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We  propose  here  an amino  acid nanosensor  based  on  a single  armchair  graphene  nanoribbon  (AGNR)
connected  to two  gold  electrodes.  Using  the non-equilibrium  Green’s  function  method  for  quantum
transport  together  with  density  functional  theory,  we  compute  the electrical  properties  of  the  sensor
before  and  after  the  adsorption  of different  amino  acids  on  the  AGNR.  Our  results  show  that  there  is a
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significant  shift  of the  projected  density  of states  and of  the transmission  function,  T,  upon  adsorption
with  a distinct  response  depending  on  the  specific  amino  acid.  These  results  suggest  that  AGNRs  may  be
employed  as materials  of choice  in  bio-sensorics.

© 2017  Published  by  Elsevier  B.V.
uantum transport

. Introduction

In areas such as biology, life science, chemistry and environ-
ental sciences, a great deal of importance is given to ones’ ability

f detecting and measuring biomolecules with high sensitivity and
ccuracy [1–7]. One of the most important biomolecules in these
reas are proteins. As an example since disease-pertubated proteins
iffer from their normal counterpart, detection and quantification
f them will enable a predictive and preventive medicine that will
ead to personalized medicine. Should this be possible in practice,

e expect efficient protein sensors to contribute to the improve-
ent of medicine and medical treatments. Amino acids are the

uilding blocks of proteins. Furthermore detection of amino acids
ill help us in determining the nature of full proteins [8].

One and two dimensional nanostructures such as nanotubes,
anowireş graphene, silicene and hybrid sheets can form excellent
echnological platforms for single molecule recognition, because
f the extreme sensitivity of the electron transport properties in
xtremely confined materials to external perturbations [9–19].

ecently biosensors based on field-effect-transistor (FET) archi-
ectures have attracted considerable attention, since the detection
hat they offer is rapiḑ inexpensive and label-free. In a FET biosen-
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sor, the physical gate active in logic transistors is removed and
biomolecules instead produce the gating (electrostatic) effect. Such
an effect is transduced into a readable signal in the form of one or
many changes in the electrical characteristics of the FET, such as the
drain-source current or the channel conductance. Among the vari-
ous materials considered, nanostructured carbon nanotubes and Si
nanowires appear to be the most attractive to the sensors commu-
nity due to their size compatibility and capability to provide high
sensitivity [20–24]. However, the fabrication of such devices often
presents major challenges such as reproducibility and integrability
with conventional architectures [25,26], thus it hampers their use
in practice. In contrast, silicene and graphene-based structures are
extremely promising, as they both provide excellent electrostatics
due to their atomically thin nature and possess a planar geometry,
which can be used in large-scale integrated device processing and
fabrication.

There are some theoretical studies that investigated the capa-
bility of these materials as gas sensor or biosensor. Amorim et al.,
[14] showed that the adsorption of each nucleobase on the silicene
sheet causes significant and distinct changes in the transmission at
zero bias at specific energies. So silicene can be used as biosensor
for DNA analysis. In another work, Prasongkit et al., [15] proposed
a gas sensor based on silicene and showed that doping of silicene

can enhance the sensitivity of the device and all of the four gas
molecules (NO, NO2, NH3 and CO) can be distinguished.

Recently, Rodríguez et al., [16,17] theoretically modeled a two
terminal device based on graphene and investigated the effect of

dx.doi.org/10.1016/j.snb.2017.08.113
http://www.sciencedirect.com/science/journal/09254005
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dsorption of amino acids on the electrical properties of graphene.
ue to interaction between amino acids and graphene charge trans-

ers from graphene to amino acid and current changes significantly.
hey showed that the device detects amino acids with high selec-
ivity and sensitivity at specific bias voltages. The result shows that
heir sensor can be used as amino acid sequencer in proteins.

