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nts and electron transport
properties of DNA bases adsorbed on monolayer
MoS2†
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Electronic, optical and transport properties of DNA nucleobase adsorbed on monolayer MoS2 has been

investigated using density functional theory. A significant polarization in MoS2 has been observed upon

DNA nucleobase adsorption. The nucleobase origin of the modulation in the electronic properties is

clearly captured in the simulated STM measurements. The electronic transport through conjugate

systems allows the clear distinction of nucleobases from one another. The modulation in electron

energy loss spectra and transport properties of pristine MoS2 has been observed on nucleobase

adsorption which could serve as a fingerprint for realization of next generation DNA sequencing devices.

We believe that these results also bring out the possibility of fabrication of MoS2 based biosensors for

selective detection of DNA bases in real long-chain DNA molecules.
1. Introduction

The interface between bio-systems and nano-materials is
emerging as the most important tool for detection of various
biomolecules.1–4 In particular, the development of cost-effective,
efficient and selective detection in next generation bio-sensing
devices is “need of the hour”. Numerous studies have been
made to explore the applications of graphene-based devices for
DNA biosensing.1,5–7 Graphene shows high exibility, trans-
parency, and device scalability but still offers lower sensitivity to
biosensing due to the lack of a band gap.8,9

Conventionally, metal oxides have been commonly used in
sensing devices.10,11 However, the poor sensitivity and high
temperature operability in metal oxide devices; researchers
have been investigating in new alternative materials such as
silicene, CNT, MoS2 etc. for sensing applications.12–17 MoS2 has
been found to have the potential to overcome the material-
dependent shortcomings for biosensing applications.8 Two
dimensional (2D) layered transition metal dichalcogenides
(TMDs) offer high surface-to-volume ratio and semiconducting
properties which are essential for sensing applications.18–20

Particularly, MoS2-based TMDs monolayers, due to its
exotic electronic and transport properties, remain a testing
ground for sensing applications19,21,22 e.g. the photo-
luminescence spectra (PL) of MoS2 reveals the possibility of
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optical biosensors;19 modulation in PL due to the presence of
DNA base could serve as a ngerprint for selective optical
biosensing;19 nano-pore in pristine MoS2 results in fast
detection of DNA bases;17 MoS2 based biomedical sensor
shows promise to detect DNA origami, tumor necrosis factor-
alpha (TNF-a) molecules etc.21–25

The detection of a single nucleotide is the key idea for
identication of disease for the personalized medication.26

Therefore, it is important to understand the interaction of
biomolecules with the materials used for sensing. The explo-
ration of optical response and transport properties of DNA bases
and MoS2 conjugate system still need deep understanding.

In the present work, efforts have been devoted to explore the
interaction of four DNA nucleotides namely adenine (A),
thymine (T), cytosine (C) and guanine (G) with MoS2 using rst
principles electronic structure theory. Theoretical insight about
the optical response and electron transport properties of the
considered nano-bio composite systems are investigated.
2. Simulation details

First principle calculations were performed within the frame-
work of DFT as implemented in SIESTA code.27,28 To account for
electron–ion interactions, we have used well tested Troullier
Martin, norm conserving, relativistic pseudo-potential29–31 in
fully separable Kleinman and Bylander form. The exchange and
correlation energies were treated within the generalized
gradient approximation (GGA) with PBE functional. In addition,
we also used a nonlocal correlation energy functional (vdW-
DF1) to account for van der Waal interaction.32,33 The double-z
polarized (DZP) numerical atomic orbital basis set with the
connement energy 30 meV has been used to expand the Kohn–
RSC Adv., 2016, 6, 60223–60230 | 60223
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Sham orbitals. A 200 Ry mesh cutoff has been used for recip-
rocal space expansion of the total charge density.

We have employed 7 � 7 supercell in our calculations. In the
direction perpendicular to the monolayer, a distance of nearly
25 Å has been kept between repeated units to eliminate an
interaction between adjacent monolayers, making it an effective
2D layer. The Brillouin zone was sampled using 5 � 5 � 1
Monkhorst–Pack of k-points. Optical calculations were carried
out using 33 � 33 � 3 optical mesh with 0.2 eV optical broad-
ening. A 150 unoccupied states have been used to obtain optical
spectra.

