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ABSTRACT: Two-dimensional (2D) material revolutionarily
extends the technique capability of traditional nanopore/nano-
gap-based DNA sequencing devices. However, challenges
associated with DNA sequencing on nanopores still remained in
improving the sensitivity and specificity. Herein, by first-principles
calculation, we theoretically studied the potential of transition-
metal elements (Cr, Fe, Co, Ni, and Au) anchored on monolayer
black phosphorene (BP) to act as all-electronic DNA sequencing
devices. The spin-polarized band structures appeared in Cr-, Fe-,
Co-, and Au-doped BP. Remarkably, the adsorption energy of
nucleobases can be significantly enhanced on BP with Co, Fe, and
Cr doping, which contribute to the enlarged current signal and
lower noise levels. Furthermore, the order of nucleobases in terms of their adsorption energies onto the Cr@BP is C > A > G > T,
which exhibits more distinct adsorption energies than Fe@BP or Co@BP. Therefore, Cr-doped BP is more effective to avoid
ambiguity in recognizing various bases. We thus envisaged a possibility of a highly sensitive and selective DNA sequencing device

based on phosphorene.
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DNA Sequencing by 2D Phosphorene

Cytosine

2D Phosphorene

1. INTRODUCTION

DNA sequencing is a pivotal tool in rapidly expanding personal
genomics where individual genomes are genotyped and
bioinformatically analyzed to find disease association of genes
and loci.' Meanwhile, fast, low-cost, and reliable methods for
DNA sequencing are necessary prerequisites for the improve-
ment of medical diagnosis and treatment.”’ Accordingly,

resolution.”” Computational realization of DNA detection
through graphene-based nanochannels and nanopores has also
been reported.””*’

A series of challenges, such as fast DNA translocation across
the pores and high levels of current noise, hinder the
development of this technique.”*** Phosphorene has been
considered as a new alternative to graphene for the next-

ambitious programs have been introduced to drive the cost of
genome sequencing down toward a much anticipated target.”’
Nanopore/nanogap-based DNA sequencing,”” beyond estab-
lished and well-developed chemical and enzymatic methods,””
has long promised to provide cheaper, faster, and accurate DNA
sequencing. However, sequencing still needs further improve-
ment, especially in terms of quality and technology.

Extensive experimental studies on DNA in a solid-state
nanopore have been carried out and provide a comprehensive
understanding of nanopore DNA sequencing.'’™"” The past
decade has witnessed a rapidly growing number of reports on
two-dimensional (2D) material nanopore-based biosensing
applications.*™'® However, reading DNA sequences at a
single-base resolution is still far from being achieved.'” The
development of the state of the art of graphene-based
nanodevices is discussed in some of the recent review articles.”*’
In 2011, Min and co-workers have theoretically demonstrated
the feasibility of DNA sequencing using a fluidic nanochannel
functionalized with a graphene nanoribbon.?! Moreover,
Prasongkit and co-workers have reported that solid nanopore-
based techniques help to achieve a single-nucleotide or base
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generation semiconductor-based devices.”**” Monolayer BP
has received extensive attention due to its biocompatibility, low
cytotoxicity, and unique optical, electronic, and mechanical
properties.”””” Meanwhile, BP has a wide tunable band gap
compared to graphene.”’ More importantly, it has been found
that BP nanostructures are chemically and structurally stable in
air and water,>' ™ meaning less hydrophobic than graphene.
Hence, it has been considered as a promising competitor to
graphene as for DNA sequencing.

In this paper, we theoretically study the potential of
phosphorene decorated with transition-metal atoms (Cr, Fe,
Co, Ni, and Au) to act as an all-electronic DNA sequencing
device. The spin-polarized band structures appeared in Cr-, Fe-,
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Figure 1. (a) Illustration of the top and side view of phosphorene. (b) Band structure of pristine phosphorene. (c) DNA nucleobases employed in the

simulations: adenine (A), cytosine (C), guanine (G), and thymine (T).
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Figure 2. Optimized structure of different nucleobases’ adsorption on pristine phosphorene. (a) Adenine adsorption on pristine phosphorene. (b)
Cytosine adsorption on pristine phosphorene. (c) Guanine adsorption on pristine phosphorene. (d) Thymine adsorption on pristine phosphorene.