Unlike graphene, graphene nanoribbons may  display an
lectronic band gap making them more sensitive to external per-
urbations than their bulk counterpart. Several groups worldwide
ave made progress towards the experimental demonstration of
raphene-nanoribbon-based sensors [27–29]. Furthermore a few
heoretical investigations prove the feasibility of such concept. For
nstance, Hossain et al., theoretically proposed a sensitive neuro-
iosensor based on a graphene nanoribbon for detection of glycine
mino acid [19]. They showed that in the presence of glycine cur-
ent increases significantly in two terminal device based on the
raphene nanoribbon with nitrogen vacancy. The presence of the
itrogen vacancy in the graphene nanoribbon decreases current
ignificantly at specific bias voltages. So their sensor can be used
n proximity of living neuron cells due to reduction of power con-
umption.

However, often in the theoretical researches the external
lectrodes are not explicitly considered, i.e. the electrodes con-
ecting the sensing nanoribbon are nanoribbons themselves
16,17,19,30–32]. In this paper, we aim to go beyond such a sim-
lification and study the effects of amino acid adsorption on the
onductance of single-layer armchair graphene nanoribbon in a
imple two-probe configuration with Au electrodes.

In line with the conventional notation [33] an AGNR (a zigzag
NR ZGNR) is uniquely defined by the number, n, of dimer lines

zigzag chains) along the ribbon width. It has been shown in pre-
ious studies that all AGNRs are semiconductor while ZGNRs are
etallic [33,34]. The energy gap of AGNRs decreases as a function

f the ribbon width. In particular, the amplitude of the energy gap is
ifferent depending on whether n = 3p, n = 3p + 1 and n = 3p + 2 (p is

nteger). For n = 3p + 1 the energy gap is large, while the AGNRs with
 = 3p + 2 bear the smallest gap [35]. In this work, we focus on semi-
onducting AGNRs with the largest possible energy gap and look at
he n = 34 case. In fact, an external perturbation, like the one pro-
ided by a biomolecule, is expected to have a much smaller effect on
he electronic properties of a metallic GNR than on semiconducting
ype.

Amino acids are chosen as the target molecules to be sensed.
nderstanding their interaction with GNRs will help us in under-

tanding how full proteins, which are at present too complex to
e simulated by the state-of-the-art ab-initio techniques used here,

nteract with GNRs. Molecular dynamics (MD) simulations are used
o determine the relative coordinates of the GNR and the adsorbed
iomolecule, and also to investigate the effects of hydrophobic

nteractions and van der Waals (VDW) forces on the adsorption of
mino acids by the graphene nanoribbon. The coordinates cannot
e calculated simply by system relaxation from density functional
heory (DFT) simulations. The reason is that, although now DFT
mplements good approximations for the van der Waals forces, the
ystem size investigated here makes it prohibitively expensive. At
he same time van der Waals forces cannot be neglected since they
lay an important role in the interaction between the GNR and the
mino acids. In addition, computational costs also prevent us from
ncluding explicitly water molecules in the simulations. This means
hat the results presented here are strictly applicable to the ultra-
ry limit. Finally, the resulting geometries optimized by MD are
sed in DFT combined with the non-equilibrium Green’s function

ethod for quantum transport (DFT + NEGF) [36], which allow us to

xtract the transport properties of the junction. In our calculations
e use the local density approximation (LDA) throughout [37].
 Actuators B 255 (2018) 1276–1284 1277

2. Simulation details and method

In order to investigate the sensing ability of the proposed sensor,
the transport properties of the AGNR sandwiched between gold
electrodes before and after the adsorption of each amino acid are
computed by using the ab initio electronic transport code SMEAGOL
[38–40]. SMEAGOL implements the NEGF method within DFT. The
system is divided into three regions, the left and right electrodes
that, in our case are semi-infinite gold crystals oriented along the
(111) direction, and the device region containing a 34-armchair
graphene nanoribbon with a length of approximately 100 Å and
a portion of the semi-infinite gold electrodes (five Au layers) at
each side. The distance between the AGNR and the Au layers was
set to 2 Å. We  place each of the amino acids above the plane of the
AGNR at a minimum initial distance of 1 Å, as shown in Fig. 1(b) and
(d). We  consider here dimers of the positively charged amino acid
arginine (ARG) and the neutral non-aromatic amino acid isoleucine
(ILE) to investigate the effect of different type of amino acids on the
transport properties of the AGNR and show that to what extent the
charge of the biomolecule contributes in the sensing mechanism.
Each dimer has two  residues, where the residue is the form taken by
amino acids when they constitute a chain of peptides, or comprise
parts of proteins [8].

