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Using a combination of density functional theory and recursive Green‘s functions techniques, we
present a full description of a large scale sensor, accounting for disorder and different coverages. Here, we
use this method to demonstrate the functionality of nitrogen-rich carbon nanotubes as ammonia sensors as
an example. We show how the molecules one wishes to detect bind to the most relevant defects on the
nanotube, describe how these interactions lead to changes in the electronic transport properties of each
isolated defect, and demonstrate that there are significative resistance changes even in the presence of
disorder, elucidating how a realistic nanosensor works.
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The area of gas sensors has gained a lot of attention due
to our current concern over environmental and health
issues [1]. One-dimensional nanosensors such as carbon
nanotubes (CNT) [2], semiconductor nanowires [3], and
graphene nanoribbons [4] can remedy many of the draw-
backs of traditional semiconductor-based gas sensors [1,5].
Within this class of materials, CNTs have a set of unique
and outstanding properties [6] that make them ideal can-
didates for nanosensors. Recently, it has been experimen-
tally observed that nanotubes can present significant
resistance changes upon exposure to a variety of gases [2].

The interaction of many molecules with the walls of
pristine nanotubes is, however, not very strong, and a
strategy to remedy this situation is to functionalize them,
possibly via exohedral or substitutional doping [7,8]. In
that aspect, nitrogen as a substitutional dopant has been
investigated both experimentally [9] as well as theoreti-
cally [10]. Besides single atom doping, a new family of
nanotube materials, the highly nitrogen-doped carbon
nanotubes (CN,), has been recently synthesized [11]. In a
recent work, these CN, nanotubes have been assembled in
films that have shown functionality as sensors to a variety
of gases, such as ammonia, acetone, ethanol and chloro-
form [12]. It has been argued that the reason these tubes
present such behavior is due to the interaction between the
molecule in question and the nitrogen defects present in the
nanotube. In essence, the defect would serve as a binding
site for the molecule leading to changes in the electronic
structure and subsequently in the transport properties of the
overall system. It has also been proposed that the N atoms
in CN, nanotubes are arranged in pyridine-like ‘“‘cavities’’;
a particular atomic configuration that has been suggested
consists of three nitrogen atoms around a vacancy site—a
three-nitrogen vacancy (3NV) [11]. However, we have
recently shown that a four-nitrogen divacancy (4ND) has
a formation energy which is lower by more than 1 eV for a
wide range of chemical potentials and is, consequently, the
most stable defect in CN, nanotubes [13]. The reaction
path that leads an NH; molecule, to bind to either nitrogen
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defect is yet unknown, and it is one of the aims of this
work.

Atomistic simulations are a great predictive tool that can
help in designing better devices. In order to perform quan-
titatively meaningful simulations of realistic sensors, how-
ever, one must consider the fact that these devices most
often can reach the 100 nm length scale with a large
number of randomly distributed defects. Therefore, the
effect of disorder is an issue that must also be taken into
consideration. Thus far, this aspect has hindered theoretical
efforts.

In this Letter, we demonstrate how a scheme based on
ab initio density functional theory (DFT) calculations,
coupled with recursive Green‘s functions methods [14—
16], allows: 1) an understanding of the detailed properties
of individual defects, with the identification of the most
relevant ones; 2) a detailed description of the interaction of
the molecules to be detected with these defects; 3) the
charge transport properties of the individual, isolated, de-
fects; 4) and finally and most importantly, a full description
of a large scale sensor, with disorder and different coverage
taken into account. Here, we expand the formalism pre-
sented by Gomez-Navarro et al. [14] to use the full
Hamiltonian in orbital representation coming from DFT
calculations which allows for the evaluation of the elec-
tronic transport properties of realistic nanoscopic sensors
with great accuracy and speed. Because of the availability
of experimental data and a demonstrated ability to act as
sensors, we focus on CN, nanotubes as an example of how
we can create a new paradigm in the field of sensor design,
where computer simulations can treat realistic systems
and, via close interaction with experimentalists, can help
design more efficient and highly sensitive nanodevices.

All our calculations were performed on single-walled
(5,5) carbon nanotubes with 9 irreducible cells ( ~ 180
atoms). We considered the two possible nitrogen defects
mentioned earlier, namely, the 3NV and the 4ND, whose
fully relaxed structures [17] are shown in Figs. 1(a) and
1(b) 1.
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FIG. 1 (color).

