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ABSTRACT: In pursuit of fast, cost-effective, and reliable DNA
sequencing techniques, a variety of two-dimensional (2D)
material-based nanodevices such as solid-state nanopores and
nanochannels have been explored and established. Given the

v [
promising potential of graphene for the design and fabrication of % |
nanobiosensors, other 2D carbon allotropes such as graphyne and g | &
graphdiyne have also attracted a great deal of attention as < y

candidate materials for the development of sequencing technology.
Herein, employing the 2D electronic molecular spectroscopy
(2DMES) method, we investigate the capability of graphdiyne
nanoribbons (GDNRs) as the building blocks of a feasible, precise,
and ultrafast sequencing device. Using first-principles calculations,
we study the adsorption of four canonical nucleobases (NBs), i.e., adenine (A), cytosine (C), guanine (G), and thymine (T) on an
armchair GDNR (AGDNR). Our calculations reveal that compared to graphene, graphdiyne demonstrates more distinct binding
energies for different NBs, indicating its more promising ability to unambiguously recognize DNA bases. Utilizing the 2DMES
technique, we calculate the differential conductance (Ag) of the studied NB—AGDNR systems and show that the resulting Ag maps,
unique for each NB—AGDNR complex, can be used to recognize each individual NB without ambiguity. We also investigate the
conductance sensitivity of the proposed nanobiosensor and show that it exhibits high sensitivity and selectivity toward various NBs.
Thus, our proposed graphdiyne-based nanodevice would hold promise for next-generation DNA sequencing technology.

KEYWORDS: graphdiyne, DNA sequencing, molecular electronics spectroscopy, biosensors, electron transport, Fano resonance

B INTRODUCTION interest due to their unique structure and intriguing electronic,
optical, and mechanical properties, as well as their promising
applications in nanoelectronics and energy storage.”” >’
Graphyne and graphdiyne are allotropes of carbon with

2D materials have been a substantial focus of interest due to
their remarkable structural, electrical, chemical, thermal, and
optical characteristics.' ® In the domain of layered materials,

wonder material graphene and its one-dimensional (1D) form, structures of one atom-thick planar sheets of sp- and sp’
graphene nanoribbon, have exhibited diverse applications bonded carbon atoms arranged in a crystal lattice.*” It has been
across multiple sectors, rangin% from electronics to energy, shown that graphdiyne containing diacetylene linkages is the
health, and the environment.” Following the discovery of most stable non-natural carbon allotropez‘3 with high carrier
graphene, plenty of new carbon-based 2D materials such as mobility at room temperature (10* to 10° cm? V7! s71)**
graphyne, graphdiyne, graphone, and graphane have also been Unlike graphene, graphdiyne is a semiconductor with a natural
proposed and unveiled.””*’ The exceptional and distinctive band gap™ that facilitates its application in manufacturing
characteristics of these novel materials position them as highly nanoelectronic and photoelectronic devices. The minimal band
promising candidatesz4for utilization across various nano- gaps of graphdiyne have been predicted to fall within the range
technology domains.”™ In particular, the significance of of 0.46—1.22 eV, depending on the methods employed and

broadening the utilization of these materials in molecular
sensing and DNA/RNA sequencing for the advancement of
new techniques and devices”~>" makes the investigation of the
interaction between biological molecules such as DNA and
RNA and these carbon-based nanostructures particularly
intriguing.

As new forms of non-natural carbon allotropes related to
graphene, graphyne and graphdiyne have been the subject of
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Figure 1. (a) Schematic representation of a 3-AGDNR. Adsorption sites of NBs over benzene moiety (M), acetylenic linkages (L), and hallow (H)
are presented in maroon. (b) Fully relaxed geometries of NB—AGDNR configurations.

exchange—correlation functionals used.*® It is worth noting
that accurate predictions of graphdiyne band gap can be
achieved through GW or hybrid density functional theory
(DFT) calculations.””** Graphdiyne also exhibits relatively
lower stiffness compared to graphene which along with its
intrinsic nonzero and readily tunable band gap paves the way
toward its applications in the fabrication of a myriad of flexible
electronic devices.”” Given that patterning the sheet structure
into a nanoribbon is an established approach for adjusting the
band gap of a material, 1D forms of graphdiyne have also been
studied. It has been shown that both armchair graphdiyne
nanoribbons (AGDNRs) and zigzag GDNRs (ZGDNRs)
exhibit semiconducting behavior with their band gaps
diminishing as the width of the ribbon increases.” A
theoretical investigation conducted by Bai et al.*' on
GDNRs using the self-consistent field crystal orbital (SCF-
CO) method under the periodic boundary conditions revealed
that GDNRs exhibit greater stability in terms of energy
compared to a 2D graphdiyne slab, with the stability
diminishing as their widths increase. The mobilities of the
GDNRs are also predicted to be in the range from 10* to 10°
cm? V7! s7!at room temperature, based on the effective mass
approach and deformation potential theory. Thus, overlay
GDNRs appear to be promising candidate materials for
nanoelectronics applications.