Subsequently, we need to find the equilibrium distance between
the amino acids and the AGNR. NAMD [41] molecular dynam-
ics code is used to perform this task. In NAMD, the CHARMM
force field [42] and TIP3P [43] water molecules were used. Car-
bon atoms of the GNR had been modeled as spot free of charge
using the CHARMM parameters for sp2 carbon. The device region
was optimized, excluding the gold layers, in a water box through
the minimization procedure of the NAMD package that functions as
per conjugate gradient method [41]. Three unit cells of the AGNR
at the left and right-hand side were fixed during the minimiza-
tion in order to avoid a mismatch between the electrodes and the
AGNR. Counter ions were included with the charged amino acid to
neutralize the net charge (chlorine ions with arginine). By perform-
ing the atomic relaxation, a stable point for the system energy was
reached. After minimization, the minimum distance between each
dimer and the graphene nanoribbon was calculated to be 2.612 Å
and 2.54 Å for ILE and ARG, respectively. The optimized geome-
tries are shown in Fig. 1(c) and (e). The newly optimized atomic
coordinates were then used for the transport calculations (water
molecules and counter ions were removed at this point), where no
more geometry optimization was  carried out.

Here, the electron transport properties were extracted by using
the DFT + NEGF code SMEAGOL, which employs the SIESTA code
[44] as DFT platform. SMEAGOL uses DFT to build the Hamiltonian
of the system, H(n), as well as the overlap matrix, S. If � and ˇ
label the SIESTA basis set, which is made of multiple-zeta numerical
atomic orbitals, �˛, then H(n) and S write

H˛ˇ
IJ =< �˛|H(n)|�ˇ > (1)

S˛ˇ
IJ =< �˛|�ˇ > (2)

where n is the electron density. Here, I and J are partition indexes
and take values L, R or D to represent the left-hand and right-hand
side electrode and the device region, respectively. The core quantity
of the NEGF method is the retarded Green’s function of the device
region, which reads [39]

GR
D(E) = �+SDD − HDD − �R

L (E) − �R
R(E) (3)
In the above equation �R
L,R(E) are the retarded self-energies of each

electrode. These can be directly calculated as

�R
I (E) = (�+SDI − HDI)GR

II(E)(�+SID − HID) (4)



1278 S. Bagherzadeh-Nobari et al. / Sensors and Actuators B 255 (2018) 1276–1284

F s gen
s  struct
b

w

t
E
r
o
r
r
b
a

D

T
i
w
T
i
s
T
c
t

G

w

�

N
q
t
t
u
fi

ig. 1. The geometry of the different device structures investigated. Panel (a) show
how  side view of ARG adsorbed on the AGNR, respectively before (b) and after (c)
lue  = N, red = O, white = H. C atoms in the AGNR are shown in yellow.

ith ε+ = lim
ı→0+

E + iı, E being the energy, GR
II represents the elec-

rodes’ retarded surface Green’s function [39]. Despite the fact that
q. (4) in principle involves multiplication of infinite matrices, a
estricted form of �R

L,R(E) exists. This involves unit cells information
nly along with the coupling of the electrodes’ surfaces to the device
egion [45,46]. The electron density is n(

→
r )  =<

→
r |D| →

r where D
epresents the density matrix. This can be evaluated for our open
oundary conditions problem from the lesser Green’s function, G<

D
s [39]

 = 1
2�i

∫
G<

D (E)dE (5)

he lesser Green’s function at equilibrium, i.e. in the zero-bias limit
nvestigated here, is written as G<

D (E) = −2ilm[GR
D(E)]f (E − �) [38],

ith f being the Fermi function at the electronic temperature T.
he set of Eq. (1)–(5) constructs a self-consistent procedure that
s solved in an iterative manner to yield GR

D, i.e. the electronic
tructure of the device region in equilibrium with the electrodes.
he outcome of such iterative calculation can be directly used for
omputing the system zero-bias conductance, G. This is obtained
hrough the Fisher–Lee relation as