The pristine monolayer with 147 atoms, and DNA nucleo-
bases (A, T, C and G) were fully relaxed, thereaer, atomic forces
were minimized to determine the preferred orientation and
optimum height of the planar base of the molecule relative to
the surface of the MoS2 monolayer. The determination of the
minimum total energy conguration was then followed by
a 360� rotation of the base molecules in steps of 30� to probe the
dependence of the energy on the orientation of the base mole-
cules with respect to the underlying 2D-MoS2.
3. Results and discussion

We took a single layer of MoS2 having optimized lattice constant
reported in our previous studies29,34 for the (7 � 7) supercell. In
order to determine the optimized structure, nucleobase has
been placed parallel to monolayer with Mo atom at center of
nucleobase hexagon. The in-plane orientation of nucleobase is
expected to be more stable because geometry of the interacting
species plays an important role in noticeable interaction which
usually favors planarity of the two components. The optimized
structures have been presented in Fig. 1. It has been found in
structural optimization that the base molecule favors at
conguration which is in agreement with previously reported
studies.1,2,35 The stability of relaxed structure has been obtained
by calculating binding energy as follows:

Eb ¼ Enucleobase+MoS2
� (Enucleobase + EMoS2

)

where EMoS2+nucleobase is total energy of MoS2 with absorbed
molecule and Enucleobase, EMoS2 are total energies of nucleobase
and pristine MoS2. The obtained binding energy and the
optimum height with respect to monolayer have been tabulated
in Table 1. The optimum height is dened as the vertical
Fig. 1 Optimized ball and stick model of A, T, C and G adsorbed MoS2 m
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distance between the center of mass of the molecule and the top
S-layer of the MoS2 layer. Note that negative magnitude of value
of Eb indicates the physisorption of nucleobase on monolayer
MoS2. Interestingly we nd increase in optimum height of
nucleobase onMoS2 within vdW-DF1 functional as compared to
GGA-PBE functional. Binding is found to be more negative in
vdW-DF1 calculations as compared to GGA-PBE method. The
binding energies obtained with vdW-DF1 method are in good
agreement with the previously reported values.35 Themagnitude
of the calculated binding energy exhibits the following order:
guanine > adenine/cytosine > thymine for both GGA-PBE and
vdW-DF1 functionals. The difference in our calculated and
previously reported binding energy might be due to difference
in optimized height and preferred orientation of nucleobase on
MoS2 in equilibrium state (Table 1).

In order to gain further insight about the interactions of
biomolecules with monolayer MoS2, the charge density differ-
ence analysis has been performed (Fig. 2). The charge density
difference proles have been obtained as

Dr ¼ rnucleobase+MoS2
� (rnucleobase + rMoS2

)

where rnucleobase+MoS2 is the total charge density of nucleobase
adsorbed MoS2 and rnucleobase, rMoS2 are total charge density of
isolated nucleobase and pristine MoS2 respectively. MoS2
monolayer gets considerably polarized on the adsorption of
nucleobase (Fig. 2) with redistribution of electronic charge. The
polarization in case of guanine adsorbed MoS2 is stronger as
compared to other three nucleobase (A, T and C) resulting in
larger magnitude of binding energy. Though considerable
polarization is there; Mulliken charge transfer analysis does not
show a noticeable charge transfer between nucleobase and
MoS2 forming conjugate system. The Mulliken charge transfer
analysis shows that the change in total charge of the nucleobase
is quite small (<10�3 e) upon adsorption. A similar inference has
been drawn for the nucleobase adsorption on BNNT and
MoS2.2,35 However, we nd that most of the charge redistribu-
tion occurs on the upper S-layer of MoS2 due to its proximity to
nucleobase.
3.1 Electronic structure

The electronic band structure of pristine MoS2 exhibit semi-
conducting nature with band gap of 1.60 eV which is in good
agreement with the previously reported DFT calculation36–38 and
onolayer with GGA-PBE functional.