Co-, and Au-doped phosphorene. The adsorption energy of
DNA nucleobases on BP can be significantly enhanced with the
decoration of Co, Fe, and Cr. These results imply an enhanced
current signal and lower noise levels. Our work provides
beneficial directions and supports for DNA sequencing based on
BP with excellent stability and adjustable electronic properties.

2. MODEL AND COMPUTATIONAL DETAILS

All first-principles calculations were performed within spin-
polarized density functional theory (DFT) as imglemented in
the Vienna ab initio simulation package (VASP)”**° with the

17769

generalized gradient approximation (GGA) proposed by
Perdew, Burke, and Ernzerhof (PBE).> Projector-augmented
wave (PAW) potentials were employed to describe the ion—
electron interaction.”” We adopted the optPBE-vdW>* func-
tional to properly treat the effect of the van der Waals interaction
between phosphorene and DNA nucleobases. The lattice
constant of a fully optimized primitive unit cell is 3.35 X 4.62
A, which has four P atoms arranged in an orthorhombic
primitive unit cell. Figure 1a shows the top and side views of a 4
X 3 phosphorene supercell (containing 48 P atoms). Thus, the
adatom—phosphorene systems correspond to a concentration of
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2.08%. To avoid the artificial interaction with the neighboring
unit cell, the supercell size of the scattering region was set to 13.4
X 13.86 A. The energy cutoff was set to be 400 eV, and the
Monkhorst—Pack k-grid mesh was 3 X 3 X 1 in surface
calculations. The theoretical lattice was used by performing
structural optimization until the force of each atom was less than
0.03 eV/A. In the direction perpendicular to the phosphorene
layer, we used a slab consisting of one bilayer separated from its
periodic image perpendicular to the surface by a vacuum gap of
20 A. Ab initio molecular dynamics simulation (AIMD) was
performed for 5 ps with a time step of 1.0 fs at the temperature of
300 K to gauge the stability of the structure.

The adsorption energy (E,) of different nucleobases on
phosphorene was computed using the following equation:

Ea = Etotal - (En + Esur) (1)

where E,, represents the total energy of the whole adsorption
system. E, and E are the energies of isolated nucleobases and
the clean substrate, respectively. By this definition, a larger
negative value of E, denotes a stronger interaction between the
molecule and the surface.

3. RESULTS

To ensure that phosphorene is rendered correctly, we first
calculated the band structure of the pristine layer. Figure la
shows the top and side views of a 4 X 3 phosphorene supercell
(containing 48 P atoms). Thus, the adatom—phosphorene
systems correspond to a concentration of 2.08%. Phosphorene is
a semiconductor with an orthogonal structure without magnet-
ism.>” The lattice of phosphorene is interconnected six
membered rings, which has upper and lower layers, and each
atom in the lattice is covalently bound to the other 3 atoms. The
band structure of the pristine layer is shown in Figure Ib.
Clearly, the phosphorene has a direct band gap of 1 eV.
Meanwhile, the valence band maximum (VBM) and the
conduction band minimum (CBM) are both located at the I'
point, which agree well with the previous theoretical study.”
Figure lc shows the molecular structure of four nucleobases:
adenine (A), cytosine (C), guanine (G), and thymine (T).
We first calculated the adsorption of nucleobases on pristine
phosphorene. Figure 2 shows the optimized structures of
different nucleobases on pristine phosphorene. We found that
nucleobase molecules were perpendicular to phosphorene. The
detailed adsorption energies of nucleobases on pristine
phosphorene are listed in Table 1. In addition, the adsorption

Table 1. The Calculated Adsorption Energy (E,) and
Adsorption Distance (A) of Nucleobases on Pristine BP

adsorption energy E, (eV) distance (A)

A —0.40 3.06
C —0.46 3.30
G —0.43 2.65
T —0.39 2.53

distance from the basal plane to the nucleobase position is also
presented. Here, we defined the adsorption distance as a
difference between the lowest atom of the nucleobases and the
average height of the three nearest P atoms. Adsorption energies
for A, C, G, and T on pristine phosphorene are —0.4, —0.46,
—0.43, and —0.39 eV, respectively. Correspondingly, adsorption
distances for A, C, G, and T on pristine phosphorene are 3.06,
3.3, 2.65, and 2.53 A, which indicates the physical adsorption.

