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The plasmonic-based graphite- and graphene-nanopores have been investigated by employing the hybrid quan-

tum/classical scheme (HQCS). Transverse, longitudinal, and total absorption spectra obtained from HQCS are analyzed

for the graphite and graphene nanopores. Analyses were examined for each structure in the presence of deoxyribonucleic

acid (DNA) nucleobases. The simple excitation of the total mode in graphene nanopore shows the best selectivity for

DNA sequencing. A novel method based on the transverse and longitudinal modes in a time-series approach has been

proposed for selectivity improvements. In the proposed time-series method, the outstanding results show that graphite

nanopore is more sensitive than and as selective as graphene nanopore. This paper suggests that time-step analysis of the

plasmonic absorption in the graphite nanopore is a promising method for DNA sequencing.
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Plasmonic waves have been investigated for deoxyribonu-
cleic acid (DNA) sequencing!'), single-molecule detec-
tion”, particle sorting”™, and object trapping!®. Surface
plasmon resonance (SPR) mechanisms are susceptible to
the structure shape and size''). One of the significant as-
pects of interest for SPR is single-molecule sensing devel-
oped in the last few years!"*. Nanopore-based DNA se-
quencing has been a growing field of research in the last
two decades””. Tonic and tunneling currents, Raman
spectroscopy, and plasmonic resonances are used in these
studies” . Two-dimensional materials, such as graphene
and MoS,, are in great interest due to their biocompatibil-
ity, comparable thicknesses to the DNA nucleobase, and
robust mechanical properties™™. Indeed, plasmonic sig-
nals were used in these materials to sequence DNA mole-
cules™”. Most recent studies prove that pure classical cal-
culations of SPR in graphene nanopores and metal bowtie
nanostructures show a superior sensitivity to the DNA
nucleotides!'”. As also proved in classical molecular dy-
namics calculations, the interband plasmons in graphene
can control the translocation speed of the DNA molecule
through graphene nanopore''l. The practical challenges
for graphite nanopores are less than graphene ones. How-
ever, graphite nanopores are less studied for DNA se-
quencing. The ionic current in nanocrystalline graphite
was proposed for DNA translocation sense!'?.

To study the viability of SPR in graphite or graphene
for single-molecule sensing, pure classical methods!"”
are less valid in this scale, and pure quantum-mechanical
methods are not efficient®'”.  The  hybrid
quantum/classical scheme (HQCS) has been developed
based on the combinations of time-domain density
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functional theory (TDDFT) and classical Maxwell
equations!'*'”). This hybrid scheme was used to predict
molecule sensing via plasmon coupling in silver and gold
nanoparticles''"?%. HQCS is accurate in the molecular
scales compared to pure classical methods such as
discrete dipole approximation!*'>"). After fitting
graphite and graphene permittivities, their absorption
properties at the presence of DNA nucleobases are
studied, and a new time-series method is proposed for
sequencing DNA molecules.

The HQCS divides proposed structure into quantum and
classical subsystems. The quantum subsystem is treated
using TDDFT, and the classical one is treated by the finite
difference time domain (FDTD) method. These
subsystems are illuminated separately, but also affected by
other electrostatic potentials'>?"!. This study considers the
DNA molecule as the quantum subsystem and the
graphene or graphite sheet as the classical one. For the
classical subsystem in the HQCS, the permittivity is
modeled as a linear combination of Lorentz oscillators

described as
. _ B,
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where f;, w; and «a; are parameters to fit the desired
model to the experimental permittivities. As desired in
the current implementation of HQCS!" we assume
€,=¢9 and w is the frequency in electron-volt. Also, e
and ¢ are the real and imaginary parts of the permittivity,
respectively. The best fitted permittivities are achieved
by the method described in Ref.[15]. The experimental
permittivities for graphite and graphene are reported in

Refs.[21—24]. The fitting frequency ranges from 2 eV to
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8 eV for graphite and graphene. Tab.l shows all the
Lorentz parameters to fit the graphite and graphene
permittivities. Fig.l shows experimental and fitted data
for the real and imaginary parts of the permittivity for
graphite and graphene. For the HQCS calculations, the
GPAW codes were used*>*],

Tab.1 Lorentzian parameters S; (eV?), w; (eV) and q;
(eV) for permittivities of graphite and graphene