This journal is © The Royal Society of Chemistry 2016



Table 1 The calculated (average) distance between molecule and monolayer (hRmolecule�MoS2i), binding energy (Eb) of DNA nucleobase with
MoS2 monolayer and electronic band gap of pristine MoS2 & composite system

System

hRmolecule�MoS2i (Å) Eb (eV)

Band gap (eV)

Our calculation

Others35

Our calculation

Others35GGA-PBE vdW-DF1 GGA-PBE vdW-DF1

Pristine MoS2 — — — — — — 1.60
Adenine + MoS2 3.51 3.74 3.53 �0.20 �0.54 �0.82 1.26
Thymine + MoS2 3.49 3.73 3.64 �0.19 �0.51 �0.75 1.58
Cytosine + MoS2 4.00 3.61 3.52 �0.20 �0.53 �0.74 1.30
Guanine + MoS2 3.37 3.66 3.55 �0.27 �0.60 �0.90 1.03

Fig. 2 Side and top views of charge density difference profiles for adenine (a and b), thymine (c and d), cytosine (e and f), and guanine (g and h)
adsorption MoS2. Green and red color depicts charge accumulation and depletion respectively. Isosurface value is set at 14 � 10�5 e Å�3.
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experimentally measured values.39,40 On the examination of
molecules adsorbed electronic band structure of MoS2, new
molecular states emerged in the band gap region (Fig. 3)
introducing n-type doping effect. The appearance of these
energy states leads to decrease in energy band gap (Table 1). The
Fig. 3 Electronic band structure for pristine and A, T, C & G adsorbed m

This journal is © The Royal Society of Chemistry 2016
decrease in band gap is maximum (35.62%) for guanine + MoS2
and minimum (1.25%) for A + MoS2 as compared to pristine
MoS2.

The appearance of molecular levels is further conrmed by
atom projected density of states as shown in Fig. 4. The major
onolayer MoS2. The Fermi level is set at 0 eV.

RSC Adv., 2016, 6, 60223–60230 | 60225



Table 2 Valance band and conduction band offset for nucleobase
adsorbed MoS2

System
Valance band
offset (eV)

Conduction band
offset (eV)

Adenine + MoS2 �0.45 0.34
Thymine + MoS2 �0.15 0.14
Cytosine + MoS2 �0.35 0.45
Guanine + MoS2 �0.24 0.46
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contribution in the valance band and the conduction band
originates from Mo orbital's in the vicinity of valance band
maxima and conduction band minima. The presence of nite
density of states due to atoms of the nucleobase in the vicinity
of VBM conrms the nucleobase origin of the impurity states.
DOS of C and N are more pronounced in adenine and guanine
adsorbed MoS2, on the other hand, oxygen DOS dominates in
thymine and cytosine adsorbed MoS2 (Fig. 4(a–d)).

A comparative analysis of the energy level diagram and cor-
responding PDOS of pristine nucleobase (Fig. S1 and S2†) and
composite system (Fig. 3 and 4) gives clear signatures of energy
level offset which essentially leads to decrease in the band gap.
The relative alignment of valance band and conduction band
could be quantied in terms of the band offset. The band offset
(or energy level offset) can also be measured experimentally by
using STM and m-XPS in terms of valance band offset (VBO) and
conduction band offset (CBO)41 which can be utilized as a tool
for biosensing. We dene VBO as DEv ¼ Enucleobase �
Enucleobase+MoS2 and CBO DEc ¼ EMoS2 � Enucleobase+MoS2 respec-
tively. The VBO and CBO have been tabulated in Table 2. The
negative (positive) values indicate the upward (downward) shi
in valance band maxima (conduction band minima). Larger
value of offset gives indication of modulation in band gap which
in principle is the cause of decrease in band gap to a large extent
in guanine + MoS2.
3.2 Optical properties