On the other hand, the two-dimensional molecular
electronic spectroscopy (2DMES) method, as detailed in our
prior study,” has proven highly efficient in differentiating
various molecules, including DNA/RNA bases and their
altered structures.”’ This approach involves observing distinct
reductions in the transmission profile of a system, caused by
Fano resonance,”* once a molecule adheres to a monolayer.
These specific Fano dips act as distinctive electronic signatures
for the absorbed molecule, offering potential applications in
molecular sensing and DNA/RNA sequencing. In line with the
implementation of this technique and in order to avoid any
ambiguity in the recognition of adsorbed molecules, the
relative differential conductance (Ag) of the molecule—
monolayer system, unique to each complex, is mapped against
bias and gate voltages.

Inspired by these findings, in this study, we investigate the
potential of the AGDNR as a building block for a
nanobiosensor designed for DNA sequencing purposes. To
this end, first, we investigate the adsorption of four DNA bases,
i.e, adenine (A), cytosine (C), guanine (G), and thymine (T)

1245

onto the AGDNR as well as the thermodynamic stability of the
obtained NB—AGDNR complexes. Next, we calculate and plot
transmission profiles of the energetically favored NB—AGDNR
configurations and show that the transmission reductions that
emerged at certain energies can be uniquely assigned to each
nucleobase as their molecular electronic fingerprints. As the
conductance of a biosensor is the measured quantity in
practice, to ensure unambiguous recognition of different NBs
in practical applications, we employ the 2DMES technique to
generate Ag of the spectrum of each NB—AGDNR system
within a certain range of bias and gate voltages. We also show
that the AGDNR exhibits significant and distinct conductance
sensitivities across various NBs highlighting it as a functional
material for DNA sequencing.

B METHODS

DEFT is employed to conduct the performed calculations. Relaxation
calculations of all the geometries as well as investigation of the
electronic structures of the systems are done using the Vienna ab
initio simulation Package (VASP).* Initially, the atomic structures of
four nucleobases (NBs) and the pristine AGDNR underwent
relaxation, followed by optimization of each NB—AGDNR system.
The exchange—correlation effects were treated using the Perdew,
Burke, and Ernzerhof" generalized gradient approximation. Elec-
tron—ion interactions were described using the plane-augmented
wave method, with Kohn and Sham orbitals expanded in a plane wave
basis set.”” Given that van der Waals (vdW) forces*® rule the NB—
AGDNR interaction in the proposed system, we incorporate a
functional that addresses dispersion effects, reflecting these forces
using the approach established by Tkatchenko—Scheffler (TS),*
which has been applied within the VASP framework.*® A real space
integration mesh cutoff of 500 Ry, along with a double-{ polarized
(DZP) basis set, is employed in the calculations. The Brillouin zone is
sampled with a mesh of 1 X 4 X 4 along the x, y, and z directions,
respectively. All structures undergo complete relaxation until the
energy and forces reach convergence values of 107° ¢V and 0.01 eV
A™', respectively. The DFT method, in conjunction with non-
equilibrium Green’s function,®"*” implemented in TranSIESTA,> is
employed to examine the transport properties of the systems. The
same basis set, mesh cutoff, and functional utilized in relaxation
processes are consistent with those employed in transport
calculations. The K-grid points for both electrodes and the device
are set to 1 X 1 X 64. The transmission coefficients of the studied
systems are given by the following equation

T(E, V) = Tr[[}GIG'] (1)
where Vj, represents the bias voltage, Tr denotes the trace, I'; x =
i[Zr — Zyr'] with 2 ¢ being the self-energy of the left/right

https://doi.org/10.1021/acsaelm.3c01607
ACS Appl. Electron. Mater. 2024, 6, 1244—1251


https://pubs.acs.org/doi/10.1021/acsaelm.3c01607?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c01607?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c01607?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c01607?fig=fig1&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.3c01607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

electrode, and G = [E — H — X; — Z;]7! represents Green’s function
with the scattering region Hamiltonian H. Following the Landauer—
Biittiker formalism, the source-drain current is given by