 = 2e2

h
Tr[�LGR∗

D �RGR
D (6)

here

L,R(E) = i[�R
L,R(E)−�R∗

L,R(E)] (7)

ote that Eq. (6) calculates the conductance as the product of the
uantum of conductance, G0 = 2e2/h, with the energy dependent

ransmission coefficient, evaluated at the Fermi energy of elec-
rodes, i.e. for E = EF. In order to save computational time, we have
sed a single zeta basis sets for the AGNR atoms. This is justi-
ed by the fact that only the states around EF are crucial to the
eral schematic view of initial configuration of ARG on the AGNR. Panels (b) and (c)
ural relaxation; panels (d) and (e) the same for ILE. Color code: light blue = C, dark

transport properties [47]. Concerning gold atoms, a well-tested
strategy has been conducted [48] taking into account solely the
6 s shell as valence and leaving the 5d orbitals in the core. This
is a good approximation for moderate bias, since the 5d orbitals
contribute little to the Au Fermi surface. Only a single zeta polar-
ized basis set [49] is used for all the atoms in the amino acids,
while the only exceptions are H and C, for which a single zeta
basis is utilized to cut down on the computational time. We  use
the LDA in the Ceperley–Alder [50] parameterization to describe
the exchange–correlation energy. We  have chosen the convergence
tolerance of the density matrix to be 10−4, while the real-space grid
has a plane-wave cut-off corresponding to 200 Ry. The electronic
structure of the electrodes is calculated with a uniformly spaced
k-point grid of 1 × 1 × 30, and the unit cell contains 315 atoms. All
transport calculations are done at zero-bias voltage. We  have used a
supercell of 50.26 × 23.65 × 125.88 Å. The supercell size is chosen to
avoid any image-cell interaction. We  have used periodic boundary
conditions in the direction orthogonal to the transport direction.

3. Results and discussions

In this work, we  aim to study the sensing ability of the device. As
such, we have investigated and compared the electrical properties
of the AGNR before and after the adsorption of each amino acid.
First we  have computed the optimized structure of the sensor via
MD simulations. Then the projected density of states (PDOS) over
the AGNR and the transmission coefficient at zero bias are calcu-
lated. These are presented in Fig. 2, where we set the energy zero
to the Au Fermi energy. Since the spectral range contributing to

the conduction is ±8kBT around the Fermi level (kBT is the ther-
mal  energy with kB the Boltzmann constant), which corresponds
to ±0.2 eV in our case (T is room temperature), we have plotted the
PDOS and T in the range ±0.3 eV. At this juncture and moving for-
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ig. 2. Electronic structure and transport properties of the junctions investigated. (a
(E)  is plotted in logarithmic scale. The various curves represent the case of pristin
dsorbed ARG (thick solid blue line). (For interpretation of the references to colour 

ard we shall analyze the results by looking at the case of a pristine
GNR.

In Fig. 2(a) (dashed red curve) we present the PDOS of the AGNR
andwiched between the two Au electrodes and observe that the
lectrode Fermi level just cuts at the bottom of the conduction band

f the AGNR. In fact we find that the PDOS sharply increases for pos-
tive energy, while it is composed of a number of localized states
merging from a low-PDOS background for negative ones. Such
DOS structure reflects into the behaviour of the transmission coef-
S over the AGNR and (b) transmission coefficient, T(E), as a function of energy. Here,
R (dashed red line)̧  AGNR with adsorbed ILE (thin solid green line) and AGNR with

 figure legend, the reader is referred to the web  version of this article.)

ficient as a function of energy shown in Fig. 2(b). Here we can see
that T(E) sharply increases from zero to about 1.5 at the onset of the
AGNR conduction band placed roughly at E = EF. In the gap region
we can identify two  sets of peaks positioned in the energy win-
dow going from 0 eV to −0.3 eV. The first is between −0.05 eV and

−0.1 eV and is formed by a doublet with a sharp peak at −0.1 eV and
a broader shoulder at −0.05 eV. The second is also a doublet formed
by two  closely-spaced sharp peaks at around −0.2 eV. Note that the
presence of a finite DOS even in the AGNR gap is associated to the
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Fig. 3. The top panels show the local density of state iso-surfaces of the junction (in blue) (left) before and (right) after the adsorption of ARG on the AGNR. The iso-surfaces
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re  taken for the energy range −0.27 < E < − 0.25 eV. The isovalue is 0.00005 e/Å3. 

