstrand interactions, the A-DNA
heterostructure exhibits higher conductance for both the
barrier and the well sequences. This result implies that long-
range interactions do not contribute to quantum transport,
whereas the short-range interstrand interactions play a
significant role.

Present understanding of charge transport through DNA has
been that it is mainly led by the z—7 interactions of stacked
bases, which decays with increasing lengthm’SO and the AT
content.”*** Therefore, B-DNA is believed to conduct better
due to better base pair alignment and hence the better 7—x
couplings compared to A-DNA.'® Surprisingly, we find that
some longer A-DNA heterostructures conduct better than B-
DNAs with the same sequence. This finding also implies that
the decrease in conductance with length is distinct in B- and A-
DNA heterostructures. We find that the conductance of B-
DNA barriers decreases more sharply compared to that of A-
DNA. Moreover, the decrease in conductance in both the
conformations upon switching off interstrand interactions
indicates that the interactions between complementary strands
of stacked bases do play a role even in A-DNA. However, we
find the closely distributed energy levels and the higher spatial
delocalization of HOMO in A-DNA heterostructures to be the
main factors responsible for its higher conductance. Structur-
ally, the A- and B-DNA mainly differ in slide, tilt, and helical
rise per base pair.”>” As the length of the molecule along the
A-DNA’s helical axis increases by 2.6 A compared to 3.4 A for
B-DNA, their helical length difference is N X 0.8 A. Therefore,
we hypothesize that the smaller helical rise and twist and the
larger diameter in A-DNA heterostructures compared to those
of B-DNA may create energetically closer HOMO levels
distributed over the DNA length, leading to a higher

conductance. This hypothesis could also explain previously
reported higher conductance in non-B-DNA conforma-
9,10

tions.™

4. CONCLUSIONS

In this work, we study quantum transport through DNA-based
quantum wells and barriers using a combination of atomistic
simulations and Green’s function-based charge transport
calculations including decoherence. We formed the DNA-
based quantum well and barrier with sequences 3’-
TTTCNTTT-5' and 3'-CCCTNCCC-5', respectively, where
N varies from 0 to S. Overall, we find that the strands’
resistance is large and varies by over 2 orders of magnitude. We
showed that these heterostructures complement their semi-
conductor-based counterparts. Increasing the well width (N)
shows a small decrease in conductance. On the other hand, the
decrease in conductance with the increase in barrier width is
substantial. Our model, which includes decoherence, shows
that these heterostructures exhibit robust quantum interfer-
ence, as seen by clear peaks in the transmission resonance. It
also shows that the conductance depends significantly on
barrier width. The role of DNA conformation is also
investigated. We find that B-DNA’s conductance decreases
more sharply with barrier width than does that of A-DNA,
which experiments should be able to verify. In deviation from
conventional expectation, the smallest barrier (N = 1) shows a
conductance higher than that of the no barrier case in B-DNA.
B-DNA quantum wells have large electronic coupling between
consecutive GC base pairs (hybridization). As a result, B-DNA
quantum wells have a uniform distribution of conductance
peaks, whereas they are disordered for A-DNA. Model
Hamiltonian analysis suggests that the interstrand interactions
play a major role in quantum transport in DNA, and long-
range interactions are insignificant. However, in A-DNA, we
find that the HOMO levels are energetically more closely
spaced, and the HOMO orbitals are spatially more delocalized.
Therefore, we conclude that the energetically closer HOMO
levels and the larger spatial delocalization of density of states in
the conduction energy window may lead to higher
conductance in A-DNA heterostructures. These two properties
of A-DNA can overcome its relatively weaker 7—z coupling
between orbitals on neighboring bases. This observation
presents a new understanding of charge transport particularly
in DNAs in addition to the idea of charge transport dominated
by the 7—7 interactions of stacked bases. We attribute these
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properties to the structural differences between DNA
conformation in otherwise identical strands. The analysis and
computational results demonstrate that DNA-based hetero-
structures complement the solid-state semiconductor counter-
parts and exhibit robust quantum interference, where the DNA
conformation can play a significant role.
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