2e AL
1) = 22 [T WIFE - ) - F(E - w)E

h Juy (2)
where f(E, p;) is the Fermi—Dirac function with the associated
chemical potential of y , = E + V;/2, representing a shifted value
relative to the Fermi level (Eg) of the neutral system. E; changes upon
the application of the gate voltage (V,), implying the virtual sweeping
of [(E — uy) — f(E — pg)] to a given energy point.

B RESULTS AND DISCUSSION

To conduct the study, we choose a 3-AGDNR in which 3
signifies the count of hexagonal carbon ring chains spanning
the width of the AGDNR. To simplify, 3-AGDNR will be
referred to as AGDNR. Initially, each NB is placed at the
middle of the AGDNR on three different adsorption sites
aligning parallel to the AGDNR surface at a vertical distance
ranging from 2 to 3.5 A. The separation distance (d) between
the NB and AGDNR is defined as the distance between the
closest atoms within the two subsystems. The three adsorption
sites (Figure la), namely, acetylenic linkages (L), benzene
moiety (M), and hollow (H), are chosen based on the
structural symmetry of graphdiyne. The energetically favored
configurations of the studied NB-AGDNR complexes are
shown in Figure 1b. One can see that while the energetically
suitable adsorption sites for A, C, and G are in the region of
the benzene moiety, for T, the hollow region is more favored.
This might result from the interaction of CO and CHj; groups
of T with the 7-clouds of graphdiyne.>*

It is inferred from the depicted configurations that in all the
structures, NBs take relatively tilted orientations toward the
AGDNR surface which is slightly deformed at the adsorption
site.

To investigate the relative stability of NBs on different
adsorption sites, we calculate the binding energy (E,) of each
NB onto the AGDNR'’s surface for various d values using the
following equation

(3)

where E,gpnrints Eagpnr and Ey, represent the total energies
of the fully relaxed NB—AGDNR system, pristine AGDNR,
and the isolated NB, respectively. Table 1 represents the

Ey, = E\GDNR+nb — (EAGDNR + Enb)

Table 1. Binding Energies (E,) of NBs onto the AGDNR’s
Surface on the Energetically Preferred Adsorption Sites
Along With the Corresponding Separation Distance (d)
between the NBs and AGDNR

E, (eV) d (A)

A H —-0.57 2.89
L —0.59 2.89

M —0.61 2.87

C H —0.54 2.93
L —-0.55 2.92

M —0.58 2.90

G H —0.63 2.85
L —0.66 2.84

M —0.68 2.82

T H —0.52 291
L —0.49 2.90

M —0.50 2.89
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binding energies of NBs adsorbed on different sites on the
AGDNR along with the corresponding d value for each
configuration. As is evident from the calculated E, values, the
adsorption process is exothermic, indicating the stability of
systems. The binding strengths of the NBs with the AGDNR
follow the order of G > A > C > T, which is in agreement with
previous studies.”*> Tt is worth noting that this sequence for
grapheneis G > A~ T = C.% Based on the calculated E, and
d values, it can be deduced that the strength of the interaction
between the AGDNR and NB is determined by the separation
distance d where G having the smallest d interacts relatively
stronger with the AGDNR while T with the largest d shows the
weakest interaction. The average d value for NB—AGDNR
systems is about 3.2 A which is in agreement with the sum of
the vdW radii of C/O, C/N, and c/cy Therefore, the
interaction between the NBs and AGDNR is nonbonded and
the nature of the interaction is physisorption, leading to a small
change in the structures of the two fragments after absorption.
It is also worth mentioning that due to the involvement of
weak vdW forces in the interaction between the NB and the
substrate, the changes in E, among different configurations of
NB—AGDNR are expected to be negligible, regardless of the
orientations of the NBs.*®

For further investigation of the mechanism of the interaction
between the NBs and AGDNR, the charge density
redistribution of the studied systems is calculated and plotted.
The isosurfaces depicted in Figure S1 of the Supporting
Information demonstrate that, across all the studied NB—
AGDNR systems, the predominant concentration of the final
charge density lies within the NB, indicating a lack of
significant charge density redistribution between the NBs
and AGDNR. This clearly indicates that the interaction
between the two components of the system is regulated by
weak and exclusively noncovalent forces, thus confirming the
adsorption of NBs to the AGDNR surface.