For pristine phosphorene, the subtle difference of adsorption
energy makes these bases indistinguishable.

In order to further understand the difference in nucleobase
adsorption on pristine phosphorene, we calculated the density of
states of those adsorption systems. As shown in Figure 3, it can
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Figure 3. Total and projected density of states for different nucleobases
on pristine phosphorene. (a) Total and projected density of states for
adenine on pristine phosphorene. (b) Total and projected density of
states for cytosine on pristine phosphorene. (c) Total and projected
density of states for guanine on pristine phosphorene. (d) Total and
projected density of states for thymine on pristine phosphorene.

be clearly seen that in four nucleobases on pristine phosphorene,
the band gap of 1 eV remains similar to the pristine
phosphorene. Furthermore, nucleobase orbitals have no hybrid-
ization with phosphorene, leading to weak adsorption.

Before studying the adsorption of nucleobases on metal-
doped phosphorene, we examined the physical properties of the
metal-doped systems. For BP, there are 3 adsorption sites
(Figure 4): hollow (H), bridge (B), and on-top (T), whose

Figure 4. Illustration of the top view of BP and three adsorption sites.
(H) Hollow site. (B) Bridge site. (T) On-top site.

different adsorption conditions have different stability. Present
research has found that the H site is the most stable one for metal
adsorption.40 The adatoms (Co, Fe Cr, Ni, or Au) considered in
this study preferred the hollow site of the hexagonal structure of
phosphorene.” On this basis, we constructed the geometry.
Figure 5 shows the band structures and DOS of monolayer BP
with metal atoms adsorbing at the H site. Thus, by doping Cr,
Fe, and Co on phosphorene, we introduced magnetism to
systems. It is obvious that the magnetic moment stems from the
3d orbitals in Cr, Fe, and Co. For instance, Fe, which is a typical
3d transition-metal element, has an unfilled d orbital. Hence,
with the adsorption of the Fe atom, impurity states and spin
polarizations occurred in the systems. Furthermore, the value of
the band gap reduces to 0.68 eV with the conduction and
valence bands moving toward the Fermi energy level. In general,
Au does not show a magnetic moment in its bulk counterpart.
Interestingly, however, we found a magnetic moment in Au-
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Figure S. Calculated band structures and density of states (DOS) of
adatom—BP systems. (a) Co, (b) Fe, (c) Cr, (d) Au, and (e) Ni.

doped systems. In contrast, there is no spin-polarized state in the
Ni-doped case (Figure Se). These results are similar to those
that have been well-documented.>” We also calculate metal
clusters as previously described.*! The optimized atomic
structures of metal clusters adsorbed to BP are shown in Figure
S1. The binding energy of 2-atom clusters to BP was smaller than
that of 3-atom clusters. The binding energy of clusters adsorbed
to the BP monolayer increases with the number of metal atoms.
In addition, we performed analysis based on orbital projected
DOS to reveal the bonding mechanism of metal clusters on the
BP as shown in Figures S2 and S3.

Next, we studied the adsorption of nucleobases on
phosphorene decorated with metal (Cr, Fe, Co, Ni, or Au)
atoms (Figure 6). The distances between adsorbed molecules
and underlying phosphorene and adsorption energies are listed
in Table 2. It shows an increased adsorption and decreased
adsorption distances on phosphorene decorated with metal
adatoms compared to that on pristine phosphorene. Moreover,
the adsorption for C is stronger than that for the other
nucleobases (A, G, and T) on the decorated substrate, which is
similar to the case in the pristine one. Especially for the Co
adatom on phosphorene, the adsorption energies for A, C, G,
and T on the system are —1.4, —1.42, —1.24, and —1.07 eV,
respectively, which are roughly triple of that on the pristine
phosphorene, indicating chemisorbed adsorptions rather than
typical van der Waals interactions.

The largest adsorption energy, —1.42 eV, is found in the C
adsorption system. However, the adsorption energy shows a
barely noticeable difference between A and C adsorption
systems. Moreover, the E, for the G adsorption system is ~0.18
eV, which is obviously lower than that in the C adsorption
system. Correspondingly, adsorption distances for A, C, G, and
T on pristine phosphorene are 1.98, 2.01, 2.02, and 1.95 A,
respectively, which are all smaller than that on the pristine one.