ith  ARG adsorbed (thick solid blue line). Arrows defines the energy range correspo
he  AGNR. (For interpretation of the references to colour in this figure legend, the r

vanescent states, surface states, originating from the gold contacts
51,52]. According to Fig. 2, we can observe that two  factors con-
ribute in the conductance of the AGNR: (i) the conductance due
o states in the conduction band near the Fermi energy (because
emiconductor is n-type) and (ii) mid-gap tunnelling conductance
ue to mid-gap states.

The adsorption of the amino acids changes both the PDOS and
he transmission function of the junction. When ILE is attached to
he AGNR there is a general shift of the entire PDOS and of the
(E) profile to lower energies (see thin solid green lines in Fig. 2).
uch a shift is moderate at the Fermi level (the sharp onset of the
onductance at E ∼ EF remains almost at the same energy) but it is
ppreciable in the band-gap region. In particular the doublet orig-
nally placed at around −0.1 eV is now almost rigidly shifted down
y about 0.05 eV, while originally at −0.2 eV it is pushed down in
nergy by about 0.025 eV. Such energy downshift in the band-gap
pectral region is reflected into a general deformation of the trans-
ission function T(E) associated to the peaks in the PDOS, although

he double structure remains well visible in Fig. 2(b).
Finally, we turn our attention to the case of ARG adsorbed on the

GNR. After adsorption of ARG new states appear in the conduc-
ion band edge and also the conduction band shifts considerably to
ower energies which now the fermi energy cuts through the bot-
om of the AGNR conduction band and yields a large transmission
oefficient (large zero-bias conductance). In the gap region the peak
tructure appears quite different from that of the pristine AGNR and
hat modified by ILE adsorption, with no peaks around the Fermi
evel (the features at −0.1 eV are no longer visible either in the PDOS

r in the transmission coefficient). Instead two singlets are clearly
isible at −0.2 eV and −0.25 eV. The new states can be caused by the
nteraction of ARG with AGNR. In this case, in contrast with the case
f the pristine AGNR and the AGNR modified with ILE only states in
-left figure shows the PDOS of the bare AGNR (dashed red line) and of the AGNR
 to the LDOS. Bottom-right figure shows side view of the LDOS of ARG adsorbed on
is referred to the web  version of this article.)

the conduction band near the Fermi level contribute in the conduc-
tion because the localized states in energy range around −0.1 eV
disappear after adsorption of ARG.

In order to demonstrate this conjecture we  have calculated the
real space local density of states (LDOS) of the AGNR before and
after the adsorption of ARG in the energy range −0.27 < E < −0.25 eV,
i.e. where the new peaks are positioned (see Fig. 3). From the fig-
ure it is quite clear that in the case of the pristine AGNR, the only
DOS in such spectral region originates from the Au electrodes, as
expected from the fact that this energy window is well within the
AGNR bandgap. In contrast when ARG is adsorbed there is now a
significant contribution from both the ARG molecule itself and the
surrounding region on the ribbon. This clearly indicates that the
new peak is related to a hybrid ARG/AGNR state.

Furthermore, we  have investigated why the adsorption of ARG
suppresses the PDOS peaks observed in the gap region for the pris-
tine case. In Fig. 4 we present the calculated LDOS before and after
ARG adsorption in the energy range around −0.1 eV, i.e. in the
energy window corresponding to the first double peak structure
for the pristine AGNR. We  find that such peak structure is asso-
ciated with LDOS concentrated at the ribbon edges facing the Au
electrodes and at the ribbon center. This effectively corresponds to
a ribbon quantum-well state with maximum amplitude at the rib-
bon center, namely to a node-less wave function. When the ARG
amino acid is adsorbed in the middle of the ribbon its interaction
with such quantum-well state is maximized and the state is pushed
at higher energies, where it merges with the continuum of states
provided by the ribbon conduction band.
Our results and sensing mechanism can be due to different
reasons such as electrostatic gating of the channel and/or charge
transfer between the channel and the target molecule to be sensed.
There are several theoretical studies that investigated the sensing
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Fig. 4. The top panels show the local density of state isosurfaces of the junction (in blue) (left) before and (right) after the adsorption of ARG on the AGNR. The isosurfaces
are  taken for the energy range −0.1 < E < −0.04 eV. The isovalue is 0.0001 e/Å3. Bottom-le
ARG  adsorbed (thick solid blue line). Arrows defines the energy range corresponding to t
AGNR. (For interpretation of the references to colour in this figure legend, the reader is re

Table 1
Charge transfer from each dimer to the AGNR and dipole of ILE and ARG.