In the following, we investigate the charge transport
characteristics of the introduced NB—AGDNR systems. Figure
2a illustrates a schematic representation of the introduced two-
probe transport setup, which can be conceptualized as a Fano—
Anderson model.”” Therefore, Fano peaks and dips are
expected to be observed in the transmission profiles of NB—
AGDNR structures due to Fano resonance. The calculated
transmission profiles of the introduced NB—AGDNR com-
plexes along with that of the pristine AGDNR at zero bias
voltage (V3,) are depicted in Figure 2b.

One can see from Figure 2b that the adsorption of an NB on
the AGDNR leads to emergence of sharp reductions in the
transmission spectrum of the AGDNR. The transmission
profiles indicate that adsorption of A, C, G, and T on the
AGDNR give rise to Fano dips at E — Ep = —1.19, —1.07 (as
well as —1.68), —1.11, and —1.27 €V, respectively. As the
charge transport characteristics of an NB adsorbed onto the
surface of the AGDNR are significantly influenced by the
energy states of the frontier molecular orbitals (MO), the
observed dips in the transmission profiles can be distinctly
associated with each NB. Thus, these dips can be utilized for
molecular identification and DNA sequencing purposes. This
assertion is also supported by analyzing the projected density
of states (PDOSs) of the NB—AGDNR systems (plotted with
respect to DOS of the pristine AGDNR), as depicted in the
inset of Figure 2. The provided PDOS plots demonstrate that
the adsorption of NBs induces strong states into the AGDNR’s
electronic structure at energy values corresponding to the
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Figure 2. (a) Schematic illustration of the introduced two-probe transport system consisting of the AGDNR with an NB adsorbed on it. The
electrodes and the scattering region are denoted by orange and green dashed lines, respectively. (b) Transmission profiles of the pristine AGDNR
and NB—AGDNRs structures at zero V. The inset depicts the PDOS of NB—AGDNR systems with respect to the DOS of the pristine AGDNR.

emerging transition reductions. It is noteworthy that the
distinction between the energy values of the observed
molecular fingerprints in the plotted transmission spectra
provides an opportunity to distinguish different NBs
unambiguously.

It also important to highlight that, since E, in an NB—
AGDNR system signifies the magnitude of the coupling
parameter in the Fano—Anderson model,"**” larger and more
distinct binding energies of the NB on the AGDNR lead to
more detectable transmission reductions or equivalently more
distinguishable molecular fingerprints of NBs which increases
the sensitivity of the introduced sequencing device in addition
to reducing environmental and thermodynamic noise.

However, it can be contended that owing to the
thermodynamic fluctuations of the NBs over the AGDNR,
some molecular fingerprints mentioned earlier may fall within a
narrow energy range, posing challenges in their distinction. In
the following, we will show that the application of the 2DMES
technique prevents possible unambiguity in recognizing NBs.

As the practical measurement requires assessing the
conductance of a biosensor, we calculate Ag of the introduced
sensing device under different V;, and V,, (or equivalently E —
Eg). It is also worth noting that since 1D conductance varies by
a unit of quantum conductance, measuring it, as opposed to
measuring current, offers a more accurate means of distinguish-
ing changes in biosensor signals. Figure 3 depicts 2D and
three-dimensional (3D) illustrations of the calculated Ag maps
with respect to Vi, and V, for different NB—AGDNR
complexes. The graphs clearly show that the variations of the
plotted Ag surfaces for different studied systems are distinct.

This ensures that even in the case of two NBs providing
Fano dips at adjacent energy values, their Ag maps in the
vicinity of their molecular fingerprints are recognizably
different, allowing their unambiguous identification and
differentiation. To gain more comprehensive insights into the
better capability of the 2DMES method over the conventional
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Figure 3. 2D and 3D maps of differential conductance (Ag) of the
studied NB—AGDNR complexes against the electron channel energy
(E — Eg) and bias voltage V.

current—voltage (I—V) measurement, we plot the -V curves
of the four NB—AGDNR systems as represented in Figure S2.
One can see that the provided I-V graphs of the studied
systems are hardly differentiable; hence, they are unsuitable for
unambiguous distinction of different NBs.