Interestingly, the adsorption energy of the Fe adatom on
phosphorene follows the trend of the Co adatom on
phosphorene. The adsorption energies for A, C, G, and T on
the Fe adatom system are —1.35, —1.42, —1.29, and —1.16 €V,
respectively. Similar to the adsorption of the Co adatom system,
these still roughly triple that on the pristine phosphorene. For
the Fe adatom system, the C adsorption system shows the largest
adsorption energy. In addition, the adsorption average distance
decreases from ~2.8 A on the Fe adatom system to 1.9 A on
pristine phosphorene. This also indicates the enhancement of
molecular adsorption by the Fe adatom on phosphorene.

Meanwhile, in the Au-doped case, the adsorption energies for
A, C, G, and T are —0.85, —0.98, —0.70, and —0.34 eV,
respectively. On the whole, the adsorption energy was smaller
than other cases, while the adsorption distance shows no
significant difference compared to other cases. Moreover, the C
adatom system still has a larger adsorption energy than other
nucleobases. For the Ni-doped case, we found a similar
conclusion with the Au-doped case.

For the Cr adatom system, it was found that the Cr adatom
has significant effects on the adsorption energy. For instance, the
adsorption average distance was reduced to ~2 A. As shown in
Table 2, the order of the adsorbed nucleobases onto the system
in terms of adsorption energy is C > A > G > T. The adsorption
energy of C on the Cr adatom system increased from —0.42 eV
on pristine BP to —1.56 eV on the Cr adatom system.
Meanwhile, the adsorption energy increased from —0.40 to
—0.95 eV for A, from —0.43 to —0.84 eV for G, and from —0.39
to —0.79 eV for T. The Cr adatom on phosphorene not only
enhanced the adsorption energy but also gave rise to larger
separation of the adsorption energies, which means unambig-
uous recognition of nucleobases over other metal adatom
systems. In addition, ab initio molecular dynamics simulations**
showed reasonable equilibration for the Cr adatom framework
under 300 K (Figure S4), indicating its perfect thermal stability.

In order to understand the adsorption of different nucleobases
on adatom-phosphorene systems, the electronic structures were
further investigated. Figure 6a shows the partial DOS of different
nucleobase adsorption systems. Clearly, the main contribution
of the nucleobases’ HOMO levels spans from —2.0 to 0 eV
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(d)

Figure 6. Optimized structures of nucleobases adsorbing on phosphorene with metals (Cr, Fe, Co, Ni, and Au) anchored at hollow sites. (a) Adenine.

(b) Cytosine. (c) Guanine. (d) Thymine.

Table 2. Calculated Adsorption Distance (A) and Adsorption Energy (E,) of Different Nucleobases on Phosphorene with Metal

Adsorption
adsorption energy E, (eV) distance (A)
BP-Co BP-Fe BP-Cr BP-Au BP-Ni BP-Co BP-Fe BP-Cr BP-Au BP-Ni
A —1.40 -1.3§ —-0.95 —0.85 -1.30 1.98 1.97 2.04 2.01 1.94
C —-1.42 —-1.42 -1.56 —0.98 —1.36 2.01 1.95 1.94 1.99 1.98
G -1.24 -1.29 —0.84 -0.70 —-1.22 2.02 2.00 2.06 2.12 1.99
T -1.07 -1.16 -0.79 —0.34 -0.93 1.95 1.92 1.90 222 1.93

below the Fermi level. This allows us to correlate the resonances
in the transmission with the nucleobases’ molecular states. For
instance, the Co adatom-phosphorene systems containing
adenine (A) present marked spin-up HOMO states around
—0.4 eV, while for C, G, and T, the spin-down component

(HOMO) shifts closer to the Fermi level. Also, HOMOs of C, G,
and T overlap at the —0.2 eV. This analysis is in agreement with
the adsorption energy calculations, for which the adsorption
energy of A increases from —0.4 (on pristine phosphorene) to
—1.4 eV (on Co@phosphorene). As a consequence, for the Co

17772 https://doi.org/10.1021/acsomega.3c00540
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Figure 7. Calculated DOS of different nucleobases on phosphorene with metal adsorption. (a—d) Co-doped phosphorene. (e—h) Fe-doped
phosphorene. (i—1) Cr-doped phosphorene. (m—p) Au-doped phosphorene. (q—t) Ni-doped phosphorene.

adatom-phosphorene system, a higher conductance difference
should be found when A is located inside the system, while a
difference between these three (C, G, and T) is slight. Therefore,
Co adatom-phosphorene might not be a good device for DNA

sequencing since it could not effectively distinguish the three

nucleobases (C, G, and T).
The situation is little different for the adsorption of

nucleobases on the Fe@phosphorene. As shown in Figure
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7e—h, the Fe@phosphorene systems containing adenine (A)
present marked spin-down HOMO states around —0.15 eV,
while for C, G, and T, spin-down HOMO states are around
—0.02, —0.13, and —0.23 eV, respectively.

