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Graphene based sensors have great potential in the trace detection

of hazardous gases. The application of graphene based sensors in the trace

detection of explosives has seen relatively limited study, due in part to the

difficulties of conducting experiments using the nitramine and aromatic ex-

plosives of central interest. Computational studies of explosive sensors are

not subject to hazardous materials handling constraints, and may be used

to complement experimental research on the development of low weight, low

power, graphene-based sensors. In this dissertation, the sensing properties of

graphene nanoribbons (GNRs) and its derivatives have been investigated for

three widely used explosives and four background gases, using ab initio compu-

tational models. A variety of different design considerations have been studied,

including the effects of doping, nanopatterning, mechanical deformation and

junctions on sensor performance. Based on the simulation results, an inno-

vative and compact dual-mode sensor configuration is proposed, which may

significantly enhance chemiresistive sensor selectivity and significantly reduce

the sensor count in sensor array systems. In addition, an improved ab initio

vi



molecular dynamics method has been developed, by applying nonholonomic

Hamiltonian methods to model a mixed classical-quantum system. This adap-

tive method allows for the thermodynamically consistent modeling of complex

sensor physics, including multi-scale coupling, multi-energy domain coupling,

and deforming control volumes, all issues of considerable interest in sensor

design.
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Chapter 1

Introduction

This dissertation investigates the sensing performance of graphene based

explosive sensors, develops a new dual-mode sensing method for gas phase ex-

plosives, and formulates a new adaptive ab initio molecular dynamics method.

This chapter discusses the research background and motivation, including a

summary of the research objectives and methodology. The chapter concludes

by introducing the dissertation organization.

1.1 Background

Nanocomposites research[1, 2] has demonstrated the ability to signifi-

cantly modify the mechanical, electrical, magnetic, thermal, or chemical prop-

erties of various materials, and can make critical contributions to explosive

sensing research by supporting the development of compact, low power ex-

plosives sensors [3]. Numerous factors need to be considered in designing an

effective sensor, with sensitivity and selectivity being two fundamental goals.

In the case of explosive sensors, optical, chemical, and luminescence

sensing are the three major detection technologies. Previous work on explo-

sive molecule sensing has included studies of mass spectrometry [4, 5], diffuse
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reflection spectroscopy [6], solid state sensors [7], fluorescence polymers [8, 9]

and nanomechanical sensors [10, 11]. With the exception of nanosensors, these

devices are usually large and heavy, which limits their mobility. The most pop-

ular gas sensing devices are solid state chemical sensors, which are relatively

high in sensitivity, low in cost, small in size, and simple to operate [12, 13].

However, despite these advantages, most solid state sensors suffer from long-

term stability problems and poor selectivity [14, 15]. Portable trace sensors

for explosive gas molecules, based on new materials such as carbon nanotubes

(CNT) [16, 17] and graphene [18, 19], are currently under study.

Experimental and computational research to date suggests that graphene

based nanocomposites offer the best opportunities for the development of low

cost, miniature explosive sensing systems. Graphene and its derivatives have

been employed in various sensor material systems [20, 21]; graphene offers

high strength, high thermal conductivity, and high electrical conductivity, and

is relatively easy to produce and functionalize. Recognizing its considerable

promise, this research focuses on graphene as a foundation material for fun-

damental advances in nanocomposite explosive sensing systems. The sensing

system parameters considered in this research include different sensor bases,

different doping effects, junction effects, bending effects and an innovative

docking method used to produce a sensitive and selective design.

Computation offers important opportunities to accelerate experimen-

tal research and reveal new physical phenomena, by simulating physical pro-

cesses not amenable to direct experimental measurement. Within the field
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of computation, both the application of existing codes and the development

of improved numerical methods can contribute to explosive sensing materi-

als design. Numerical approaches to the materials design process have been

developed and applied at both the quantum [22] and molecular scales [23].

In addition to sensor systems modeling with existing numerical methods and

codes, this dissertation develops a new ab initio molecular dynamics formula-

tion for future application to sensor materials modeling at the quantum scale.

The new formulation is based on a nonholonomic Hamiltonian methodology,

and simulates interaction with the macro scale thermal environment, so that

multiphysics sensing transients of critical interest in sensor design can be di-

rectly simulated.

1.2 Research Scope

The design of mixed energy domain sensing devices is complex. Hence

the scope of this research is necessarily broad, and addresses questions in six

related engineering fields: computational materials design, chemiresitive sens-

ing, conductance of nanocarbons and nanocarbon junctions, electromechanical

coupling in nanocarbons, and multi-mode sensing. The paragraphs which fol-

low provide an overview summarizing the interactions of these six fields in

sensor design. The chapters which follow then detail the relevant research.