Different CN, CNTs after relaxation: (a) 3NV,
(b) 4ND in the cases 1) without and 2) with ammonia. For clarity
the structures have been rotated around the tube axis and only the
central section of the supercell is shown. c¢) Example of a
disordered CN, structure. Color code: carbon: black, nitrogen:
blue, hydrogen: light blue.

For the transport calculations, we initially follow the
procedure described by Caroli et al. [18]. There, the system
is divided into three parts, namely, the left- and right-hand
side electrodes and a central scattering region. The elec-
trodes were taken as pristine (5,5) nanotubes whereas the
scattering region consists of either a nanotube with a single
defect or 180-nm-long nanotube with defects randomly
distributed—both in distance and rotation angle—along
the tube. The defect concentration per mass was kept at
approximately 0.5%. Because of the strong coupling with
the electrodes, we do not consider self-interaction correc-
tions [19].

The central quantity for determining the transport prop-
erties of our system is the Green‘s function for the scatter-
ing region which is defined as

G=[EXSs—Hg— 3, — 3], (n

where E is the energy, Hg and Sg are the Hamiltonian and
Overlap matrices for the scattering region, and 3; and 3,
are the so-called self-energies, the effect of the coupling to
the electrodes [15,20].

The calculation using ab initio methods of such a long
system would render the problem intractable. Therefore,
we further split the Hamiltonian of the scattering region
into segments as depicted in Fig. 1(c). Each element con-
sists of either a pristine (5,5) nanotube or one of the defect
structures in Figs. 1(a) and 1(b) which can also be rotated
with respect to each other. Each segment is computed in a
separate SIESTA calculation and the Hamiltonian and
Overlap matrices are stored. They are then used as building
blocks for Hg and Sg [32]. One can then use the fact that
Hg and Sg are block-tridiagonal, and that we are only

interested in the terms of the Green function that couple
left and right electrodes to recursively reduce the
Hamiltonian of the entire device to a renormalized
Hamiltonian for the electrodes with an effective coupling
[15,16]. This effective Hamiltonian can then be used to
calculate the total transmission, 7(E) wusing the
Nonequilibrium Green’s function formalism [20-22] for
coherent transport in the linear regime [33]. The DOS were
also calculated via Green’s functions, thereby avoiding
problems related to the periodicity of the DFT calculation.
Finally, in the low bias limit, the conductance is given by
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where f(E) is the Fermi distribution function for a given
temperature T.

We start our analysis by looking at the dissociation of
ammonia molecules onto these two types of defects. The
NH; molecule was placed on top of one of the nitrogens in
either the 3NV or the 4ND. The resulting fully relaxed
structures are show in Figs. 1(a) and 1(b) 2. In both cases,
we observed a barrierless dissociation process [23]. In
other words, by bringing the NH; molecule close to the
defect, it naturally breaks up into an NH, molecule and a
hydrogen atom that bind to two different nitrogens on the
defect. The binding energies for each case are E;, =
—0.26 ¢V and E, = —0.02 ¢V for the 3NV and 4ND,
respectively. In the latter case, such a small biding energy
is a strong indication that the NH; molecule can be easily
removed by either heating up the CN, nanotube or by an air
stream [11].

We have also considered the situation whereby the NH;
dissociates onto a pristine nanotube. Both in the case of
NH, + H and NH + 2H complexes attached to the CNT,
the process is endothermic by more than 1 eV. Con-
sequently, in agreement with previous studies [24], it is
unlikely that NH; will attach to the side walls of pristine
CNTs. Henceforth, we assumed that the molecule only
binds to the defects.

Before moving on to calculate the transport properties of
realistic sensors, it is important to understand the charac-
teristics of a single isolated defect in the cases with and
without ammonia. The resulting zero-bias transmission
curves and DOS are shown in Fig. 2. From the DOS, we
can clearly see that both for the ammonia-free 3NV and the
4ND nanotubes, there are localized states approximately
0.5 eV bellow the Fermi level, Er. These states can be
associated with the nitrogens of the defect. After binding to
the nitrogen atoms, the ammonia molecule has the property
of removing those states from the energy window. Despite
this similarity, the transport properties of these two systems
are rather different from each other. In the 4ND case, the
transmission around the Fermi level decreases as the am-
monia molecule binds to the site. On the other hand, the
molecule in the 3NV case, rather interestingly, has the
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FIG. 2 (color online). Transmission coefficients (a), (b) and
DOS (¢), (d) for CN, nanotubes with three- and four-nitrogen
defects. The solid (dashed) line shows the results without (with)
ammonia dissociated on the defect.

effect of repairing the nanotube and the total transmission
approaches 2, that of a pristine CNT.