For Cr@phosphorene systems, there were greater differences
among different nucleobases. For instance, Figure 7i shows the
partial DOS of A adsorption on Cr@phosphorene. Clearly, the
A orbitals have an upshift. As such, the HOMO moves to the
Fermi level, indicating that A loses electrons upon adsorption.
With Cr adatoms on phosphorene, these orbitals of A become
hybridized with the d states of the Cr atom, suggesting chemical
bonding between A and the system. Similar effects can also be
foundin C, G, and T adsorption on Cr@phosphorene, which are
shown in Figure 7j—1. Although there is overlap between
nucleobase orbitals and electronic states of the Cr atom, it is
actually easy to distinguish hybridization orbitals, suggesting the
highly selective detection of nucleobases on Cr@phosphorene.
For C adsorption on Cr@phosphorene, these orbitals become
more delocalized and hybridized with the Cr d states, leading to
enhanced adsorption. These results match with the adsorption
energy calculations since the C has the largest adsorption energy.
The charge density difference plot shows that the charge
redistribution occurs around the entire structure of different
nucleobases, and the shape of metal states can be easily
identified. For the adsorption of different nucleobases, an
enhancement of charge density redistribution can be observed at
the interface when these nucleobases are absorbed on these
systems (Figure 8), which is consistent with the hybridization of
nucleobase orbitals and electronic states of the systems.
Consequently, the adsorption energies were generally enhanced.

Lastly, the charge transfer between the adsorbed nucleobases
and the substrate was qualitatively explored by the charge
density difference and quantitatively by using Bader charge
analysis. Figure 9A shows the charge density redistribution for A
adsorption on Co@phosphorene. Clearly, charge redistribution
spread almost over the molecule. For the adsorption of C, G, and
T, similar charge transfer behaviors to that of A could be found.
For A adsorption on metal@phosphorene, the Fe@phosphor-
ene shows the most serious charge density redistribution, while
the Cr@phosphorene shows the strongest change of charge
density redistribution for C and G. For T adsorption on metal@
phosphorene, the Co@phosphorene has the strongest change of
charge density redistribution. For the Cr@phosphorene
systems, it is obvious that the change of charge density
redistribution was much stronger by comparing to the Co@
phosphorene or Fe@phosphorene system. The physical origins
lie in the major contribution of the electrostatic interaction in
regulating the adsorption strength. As shown in Table 1, more
charge transfer leads to higher adsorption energy. However, on
the surface with metals, the adsorption strength is not only
controlled by the electrostatic interaction but also by the direct
hybridization between nucleobase orbitals and metal d states.
However, Au or Ni showed weaker adsorption, which might also
indicate the weaker charge transfer. Consequently, for Co, Fe,
and Cr, the adsorption energies were generally enhanced, which
is consistent with the hybridization of molecular orbitals and
electronic states of the surface.

4. DISCUSSION

Here, we theoretically studied the potential of phosphorene
decorated with transition-metal elements (Cr, Fe, Co, Ni, and
Au) as all-electronic DNA sequencing devices by using DFT-
based first-principles calculations. In some reports, graphene has
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Figure 8. Charge density redistribution of different nucleobases on BP
with metal adsorption. (a) Co-doped phosphorene. (b) Fe-doped
phosphorene. (c) Cr-doped phosphorene. (d) Au-doped phosphorene.
(e) Ni-doped phosphorene.