Dimer ILE ARG

m
p
n
b
I
n
i
s
g
[
i
c
t
t
l
c
t

a
c
M
d
l
t
p
u

Dipole of dimer (D) 16.02 5.768
Charge transfer from dimer to the AGNR (|e|) 0.744 2.219

echanism of FET biosensors. For instance, de Souza et al., pro-
osed a novel nanopore architecture in a hybrid sheet (graphene
anoroad embedded in hexagonal boron nitride sheet) that can
e used to distinguish four different nucleotides electrically [18].

n this system, local current that is concentrated in the gaphene
anorod is sensitive to the dipole of the molecule in vicinity of

t. So each nucleotide with distinct dipole acts as an electro-
tatic gate (each nucleotide redistributes charge distinctly in the
raphene nanorod) and modulates the current. Rodríguez et al.,
16,17] showed the sensing mechanism in their amino acid sensor
s due to existence of longitudinal and transverse dipoles through
harge transfer from graphene to amino acids that changes the elec-
rical properties of the device. Feliciano et al., [53] demonstrated
hat negatively charged nucleotides in a graphene nanopore act as
ocal gate and shift the conductance to higher energies. Amount of
harge and as a result electrostatic gate is changed due to charge
ransfer between each base and the graphene nanopore.

In order to rationalize our results and determine sensing mech-
nism in our device, we have computed the dimers dipole and the
harge transfer between the AGNR and the dimers (see Table 1). The
ülliken population method was adopted to analyze the charge

istribution, meaning that differences between the various Mül-

iken populations depicts the charge transfer. According to Table 1¸
he AGNR acts as a charge acceptor in all cases, thus n-doping hap-
ens simply because of the presence of the electrodes. Furthermore,
pon amino acid adsorption additional electronic charge is trans-
ft figure shows the PDOS of the bare AGNR (dashed red line) and of the AGNR with
he LDOS. Bottom-right figure shows side view of the LDOS of ARG adsorbed on the
ferred to the web  version of this article.)

ferred to the ribbon. This is significantly more pronounced in the
case of ARG, which can transfer approximately 2 electrons to the
ribbon, while only about 0.7 electrons are transferred from ILE. Such
a significant difference in electron transfer between the two amino
acids explains the different positions of the Au Fermi level with
respect to the ribbon conduction band.

Further insights can also be obtained from a charge density
difference plot, which is presented in Fig. 5 for the case of ARG
adsorption. This is defined as

ndiff (�r) = nAGNR−dimer(�r) − nAGNR(�r) − ndimer(�r) (8)

where nAGNR(�r) and ndimer(�r) are the charge densities of the complex
dimer-AGNŖ of the pristine AGNR and of the dimer, respectively.
The figure confirms that there is a significant transfer of charge
from the ARG dimer (blue surface) to the AGNR (red surface). The
charge transfer creates a vertical dipole in the center of the ribbon.
Also a horizontal charge polarization over the graphene nearer to
the electrodes forms a local longitudinal dipole [17]. Interestingly,
the electrons donated by the amino acid mostly remain localized in
the central region of the ribbon, where they electrostatically inter-
act with the positively charged molecule, and at the ribbon edges
with the Au electrodes. Overall, it seems that the molecule absorp-
tion drastically increases the AGNR carrier density. It is due to the
charge transfer and the electrostatic gating. The electrostatic gat-
ing is dominated in the case of ILE due to the dipole of ILE (because
in this case the charge transfer is negligible). But in the case of
ARG both of them contribute in doping. In this case direct doping

happened due to significant charge transfer which causes appear-
ing new states in the conduction band edge. The AGNR is doped
indirectly by electrostatic gating. There is a shift to lower energy
in PDOS due to three reasons, the electrical dipole, the charge of
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Fig. 5. Charge density difference for the ARG dimer adsorbed on the AGNR surface. T
interpretation of the references to colour in this figure legend, the reader is referred to th

Table 2
Summary of the calculated linear response conductance.