A fully functioning device, however, contains a large
number of defects. It is also very likely that, upon exposure
to a particular molecule, not all binding sites will react. The
coverage of the tube is then an important quantity that can
ultimately be used to determine the sensitivity of our
device. Hence, we simulated the conductance at room
temperature of long nanotube sensors considering defects
with and without ammonia in different complimentary
proportions. Since we have random distributions of de-
fects, for each concentration of ammonia, we performed
up to 300 realizations, and the average and standard de-
viation were calculated. In Fig. 3, we show the average of
the low-bias conductance as a function of ammonia cover-
age in the 3NV case. We observe close to 1 order of
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FIG. 3 (color online). Average of the conductance (in units of
G, = 2¢?/h), as a function of ammonia concentration for 3NV

in CN, nanotubes. The inset shows a histogram of conductance
values for the 3NV defects in the presence of ammonia.

magnitude decrease in conductance as the ammonia con-
centration decreases. This qualitatively corroborates the
trend observed in the single-defect transmission curves,
in other words, that the dissociation of ammonia causes
an increase in conductance. On the other hand, the fact that
our device now has a large number of defects leads to a
distribution of values for the conductance. In the strong
Anderson-localization regime [25], one would expect the
distribution of the natural logarithm of the conductance to
follow a Gaussian distribution with a variance associated
with the type of defect as well as the concentration. In fact,
we can see from the inset of Fig. 3 that this is indeed the
case. A Gaussian fit to the representative quantity Ing is in
good agreement with this assumption yielding a variance
A =0.23.

The trend observed for the 4ND CN, is quite the oppo-
site. The results which are shown in Fig. 4 clearly point to a
reduction in the conductance with increasing ammonia
coverage of the divacancy site. This suggests, together
with our total energy calculations [13], that the type of
defect most likely to be present in these nanotubes is not
the pyridine-like defect as it was previously thought [11],
but most likely the four-nitrogen divacancy.

More interesting, however, is the change in the average
conductance as a function of ammonia concentration. In
the single-defect calculation, we observed a conductance
change of approximately 40% upon ammonia dissociation,
whereas a large number of randomly distributed defects
leads to a factor of 5 variation. This result is extremely
important for device fabrication because it indicates that
the sensitivity of our device can be extremely high, and that
it is a viable technological option. We can observe signifi-
cant changes even at reasonably low ammonia concentra-
tions. At the same time, the low binding energy makes the
ammonia molecules easily removed, by, for example,
slightly increasing the temperature of the device. This
could be easily achieved by increasing the bias voltage
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FIG. 4 (color online). Average of the conductance (in units of
G, = 2¢?/h) as a function of ammonia concentration for 4ND.
The inset shows typical transmission curves as a function of
energy with 0 % (solid line) and 100 % (dashed line) coverage.
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across the nanotube, since it has been reported that the
melting temperature of CNTs is over 2500 K even in the
presence of defects [26]. The result is a nanosensor that can
be reutilized several times.

Hence, we have identified, with a combination of DFT
and Green’s function-based electronic transport methods,
what is the most likely defect present in CN, nanotubes
and the mechanism behind the experimentally observed
resistance changes. Importantly, we have also observed
that nitrogen defects can act as catalysts for the dissocia-
tion process. Finally, it was shown how CN, nanotubes can
be used as nanosensors for ammonia molecules with high
sensitivity even at very low concentrations. Although the
analysis of a single defect can give some insight into the
problem of electronic transport in nanosensors, only a
calculation including the effects of disorder and coverage
leads to quantitatively meaningful results for realistic
Sensors.

In conclusion, we have presented a combination of
methods that can be applied to a variety of different one-
dimensional systems that can act as sensors. The procedure
we described has the power of becoming a paradigm in
nanosensors design since it allows, via total energy calcu-
lations, the identification of the relevant defect structures
and how they interact with the foreign species. Then, via
ab initio charge transport calculations, we characterize the
transmittance properties of each individual structure of
interest. Finally, we designed a procedure that allows the
study of realistic large scale sensors with disorder, and
which permits the investigation of the sensor behavior as
a function of coverage. Although there is still much work
to be done, including the issue of poisoning by other
species and the effects of the electrodes, our method can
help determine optimal defect type and concentration for
obtaining the highest sensitivity.
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