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Abstract

Interpretation of chemiresistive sensor measurements is made difficult by the fact

that similar conductance changes may be produced by different adsorbed species. This

fundamental ambiguity may be addressed by formulating a new docking paradigm.

Instead of decorating graphene with ligands whose structure is well suited to bind with

a particular target molecule, a generic dock in the form of a flexible, semiconducting

graphene nanoribbon (GNR) may be employed. If the deformed shape of the GNR

is then varied, via mechanical actuation, a two dimensional signature (sensor current

versus bias voltage and GNR deformation) of the target molecule may be obtained. Ab

initio modeling results indicate that this signature may be used to distinguish explosives

from background gases and to discriminate between chemically similar explosives.

1 Introduction

Chemiresistive sensing is the focus of much recent research on two dimensional materi-

als.1,2 In the search for flexible sensors, graphene based devices3 are of particular interest
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since they may combine flexibility with high strength, high electrical conductivity, high

thermal stability, and high specific surface area. Experimental and computational research

has investigated the use of pristine,4 functionalized,5 doped,6 nanoparticle-decorated,7,8 and

nano-holed9 graphene for gas phase sensing of various target molecules, including carbon

monoxide,10 nitrogen dioxide,11 ammonia,12 and several explosives.13 Chemresistive sensing

offers important advantages in trace detection applications, since signal measurement and

electronic packaging methods are well established. However the interpretation of measured

conductance changes can be difficult, since similar conductance changes may be produced

by different adsorbed species.

Several methods have been suggested which might reduce or eliminate the ambiguities

associated with chemiresistive sensor measurements. The first approach is the introduc-

tion of sensor arrays. Senesac et al.14 studied the use of microcantilever arrays designed

to distinguish particular analytes, and Meier et al.15 discuss the statistical analysis of data

obtained from such arrays. A second approach is to introduce complimentary sensors, such

as nanoresonators16 or docks,17 which might be used to measure adsorbed mass or identify

adsorbed species. Additional examples include the graphene based mass sensing device of

Yang et al.18 and the sensor system of Muckley et al.19 which used a quartz crystal mi-

crobalance to measure adsorped mass for a carbon nanotube film whose electric resistance

was also monitored. A third approach is the development of a single sensor which performs

more than one (e.g. chemiresistive and inertial) measurement. Examples are the cantilever

based sensor of Boisen et al.,20 capable of measuring temperature, humidity, and alcohol

concentration in water, and the mass spectrometer of Hanay et al.,21 which used a frequency

domain analysis technique to determine in real time both the adsorbate mass and the adsorp-

tion position on a nanoresonator. It seems likely that a range of chemical and mechanical

transducer mechanisms22,23 may be needed to perform sensitive and selective trace detection

of hazardous gases using flexible, light weight, low power sensors. Hence new sensor designs

are of considerable interest.
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Employing a series of ab initio calculations, this paper describes a new adaptive sensor

for trace detection of explosive molecules. In a nanoelectromechanical system (NEMS), this

device might replace an array of conventional chemiresistive sensors, by amending the con-

ventional docking paradigm.24 Instead of decorating graphene with ligands whose structure

is well suited to bind with a particular target molecule, a generic dock in the form of a flex-

ible, semiconducting GNR is first used to adsorb the target molecule. The deformed shape

of the GNR is then varied, via mechanical actuation, while the bias voltage is also varied

for each deformed shape. Exploiting recent research results25,26 which describe the current-

voltage characteristics of semiconducting nanowires as a function of the voltage bias, the

nanowire curvature, and the nanowire length, a two dimensional signature (current versus

bias voltage and deformed shape) of the target molecule may be obtained. This chemire-

sistive signature may then be compared with a computational or experimental data base to

identify the analyte. The sections which follow describe the modeling approach, compare

the computed signatures of typical background gases and explosive molecules, and highlight

the advantages of the adaptive sensor.

2 Computational Model

The chemiresistive sensors modeled in this paper are curved armchair N = 5 graphene

nanoribbons (5aGNR) with hydrogen termination, like those shown in Figure 1. The atomic

positions are initialized as follows: (a) the center section of length L is composed of four

segments, each of length 0.25 L and defined by a radius of curvature R and a rotation θ;

the slopes of the center section are zero at its midpoint and at the endpoints; (b) appended

to both ends of the center section are mechanical buffers (shown in blue), each of length

0.50 Lbuf ; these buffers are flat and their atomic positions are fixed; (c) appended to the

mechanical buffers are electrodes (shown in yellow), each of length 0.50 Le; these electrodes

are flat and their atomic positions are fixed. For all of the calculations shown in this paper,
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Figure 1: (a) Curved armchair N = 5 graphene nanoribbon, with hydrogen termination. (b)
Initial condition configuration for the modeled nanoribbons, defined by a radius of curva-
ture (R), a rotation (θ), and a span (D). (c) The complete computational model included
electrodes (shown in yellow) and mechanical buffers (shown in blue), both fixed in place. In
the sensor analysis, the atoms in the center section (of length L) were equilibrated in the
presence of an analyte molecule.