In order to exploit inherent direct band character of pristine
MoS2 which provides an effective way to detect various
biomolecules by recording the change in PL spectra,19 it is
important to look for the modulation in optical response of
nucleobase + MoS2 systems for selective optical biosensing. For
materials with a hexagonal layered symmetry, dielectric prop-
erties can be calculated with an electric vector E perpendicular
to the c-axis and parallel to c-axis. The inuence of nucleobase
adsorption of MoS2 in terms of the in-plane (Etc) and out-of-
plane (Ekc) real & imaginary part of dielectric function (31 and
Fig. 4 Atom projected density of states for nucleobase adsorption on
guanine + MoS2. The magnified PDOS in the vicinity of valance band is
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32) and electron energy loss spectra is shown in Fig. 5. Peak
positions in imaginary part (32) and loss spectra of pristineMoS2
and nucleobase adsorbed MoS2 for Etc and Ekc axis have been
tabulated in Table 3.

A pronounced peak at 2.70 eV indicating interband transi-
tion in imaginary part of dielectric function (32) for in-plane
polarization, which is in close agreement with the experi-
mentally measured value of 2.88 eV.42 The 32 shows noticeable
blue shi of 0.17 eV (Table 3) in out-of plane polarization (Ekc)
for nucleobase conjugate system as compared to pristine
MoS2. The peak in the imaginary part of dielectric function
remains unaltered with nucleobase adsorption. At higher
energy range, marginal modulation has been found in 32, on
nucleobase adsorption for both in-plane and out-of-plane
polarization.

Furthermore, in real part (31) the x-axis from negative to
positive corresponds to the collective excitations of electrons. It
can be seen in Fig. 5 that 31 in in-plane polarization cuts the zero
axis from the negative y-axis at 3.05, 7.45 eV and at 6.33 eV for
out-of-plane polarization (Ekc) in pristine MoS2 while for
nucleobase MoS2 complexes 31 cuts the zero axis between 5.34
and 5.41 eV (UV region) as far as the parallel and perpendicular
polarization is concerned.

Plasmons play a large role in the optical properties of metals
and semiconductors. Light of frequencies below (above) the
plasma frequency is reected (transmitted) by a material
because the electrons in the material screen (not fast to screen)
MoS2 (a) adenine–MoS2 (b) thymine + MoS2 (c) cytosine + MoS2 (d)
presented in inset of the respective figure.

This journal is © The Royal Society of Chemistry 2016



Fig. 5 Imaginary part (32), real part (31) of dielectric function and electron energy loss (EEL) spectra for nucleobase adsorbed MoS2 for Etc and
Ekc axis. Inset shows the magnified view of real part of dielectric function.

Table 3 Peak positions in imaginary part (32) and loss spectra of
pristine MoS2 and nucleobase adsorbed MoS2for Etc and Ekc axis

System

32 (eV) Loss spectra (eV)

Etc Ekc Etc Ekc

Pristine MoS2 2.70, 2.88
(ref. 42)

5.23 3.19, 5.38, 7.48 6.42, 7.02, 8.29

Adenine + MoS2 2.70 5.06 3.19, 5.34, 6.87 6.36, 7.02, 8.23
Thymine + MoS2 2.70 5.06 3.19, 5.34, 6.89 6.36, 7.02, 8.23
Cytosine + MoS2 2.70 5.06 3.19, 5.37, 6.91 6.36, 7.02, 8.27
Guanine + MoS2 2.70 5.06 3.19, 5.31, 6.86 6.36, 7.02, 8.19
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the electric eld of the light. The sharp peaks in the EEL func-
tion are associated with the existence of plasma oscillations.
EELS has been calculated from dielectric functions using the
expression:

Im

� �1

31ðuÞ
�

¼ 32ðuÞ
312ðuÞ þ 322ðuÞ

where 31 and 32 are real and imaginary parts of dielectric
function. EEL show small modulation in low energy plasmons
while high energy plasmonic features are signicantly modu-
lated for both in-plane and out-of-plane polarization indi-
cating contribution of p and s electrons. In case of in-plane
polarization a low intensity peak appears around 5.34 eV upon
nucleobase adsorption. The peaks in EEL in the vicinity of 7 eV
are blue shied by �0.58 eV on nucleobase adsorption as
compared to pristine MoS2. These peaks are associated with
the collective excitation of electrons. For out-of-plane polari-
zation a signicant modulation occurs upon nucleobase
adsorption (Fig. 5). A fairly sharp peak at 6.36 eV and low
intensity sharp peak at 7.02 eV and �8.20 eV has been found
for Ekc which can be attributed to the surface plasmons
propagated along c-axis. This signicant modulation of EEL
spectra of nucleobase + MoS2 conjugate system could serve as
benchmark for developing optical sensors. Note that, optical
response can be recorded by ellipsometry measurement in
experimental situation.
This journal is © The Royal Society of Chemistry 2016
3.3 STM topographical analysis and tunneling current
characteristics

The expected p-orbitals overlap between the DNA nucleobase
and MoS2 in planer alignment of molecules offer the favorable
condition for the STM experiments. STM topographical images
are known for providing the important structural and electronic
information. A STM like topograph have been obtained within
Tersoff and Hamann approximation43,44 as implemented in
WSxM Code.45 The simulated STM measurements have been
performed at biasing of �1.5 eV between sample and tip. The
STM topographical images for the nucleobase adsorbed MoS2 is
presented in Fig. 6. The bright spots in the images indicate that
the larger magnitude of tunneling current in forward bias which
originates from the nucleobase due to presence of occupied
energy states of nucleobase in the vicinity of valance band
maxima (Fig. 3). The faded CB topograph show typical features
of the un-occupied states. The STM topography reveals that
cytosine (guanine) offers maximum (minimum) number of
occupied states in VB while adenine (cytosine) offers maximum
(minimum) unoccupied states in CB. These distinct features
originating from individual bases could serve as ngerprints for
selective detection of nucleobase in STM experiments.

Next, we looked at the tunneling current characteristics of
the nucleobase adsorbed MoS2 within STM like setup shown in
Fig. S3 of ESI.† In the STM-like setup, a tip is modeled by a cage-
like Au13 cluster. The Bardeen, Tersoff and Hamann (BTH)
formalism of electron tunneling was used to calculate the
tunneling current in this model setup.46 The biasing is dened
as forward bias (or positive bias) when the sample is connected
to the positive potential with electrons owing from tip to
sample. The tip is kept at a distance of 4 Å above the nucleobase
which describes the non bonding tip sample conguration
(Fig. S3†). It is worth mentioning here that the choice of the tip
and sample separation denes the magnitude of current as
tunneling current is directly proportional to the convolution of
DOS between the tip and sample, although the tunneling
characteristics remain the same.

The tunneling current characteristics for pristine and
nucleobase + MoS2 system have been shown in Fig. 7. We nd
a rise in tunneling current at a small forward bias of �0.7 V for
RSC Adv., 2016, 6, 60223–60230 | 60227



Fig. 6 Simulated STM-like topographical images of DNA nucleobase adsorbed on MoS2 for valance band (VB) and conduction band (CB) at
biasing of �1.5 eV between sample and tip.

RSC Advances Paper
guanine and cytosine adsorbed MoS2. We nd the tunneling
current more pronounced at �1 V which is lower than the value
reported by Tanaka et al.47 It is interesting to note that the
magnitude of tunneling current increases in negative bias as
compared to positive bias which can be attributed to the larger
number of unoccupied states in the functionalized monolayers
(Fig. 3 and 4). This rise in tunneling current in forward (reverse)
bias is attributed to the VB (CB) band offset (Table 2). Note that
the rise in tunneling current from zero magnitude depends on
the amount of offset taking place upon nucleobase adsorption
as far as the type of nucleobase adsorption is concerned.
3.4 Current–voltage characteristics