Sensor Pristine AGNR AGNR/ILE AGNR/ARG

m
a
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electrophoresis in large-scale genomic sequencing, Electrophoresis 27 (2006)
Conductance (G/G0) 0.0453 0.0546 1.1764

olecule and the extra charge of the molecule. All of these charges
ct as a positive gate.

Finally, in Table 2 we present the zero-bias conductance of the
GNR before and after the adsorption of the dimers. For both ARG
nd ILE there is an increase in conductance upon absorption, which
irectly corresponds to the downshift in energy of the ribbon con-
uction band with respect to the electrodes Fermi level. Such an

ncrease is only minor in the case of ILE, for which the shift is almost
ndetectable, but it is significant for ARG, since the charge trans-
er is sufficient to make the device completely metallic. As such,
e conclude that our proposed sensor should be well capable of
etecting the absorption of ARG by simply monitoring the zero-bias
onductance. In contrast the detection of ILE will require collecting
ore information about the transmission coefficient as a function

f energy, namely it will require a more detailed knowledge of the
urrent-voltage characteristic and its derivatives.

The question that may  arise is whether the sensing ability will
urvive in biological conditions (water and counter ions) or not?
here are some theoretical studies [53,54] that investigated the
ffect of solvent on the transport properties of their systems. Rung-
er et al., [54] investigated the effect of water on the transport
roperties of polar and non-polar systems. They showed that water
cts as electrostatic gate on polar molecule due to its time-averaged
ipolar field resulting in the considerable shift of the transmission
pectrum. But for non-polar system, time-averaged dipolar field of
are is zero and water has no electrostatic gating effect.

In another work, Feliciano et al., [53] applied a quantum-
lassical hybrid method to investigate the ability of graphene
anopore as DNA sequencer in solvent. They included the struc-
ural fluctuations of the system by MD  simulation and for each
nap-shot they considered the effect of counter ions, solvent and
ther nucleotides that is not in the pore as an external potential
n kohn-sham equation for the quantum system that is composed
f the graphene nanopore and one nucleotide in it. They showed
hat negative charge of each nucleotide in the nanopore acts as

lectrostatic gate and shifts the transmission spectrum. Due to the
tructural fluctuation of the system, charge fluctuations occur on
ach nucleotide that cause fluctuations in the conductance. They
he charge transfer from blue to red regions. The isovalue is 0.000001 e/Å3. (For
e web version of this article.)

also showed that the charge is stabilized only when water and
counter ions are considered. Although the charge of the molecule
and charge transfer between graphene and nucleotides are changed
in the presence of solvent, in general mechanism of sensing is not
changed.

In general, we expect that environment affects the trans-
port properties of the system that comprises polar and charged
molecules. So this issue should be investigated in future studies.
Due to computational limitations we are not able to include water
and counter ions in our simulation. However, we are going to use
the quantum-classical hybrid method that Feliciano et al., [53] has
applied to investigate the effects of the environment on the trans-
port properties of our system.

4. Conclusion

In this work we have studied the effects of amino acids adsorp-
tion on the electrical properties of an AGNR sandwiched between
two gold electrodes at zero bias. A modification of the PDOS, and
hence of the transmission, is obtained upon adsorption of two
amino acids on the GNR surface. The change in PDOS and T is dis-
tinct for each amino acid. Overall, we  have found that adsorption
of ILE and ARG dimers increases the PDOS around EF, resulting in
enhanced linear response for conductance. This enhancement is
different for ILE and ARG, and it is significantly more pronounced
for ARG. Our electron transport results are rationalized in terms of
charge transfer from the amino acid to the ribbon and dipole of the
molecules, and suggest that AGNRs may  be a promising materials
platform for the fabrication of bio-molecular FET-like sensors.
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