Lbuf = 2.0 u.c. and Le = 6.0 u.c., where ‘u.c.’ denotes unit cell (for a 5aGNR the unit

cell length is 4.28 Å). The initial configurations of the sensors modeled in this paper and

the buckled conductors studied in a previous work26 are in some cases similar. However the

equilibrium configurations for the nanoribbons modeled in the two papers will in general be

quite different, since adsorption of the target gas molecules will deform both the sensor and

the analyte.

As indicated in Figure 1, the separation distance of the mechanical buffers is denoted

by D, hereafter referred to as the span. If the span is controlled by a mechanical actuator,

for example in a NEMS device, then the computational model defines a family of GNR
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Figure 2: (a) Oblique view of a sensing nanoribbon in equilibrium with an analyte molecule.
(b,c,d,e) Equilibrium configurations for a pristine nanoribbon at a bulk strain of -0.69 and
corresponding equilibrium configurations for the same nanoribbon interacting with several
different analytes. Note that the shape of the deformed nanoribbon sensor varies significantly
with the analyte.

sensors described by fabrication lengths L and adjustable spans D. The final set of sensor

configurations discussed in this paper takes L = 51.3 Å and varies the span over the range:

15.9 Å ≤ D ≤ 51.3 Å (1)

The analysis represents a fixed length sensor with mechanically actuated ends. If mechanical

actuation is used to translate the flat electrode/buffer ends along a planar surface, the sensor

may be equilibrated in a series of deformed shapes. If the bias voltage is varied in each

deformed configuration, current measurements made at each combination of bias voltage

and deformed shape produce a two dimensional map of the chemiresistive signature of an

adsorbed analyte molecule.

Note that the initialization parameter θ is related to D and L by25

D

L
=

sin(θ)
θ

(2)

Unlike the last cited reference, the initial and the equilibrium configurations of the nanorib-
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bons may differ dramatically in shape, for two reasons: (a) the mechanical boundary condi-

tions applied to the nanoribbon sensors modeled here place fewer constraints on the motion,

and (2) the nanoribbon sensors modeled here are deformed by their interaction with the

adsorbed analytes. At each modeled value of the span, the sensor’s chemresistive response

was determined by: (a) placing an analyte molecule adjacent to the nanoribbon, on its

concave side, and computing the equilibrium configuration of the system, then (b) varying

the bias voltage applied to the model electrodes, computing the nanoribbon current at each

voltage. Maps of the current versus scaled span (D/L) and bias voltage were produced for

six analytes.

The numerical calculations were performed with the ab initio code suite SIESTA,27 which

includes the transport module TranSIESTA,28 and employs Density Functional Theory and

a nonequilibrium Green’s function method respectively to determine the equilibrium con-

figurations and the electron transmission. In the equilibrium calculations, the convergence

criterion for the maximum atomic force was set to 0.01 eV per angstrom. A local den-

sity approximation (LDA)29 exchange-correlation functional was chosen for the relaxation

calculations, and a generalized gradient approximation (GGA) method with the Perdew-

Burke-Ernzerhof (PBE)30 exchange-correlation functional was chosen for the transmission

calculations. Double-zeta polarized basis sets were employed for all of the atoms, and the

mesh energy cutoff value was set to 300 Ry. Only spin unpolarized cases were modeled.

The current-voltage characteristics of sensors with one adsorbed molecule were computed;

the adsorbed molecule was either a background gas (N2, H2O, or CO2) or an explosive

molecule (RDX, HMX, or TNT). In each case the bias voltage was varied over the range

0.1 to 0.8 V. The initialization angle (θ) was varied over the range 0 to 134 degrees, which

corresponds to a compressive nanoribbon bulk strain (ε) range of

−0.69 ≤ ε ≤ 0, ε =
D

L
− 1 (3)
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Figure 2a shows an oblique view of a sensing nanoribbon in equilibrium with an analyte

molecule. Figures 2b through 2e compare the equilibrium configuration for a pristine nanorib-

bon at a bulk strain of -0.69 with corresponding equilibrium configurations for the same

nanoribbon interacting with several different analytes. Note that the shape of the deformed

nanoribbon sensor varies significantly with the analyte.

Figure 3: Charge density difference plots for an example background gas molecule and two
example explosive molecules; in each series of plots the bias voltage and the nanoribbon
length are held constant while the span is varied.

Results and Discussion

Although the chemresistive properties of graphene31–33 and the variation of semiconducting

GNR current with length and curvature25 have been reported in previous work, the most
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Figure 4: Example plots depicting the variation of the scaled sensor current with bias voltage
(V ) and scaled span (D/L), for four different analytes. (a) Variation with the applied voltage
(at constant bulk strain). (b) Variation with the bulk strain (at constant bias voltage).

important distinguishing feature of the sensor proposed here is the exploitation of these prop-

erties in a ‘flexible dock’ configuration. Figure 3 shows a series of charge density difference

plots for an example background gas and two example explosive molecules; in each series of

plots the bias voltage and the nanoribbon length are held constant while the span is varied.