Graphite Graphene Graphite Graphene
Po 68.190 -16.931  ps —8.348 79.312
o 4.473 1.042 w4 1.758 11.999
ay 1.639 0437 a4 1.421 0.693
b 76.260 17.681  ps 31.795 23.460
o) 1.758 5.638  ws 0.611 2.089
o 2.822 2999 s 0.100 2.777
b —32.157 35385  fs 16.947 27.177
(o) 0.100 4510  ws 11.999 0.995
o 0.100 1151 ag 5.690 0.518
bs —19.633 13.929 5, 199.999 42412
w3 1.291 7.564 o 12.000 3.721
o3 3.366 2999  ay 0.100 2.999
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Fig.1 Comparison of experimental and Lorentzian
representation of (a) real and (b) imaginary parts of
permittivities for graphite and graphene

Fig.2 demonstrates the graphene and graphite sheets
with a nanopore at the center of the sheet. Each structure
can be illuminated by transverse, longitudinal, and total
incident lights. The total mode uses both transverse and
longitudinal excitations. The source energy ranges from
2 eV to 8 eV, where interband plasmons strongly influ-
ence the absorption spectra®'®’. The interband plasmons
in graphene and graphite are highly affected by the
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small-size effects!”'**"?*]. Both the graphite and gra-

phene lengths are 3 nm. The pore diameter is about 2 nm.
In Fig.3, absorption spectra for graphite and grapheme
nanopore obtained from the HQCS method are shown.
HQCS results are predictable and similar to the classical
calculations!>"®], while no quantum subsystem presents.
For the graphene nanopore, one dominant mode is
mainly related to the interband plasmon of graphene. The
peak frequency is 4.75 eV (260 nm wavelength). HQCS
results for graphene nanopores are in excellent agree-
ment with the previous studies done by the abinitio cal-
culations and discrete dipole approximation methods''*'*!,
These results also agree with those experimentally ob-
tained by ZHOU et al*”) and DESPOJA et al**!,

Fig.3 shows the transverse, longitudinal, and total
modes of the absorption spectra for graphene and graph-
ite nanopores, respectively. It can be seen that the
amount of absorption in the transverse modes is always
more considerable than longitudinal modes. However, in
the graphite, and because the sheet thickness tends to be
comparable to the graphite length, the amount of absorp-
tion in the longitudinal mode is more comparable to that
of the transverse mode. In the total modes, the graphene
and graphite nanopores have one resonance frequency at
475 eV and 5.1 ¢V, respectively. This resonance fre-
quency in the photoabsorption spectrum are mainly re-
lated to the valance electron's collective excitation, inter-
band plasmons'™'”’. In the graphite, the absorption spec-
trum peak is broader than the graphene. One possible
reason is that the inter-layer bonds in the graphite intro-
duce new transition energies. The graphene nanopore
does not show any resonance peak in the longitudinal
mode. The graphene thickness is minimal, and no collec-
tive excitation is produced.

As depicted in Fig.4, the transverse, longitudinal, and
total modes of the absorption spectra are highly affected
by DNA nucleobases. At the presence of each DNA nu-
cleobases, the total, transverse, and longitudinal modes of
the absorption spectra for graphene and graphite
nanopores are shown in Fig.4. Presenting each DNA nu-
cleobase to thenanopore results in new peaks or creates a
remarkable shift in the peak resonance frequency.

As shown in Fig.4, two main resonance frequencies in
the absorption spectrum exist, wg; and wg,. In total mode
and G nucleobase, the first resonance frequency, wgj,
was shifted to higher energy. The second resonance
frequency, wgro,, was introduced to the absorption
spectrum for other nucleobases. None of the DNA
nucleobases could create the second resonance frequency
in graphite's total and longitudinal absorption spectra
(see Fig.4). However, the energy of the resonance peak is
slightly shifted to ~5.35eV due to presenting DNA
nucleobases.

Two parameters are defined to compare the
applicability of graphite and graphene nanopores for
DNA sequencing!™'”. First, the sensitivity shows how
the proposed method is sensitive to any DNA
nucleobases regardless of the type of the nucleobase.
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Second, the selectivity shows how the proposed method
is selective between all DNA nucleobases. The
sensitivity factor is defined as the average absolute
relative shift of the absorption peaks due to the presence
of all DNA nucleobases. The selectivity between two
nucleobases is defined as the sum of the absolute relative
shift of the absorption peaks, relating to the change of
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DNA nucleobase type. For example, if a process has high
selectivity between A and T but low selectivity between
T and G nucleobases, it is not proper for DNA
sequencing. That is why the minimum amount of the
selectivity factor is assigned to the final selectivity of the
proposed method. Exact definition for the sensitivity and
selectivity factors can be found in Refs.[6—10].
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Fig.2 Schematic illustration of (a) graphene and (b) graphite nanopores with a DNA molecule passing the pore
(The transverse and longitudinal modes are used to illuminate the proposed structures)
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Fig.3 Absorption spectra for (a) graphene and (b)
graphite (Both the graphite and graphene lengths are
3 nm; The pore diameter is about 2 nm)