Our proposed method is advantageous from a practical point
of view as well. The time required for the measurement is the
number of selected bias voltages multiplied by the time
required for a gate voltage sweep. However, in the 2DMES
method, there is no need to apply many bias voltages; only
measurements at two or three different bias voltages would be
sufficient to unambiguously distinguish NBs. This means that
the time needed to conduct an accurate measurement is of the
same order as that when the bias voltage is not controlled. On
the other hand, scanning electron transport channels within a
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Figure 4. Sensitivity histograms of the AGDNR for different NBs at various V}, and V, values.

relatively narrow energy range, up to 1 eV (as evident from Ag
maps), is sufficient to generate a Ag map for each nuclear
interval, encompassing its distinct and individual electronic
fingerprints. In practice, Ag spectra corresponding to different
molecule—nanoribbon arrangements can be stored in a
database. Subsequently, by conducting data search and
analysis, it becomes feasible to identify a molecule based on
the acquired Ag of spectroscopy data.

To provide a practical example for the adequacy of the
2DMES technique in recognition of NBs unambiguously, we
calculate the conductance sensitivity (S) of the studied systems
using the following equation

S(%) =1lg_ —g,/g, (4)

where g, and g, are the conductance of the introduced
biosensor with and without the adsorbed molecule, respec-
tively. The histograms plotted in Figure 4 represent the
sensitivity values for the studied NB—AGDNR systems
calculated with four different combinations of V}, and V.
One can see that the variation of S for different NBs can be
drastic when V}, and V, are swept. For instance, while at V}, =
0.8V, S is larger for T (~90%) and G (~98%) at V, = —0.87 V
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and Vg = —-137, respectively, at V, = 1.27 V, the device
shows higher § for C (%95%) and A (~86%) at V, = =1.32V
and V, = —1.68 V, respectively. It is also clear from the
histograms that the order of the sensitivity values for different
NBs changes in different combinations of V}, and V.

It should be noted that in a more realistic picture where the
device is used in aqueous solution, water molecules may affect
the performance of the device. Feliciano et al. showed that
small changes are observed in the transmission plots due to the
screening effect assisted by the water molecules.”” However,
they also concluded that the presence of water only affects the
magnitude of the measured current, and hence the trend
observed within systems does not change. A more detailed
discussion regarding the environmental noise and the response
time and the stability of the device is presented in the
Supporting Information. It also has been shown that the
transmission functions in the energy range of interest, hence
the provided Ag maps, are not affected significantly in response
to environmental effects such as backbones, hydrated
phosphate groups, and counterions.”’ Thus, the proposed
graphdiyne-based sequencing device possesses a notable
capability to distinctly identify different NBs via using the
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measured conductance data at various V}, and V, values
through the 2DMES method.

B CONCLUSIONS

A detailed computational study is performed to investigate the
single molecular recognition capability of armchair type
graphdiyne nanoribbons via employing the 2DMES technique
for DNA sequencing purposes. To this end, we initially study
the adsorption behavior of four DNA bases, ie., adenine,
cytosine, guanine, and thymine, onto an AGDNR. Our
calculations reveal the noncovalent physisorption of the NBs
onto the AGDNR'’s surface follows the orderof G> A>T > C
in terms of the binding energy magnitudes, which is more
pronounced compared to that observed for graphene (G > A &
T =~ C). By calculating transmission spectra of NB—AGDNR
systems, we show that adsorbed NBs on the AGDNR'’s surface
generate sharp reductions in distinct energies in the trans-
mission spectrum of the AGDNR that can be uniquely
assigned to each NB and hence employed to identify the
adsorbed molecule. To eliminate ambiguity in the identi-
fication of each individual NB and also offer a feasible method
to employ the proposed device in practice, we provide
differential conductance maps of the introduced complexes
by sweeping both bias and gate voltages applied to the systems.
In contrast to the 1D current—voltage profiles which hardly
distinguish different molecules, the provided 2D and 3D Ag
maps, which can be stored in a data set, show distinct features
for different NB—AGDNR systems which enable the
unambiguous identification of various NBs. The admissible
susceptibility of the introduced AGDNR-based biosensor is
also examined by calculating its conductance sensitivity for
different DNA bases. It is shown that the AGDNR exhibits
significant and discernible sensitivities across various NBs at
different V}, and V, values, rendering it appropriate for
applications in molecular sensing.
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