Both the curvature distribution along the nanoribbon length and the out of plane distortion

of the nanoribbon cross section depend upon the span as well as the identity of the sensed

molecule, due to differences in the size, structure, and atomic composition of the various

analytes. These differences are manifested as changes in the scattering properties (hence

the electron transmission) of the sensor-analyte system, whose equilibrium configuration in

general involves deformation of both the nanoribbon and the sensed molecule. Computer an-

imations which depict the evolution of the ‘docked’ (equilibrium) configurations with changes

in bulk strain are provided in the Supplementary Materials, for four different analytes.

Since the modeled nanoribbon (5aGNR) is semiconducting, the equilibrium configuration

at each separation distance is also associated with a particular current-voltage curve, offering

a two-parameter description of the system response which might be employed to identify

analytes. Figure 4 shows example plots of the scaled sensor current variations with applied

voltage (at constant bulk strain, Figure 4a) and with bulk strain (at constant bias voltage,
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Figure 4b) for four different analytes. The scaled current is defined by the ratio (I − Io)/Io

where I is the sensor current and Io is the current in the pristine, deformed GNR sensor at

the same voltage, in the absence of the analyte. Note that the two background gases show

a similar dependance on the bias voltage and the dimensionless span while the two modeled

nitramine explosives show marked differences in the scaled sensor current response, despite

their chemical similarity.

Figure 5: Complete two-parameter response maps for the six modeled analytes (scaled cur-
rent (I − Io)/Io as a function of the scaled span and the bias voltage). The contour plots
show positive and negative scaled current changes in red and blue respectively. To facilitate
comparison of the sensor responses, all six plots employ the same color bars. (a,b,c) Response
of the three modeled background gases. (d,e,f) Response of the three modeled explosives.

The complete two-parameter response maps for the six modeled analytes (scaled current

as a function of the scaled span and the bias voltage) are shown in Figure 5. The contour plots

show positive and negative scaled current changes in red and blue respectively. To facilitate

comparison of the sensor responses, all six plots employ the same color bars. The contour

plots for the background gases (Figures 5a, 5b, and 5c) suggest the following conclusions:

(a) the sensor responses to the three background gases show a very similar structure; (b) the
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magnitudes of the response peaks are modest, as compared to the explosives; and (c) the

incremental current depends primarily on the span, with current changes at a constant span

a weak function of the bias voltage. The contour plots for the explosives (Figures 5d, 5e, and

5f) suggest the following conclusions: (a) the sensor responses to the three explosives differ

markedly from those of the background gases; (b) the incremental currents show a strong

dependence on both variables in the two-dimensional parameter space; (c) as compared to

the background gases, the positive and negative scaled currents vary over a much larger

response range; and (d) the three explosives show marked response differences. The latter

differences are most pronounced when comparing TNT to the nitramines, however even the

two nitramines show distinct scaled sensor current signatures. Overall the computational

results suggest that the proposed sensing scheme can strongly complement explosives detec-

tion methods described in the published literature, by adding selectivity to graphene based

chemiresistive sensors. The proposed sensing method offers several potential advantages:

• it requires no special fabrication methods beyond those widely studied for graphene

nanoribbon production,

• it does not require doping, functionalization, or other chemical treatment of the sensor

surface (such treatment is not however precluded),

• it introduces selectivity to widely studied chemresistive sensing methods for graphene

devices,

• it employs reversible and controllable mechanical actuation,

• it is amenable to simple vacuum, ultraviolet, or thermal cleaning methods,

• it offers the potential to distinguish chemically similar analytes on the basis of molecule

size or structure, and

• it has potential application to a wide range of target molecule types.
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Although the sensor concept developed here envisions a NEMS based implementation, ap-

plication of the proposed sensing scheme could also be accomplished by fabricating34 a fixed

array of curved nanoribbon sensors, of various lengths and for a range of spans, which would

accomplish the same selectivity as a single mechanically actuated NEMS device.

The modeling work presented in this paper assumes ideal nanoribbon edges. Realizing

that perfectly smooth GNR edges may be difficult to fabricate, and that variations in GNR

width can affect conductance,35 future computational work should investigate the sensitivity

of the proposed device to geometric imperfections in the nanoribbons. Since the proposed

sensor concept relies on curvature effects in semiconducting nanoribbons, and not on material

characteristics unique to graphene, it may well be possible to extend the proposed sensor

concept to other two dimensional materials.

Conclusion

This paper describes the first electromechanical extension of widely studied chemiresistive

sensing methods for graphene, employing a flexible dock to interact with the analyte. Ex-

ploiting recent research results on quantum conductance effects in curved nanoribbons, it

suggests the use of NEMS actuation to add selectivity to simple graphene nanoribbon sen-

sors, allowing a single nanoribbon sensor to take the place of a nanoribbon array. Ab initio

modling of three background gas molecules and three different explosive molecules indicates

that the adaptive sensor can distinguish simple background gases from explosive molecules,

as well as distinguish between chemically similar explosives. Recognizing the well known

difficulties of trace detection of explosive molecules, the proposed sensing scheme may com-

plement other sensing methods already in use to improve the performance of light weight,

low power explosive sensing systems.
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Oblique view of a sensing nanoribbon in equilibrium with an analyte molecule.
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