Fig.5 shows the sensitivity and selectivity factors for
each transverse, longitudinal, and total mode of the
graphite and graphene nanopores. Fig.5(a) and (b) show

the selectivity factor between all DNA nucleobases
presented to the graphene and graphite nanopores,
respectively. In Fig.5(c), the sensitivity to presenting DNA
nucleobases for the graphite and graphene nanopores is
shown. The sensitivity and selectivity factors are
described for each transverse, longitudinal, and total mode.
In Fig.5, if any selectivity factor equals one, it means that
the proposed method is utterly selective between these two
DNA nucleobases. For example, in Fig.5(a), the
selectivity factor between A and G nucleobases is one,
meaning that the G and A nucleobases can be easily
distinguished by the longitudinal excitation of the
graphene nanopore. In the cases where the selectivity is
closed to 0.001, the two nucleobases cannot be
distinguished. For example, in Fig.5(a), the longitudinal
mode of the graphene nanopore cannot distinguish the A
and C nucleobases. Final selectivity factor for each
structure is theminimum selectivity between all pairs. As
shown in Fig.5, the selectivity factors for the transverse,
longitudinal, and total modes in the graphene nanopore are
0.0178, 0, and 0.0398, respectively. The minimum
selectivity factor for all the graphite-based modes is 0.

As shown in Fig.5(c), the sensitivity factor for the
longitudinal mode of the graphite is higher than that for all
the modes in graphene. In the transverse mode, the
graphite sensitivity is higher than graphene. However, in
the total mode, the graphene sensitivity is higher than that
of graphite. Although the simple excitation of the graphite
nanopore is the best sensitive case for DNA translocation
sense, it cannot be used for DNA sequencing. Thus, a new
time-series method is intoruduced to improve selectivity
of the graphite for plasmonic DNA sequencing.

Fig.6 demonstrates absorption spectrum analysis in a
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time-series manner. The source light is illuminated
through an objective section, and plasmon-enhanced
absorption occurs in the nanopore. Three detectors are
used to measure the light source's intensities and reflected
and transmitted lights. The absorption spectrum is
constructed by adding the detector's signals. The light
source and objective parts can be tuned to illuminate the
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Fig.4 Effect of presenting DNA nucleobases into the
graphite and graphene nanopores on the normalized

photoabsorption, transverse and longitudinal modes
for (a)—(c) grapheme and (d)—(f) graphite

nanopore at the transverse or longitudinal modes. Every
two successive spectra in the time-series signals are
analyzed to determine the type of the DNA nucleobase.
Fig.7 shows selectivity between all DNA nucleobases for
the graphite and graphene nanopores in the time-series
approach. The graphene nanopore selectivity between the
G and T nucleobases is enormously improved. For both
simple excitation and time-series manners, the minimum
selectivity for graphene nanopore is 0.017 8. In the time-
series approach, compared to the simple excitation method
of graphite, the minimum selectivity was increased from 0
to 0.01. The results for the graphite are comparable to the
graphene nanopore reported in Ref.[9].
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Fig.5 (a) (b) The selectivity and (c) sensitivity for gra-
phene and graphite in the transverse, longitudinal,
and total modes

Plasmon-enhanced optical absorption in graphite
nanopores has higher sensitivity compared to graphene.
Our sensitivity factors for graphene nanopores are
comparable to those obtained by the electron energy loss
spectrum”®. From the practical perspective, using the
absorption spectrum is more feasible than the electron
energy loss spectrum”™'”). Graphite has advantages over
the graphene nanopore for practical DNA sequencing,
more effective DNA translocation speed reduction that is
related to the higher electric field enhancements in
graphite which are much more substantial than
graphene!®.
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Fig.6 In graphite nanopore, two successive
absorption spectra in the time-series signals
analyzed to determine the type of the DNA
nucleobase
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Fig.7 Selectivity factors between all DNA
nucleobases for the graphite and graphene
nanopores in the time-series approach

In summary, the HQCS was used to analyze
transverse, longitudinal, and total modes of the
absorption spectra for graphite and graphene nanopores
in the presence of DNA nucleobases. The results indicate
that graphite shows higher sensitivity to the DNA
nucleobases compared to graphene. According to the low
selectivity, simple excitation of graphite nanopore cannot
be used for DNA sequencing. Otherwise, the graphene
nanopores are selective enough to sequence DNA
molecules. A time-series approach has been investigated
to improve the graphite nanopore selectivity for DNA
sequencing. The proposed time-series analysis shows
higher sensitivity and selectivity than other plasmonic-
based structures. This paper suggests that time-step
analysis of the plasmonic absorption in the graphite
nanopore is a promising method for DNA sequencing.
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