to be sculpted into nanoribbons to acquire a band gap, which can
measure resistive modulations to the transverse current due to
DNA translocation through the pore.23”43 BP, with an intrinsic
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Figure 9. Calculated charge density redistribution for nucleobase adsorption on systems with an isovalue of 0.003 e/A. The green color denotes
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band gap, is therefore an attractive alternative for transverse
current detection.’® In 2017, Cupo and co-workers have
theoretically and experimentally studied the BP nanoholes/
nanopores with different radii.***> A study has shown the
potential biomedical applications of the phosphorene nano-
structure as it does not affect the protein structures.*® Therefore,
we believe that these advances must facilitate the development
of DNA sequencing techniques. Toward this goal, we first
investigated the adsorption behaviors of nucleobases on pristine
phosphorene. Our calculations showed that adsorption energies
for A, C, G, and T on pristine phosphorene are —0.4, —0.46,
—0.43, and —0.39 eV, respectively; thus, these subtle differences
between adsorption energies make these bases hard to
distinguish.

Most recently, it was found that the metal atom adsorption
could extensively affect the charge carrier type and achieve the
structural stability of BP with no damage to its pristine excellent
properties.” Doping is a chemical means to amplify its
electronic properties as the surface states can be effectively
manipulated.”” In addition, present research shows that doping
specific metal atoms to 2D BP might lead to the physical
characteristic changes of the whole system.39 Cr, Fe, Co, and Au
atom adsorptions on 2D phosphorene could even introduce
magnetism into the system. In Cr-, Fe-, Co-, and Au-doped
systems, researchers found a spin-polarized band structure.’
The introduction of magnetism to material structure may make
sense to the detection of nucleobase molecules. Inspired by all

these reports, we thus proposed metal-decorated phosphorene-
based nanodevices for DNA sequencing. Then, we showed that
different nucleobases were attached onto phosphorene with
metal (Cr, Fe, Co, Ni, or Au) adsorption. Remarkably, the
adsorption energy of nucleobases can be significantly enhanced
with Co, Fe, and Cr doping, which indicate an enhanced current
signal and lower noise levels. Furthermore, the order of
nucleobases in terms of their adsorption energy onto the Cr@
BPis C > A > G > T. Thus, Cr doping is more effective to avoid
ambiguity in recognizing various bases. The first four atoms (Cr,
Fe, Co, and Ni) belong to typical 3d transition-metal elements.
However, the spin-polarized band structures appeared in Cr-,
Fe-, Co-, and Au-doped systems, except for adatom Ni. Within
3d transition metals, the adsorption energy became stronger and
stronger with decreasing atomic radii, and the adsorption energy
was generally larger than groups I-III metals, except for the Cr
adatom.

However, minimization of the noise is a prerequisite for
increasing the signal-to-noise ratio and the sensitivity of 2D
material nanopores.lg Under the practical conditions, many
properties including surface roughness, surface charge densities,
etc. could be dramatically different from each other, yielding a
different translocation behavior of DNA.* Meanwhile, recent
advances demonstrate that the thickness of the 2D membrane is
a vital factor.””" Park et al. showed that nanopores in
multilayered h-BN membranes with a small exposed area
could significantly reduce the current noise to a value
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comparable to those in typical SiN, nanopores to a few ways of
increasing the mechanical stability of the 2D membrane.” Li et
al. also reported that the electronic structure of few-layer
phosphorene varies significantly with the number of layers, in
good agreement with theoretical predictions.”> Meanwhile,
metal clusters adsorbed on phosphorene could increase the
hybridization compared to the metal atom doping. Encouraged
by these results, the DNA sensing performance of metal clusters
adsorbed on phosphorene needs further investigation. These
tests would also apply to the blue phosphorene, another 2D
phosphorene form with a different exposed surface.’* Next, it
would be necessary to explore the surface properties of BP layers
in controlling its sensing DNA performance in experiment.

5. CONCLUSIONS

Phosphorene might be one of the possible winners in the race
toward the goal of single-base-resolution DNA sequencing. Our
theoretical calculation would instruct future DNA sequencing
experiments, providing beneficial directions and supports for
DNA sequencing based on monolayer phosphorene with both
stability and adjustable electronic properties. This work,
together with recent progress in this field, could hopefully
promote 2D material toward sequencing to match the
commercial achievements of biological pores or even traditional
solid-state nanopores. Hence, our study might be beneficial for
the development of phosphorene-based nanodevices for DNA
sequencing.
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A adenine
BP  phosphorene
C cytosine

CBM conduction band minimum
DFT density functional theory
E, adsorption energy

G guanine
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