Furthermore, the electron transport through the nucleobase–
MoS2 system has been explored with in equilibrium transport
theory as implemented in GOLLUM code.48 It uses the DFT
generated Hamiltonian as an input and generate the s-matrix
and associated physical quantities such as current. The whole
device setup is divided into le electrode (LE), scattering region
Fig. 7 The tunneling current characteristics of A, T, C, G adsorbed
MoS2 and pristine MoS2. The distance of separation between tip and
sample has been taken as 4 Å.
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(SR) and right electrode (RE) as shown in Fig. S4.† The applied
nite voltage to the electrode change the incoming and
outgoing electron distribution and hence Hamiltonian. The
modied DFT Hamiltonian can be expressed in the following
form:49 0

@ HL þ mSL HLM þ mSLM 0
HLM þ mSLM HM½r� HRM � mSRM

0 HRM � mSRM HR þ mSR

1
A

where, the matrices HL, HR are Hamiltonian for le and right
lead, HLM, HRM are interaction Hamiltonian between leads and
extended molecule; HM[r] represents non equilibrium density
matrix derived Hamiltonian; m (¼eV/2) represents the change in
energy levels of electrodes; S represents the corresponding
overlap matrix blocks between electrode and extended mole-
cule. It is worth mentioning here that the nite bias effects on
HM[r] are accounted by aligning and de-aligning the molecular
orbital's at extended molecular region with shied electrode
energy levels (due to biasing). Therefore, this enables GOLLUM
to introduce essential non-equilibrium effects within equilib-
rium transport theory. Thus the current voltage characteristics
(I–V) computed from equilibrium equation

I ¼ G

ðþm

�m

dE TðEÞ

where, G ¼ e/h is the unit of quantum conductance and T(E) is
the transmission probability of electron with energy E passing
from one electrode to another. Note that STM measurements
provide the possibility to probe the electronic structure on
a scale unobtainable with other methods on the other hand
transport characteristics mimic the possibility of the model in
realization of actual devices like FET for sensing application.

The current–voltage (I–V) characteristics for the pristine and
nucleobase adsorbed MoS2 is depicted in Fig. 8. An I–V char-
acteristic of pristine MoS2 is almost at with in the small bias
indicating its semiconducting nature. Themagnitude of current
increases with the increase in applied bias for the pristine as
well as the nucleobase + MoS2 complexes. The magnitude of
current with applied bias is more in nucleobase + MoS2
This journal is © The Royal Society of Chemistry 2016



Fig. 8 The current–voltage (I–V) characteristics of pristine MoS2 and
A, T, C, G adsorbed MoS2.

Paper RSC Advances
complexes as compared to pristine MoS2. The higher magnitude
of current in nucleobase complex is due to increase in number
of open channels (transmission coefficients) conjugate system
as compared to pristine MoS2 (Fig. S5†).

Note that the polarization of the pristine MoS2 caused by the
DNA nucleobase (Fig. 2) might be the principle cause of small
current with in lower bias region. Therefore, these results clearly
offer a way to utilize MoS2-based device for DNA sensor.
4. Conclusions

First principle calculations have been carried out for the pris-
tine and nucleobase adsorbed MoS2 using SIESTA code.
Following can be concluded from the study:

� DNA nucleobase are weakly physisorbed on pristine MoS2
monolayer.

� MoS2 monolayer is considerably polarized upon the
adsorption of nucleobase.

� Adsorption of nucleobase leads to offset in the energy levels
of pristine nucleobase and MoS2 upon adsorption which causes
modication of effective band gap in pristine MoS2.

� The electronic energy band gap is reduced to maximum of
35.62% in guanine + MoS2 complex as compared to pristine
MoS2.

� EEL of nucleobase + MoS2 conjugate system is blue shied
by �0.58 eV as compared to pristine MoS2.

� The simulated STM measurements give the distinct
features for individual nucleobase in STM topograph and
tunneling current characteristics.

� Electron transport characteristics (I–V) show large magni-
tude of current in nucleobase + MoS2 complexes as compared to
pristine MoS2 monolayer indicating the possibility of MoS2 for
the selective detection of nucleobase.

In nutshell, our study reveals MoS2 monolayer to be strong
candidate for the selective bio-sensing of nucleotides.
This journal is © The Royal Society of Chemistry 2016
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D. Visontai, L. Oroszlany, R. Rodŕıguez-Ferradás, I. Grace,
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