Computation is playing an increasingly important role in the materials

design process. Both molecular [24] and quantum [25] level modeling is now

accepted as a valuable complement to experiment. The potential for computa-
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tional contributions in sensor materials design is great, given the multiphysics

nature of the sensor design problem. Effective sensor materials must satisfy a

complex combination of chemical, thermal, electrical, stability, sensitivity, and

reversibility requirements; the role of computation in sensor materials design

can be expected to grow as the necessary computational methods and codes are

developed. The numerical approach described in this dissertation can directly

simulate the multiphysics transients of interest, using a new formulation of ab

initio molecular dynamics. It differs from previous ab initio molecular dynam-

ics work in three important respects: (1) the quantum, molecular, and macro

(external loading) scales are coupled using a nonholonomic Hamiltonian mod-

eling methodology, (2) the formulation rigorously satisfies the first and second

laws of thermodynamics under conditions of general chemical, thermal, and

mechanical interaction with the external environment, and (3) the augmented

plane wave basis set used to interpolate the electronic wave function can adapt

[26], dynamically, to accommodate molecular and crystal deformations which

may characterize the sensing problem.

Chemiresistive graphene based sensors have shown excellent potential

in the trace detection of specific gases which are hazardous to humans or envi-

ronmentally toxic. Sensor designs incorporating pristine graphene, graphene

oxide, and nano-patterned graphene have been the focus of some recent ex-

perimental and computational research. The application of graphene based

sensors in the trace detection of explosives has seen relatively limited study,

due in part to the difficulties of conducting experiments using the nitramine
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and aromatic explosives of central interest. Computational studies of explo-

sive sensors are not subject to hazardous materials handling constraints, and

may be used to complement experimental research on the development of low

weight, low power, graphene based sensors. In this research, ab initio models

of five different graphene nanoribbon sensor configurations have been devel-

oped, and their chemiresistive response to three widely used explosives and

four background gases has been investigated. The results indicate that the

sensitivity and selectivity of nanoribbon devices exposed to mixtures of ex-

plosives and background gases will vary significantly with explosive type and

sensor configuration.

The development of improved electrical conductors with high conduc-

tivity or high specific conductivity can benefit a wide range of engineering

technologies, from integrated circuits to aerospace vehicles. In the design of

graphene based sensors, the response of a macro scale sensing device depends

on both the platelet conduction and the ‘contact’ resistance in the junctions of

a nanowire. The transmission across graphene junctions can markedly affect

the overall performance of the macro scale system. Some important charac-

teristics of nanostructured conductors cannot be measured directly, suggest-

ing that complimentary ab initio studies may accelerate the development of

improved electrical conductor technology. This research has investigated in

computation the potential of graphene nanoribbons (GNRs) as electrical con-

ductors, including the combined effects of doping density, doping distribution,

GNR overlap, junction conductance, junction cascades, and electron mean free
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path on the specific conductivity of potassium and iodine doped nanowires.

The modeling results show good agreement with experimental data on potas-

sium doped graphene, and identify nanoscale features which limit macroscale

conductor performance.

In the development of flexible and wearable graphene based sensors, the

electrical properties of deformed graphene nanoribbons are of considerable re-

search interest. GNRs also have wide potential application in flexible electronic

and nanoelectromechanical devices. Examples include flexible carbon-based

electrical conductors, soft actuators, and chemiresistive sensors. Although

some previous experimental and computational research has investigated both

zigzag and armchair GNR performance, general analytical descriptions of elec-

tromechanical coupling in GNRs are needed. Motivated by questions raised

in published experimental research, the new modeling research presented here

provides a general description of the combined effects of length and curvature

on the current-voltage characteristics of 3M-1 aGNRs. Consistent with ex-

periment, the modeling results show that the total length and total rotation

(along a circular arc) are orthogonal coordinates which determine the GNR

resistance. The ratio of curved GNR conductance to flat GNR conductance,

at the same length and voltage bias, is found here to be a linear function of the

rotation over a wide operating range. The model developed here generalizes

the well-known exponential decay law for the resistance of flat semiconduct-

ing nanowires and has direct application in the design of experiments and

the conceptual design of new devices, including high-resolution displacement
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transducers, strain gauges, and nanoresonators.

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 formu-

lating 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

may be employed. In this dissertation, a new dual mode sensing design, which

complements conventional chemiresistive sensing, is proposed, using graphene

nanoribbons as flexible docks for the sensing of gas phase explosives. If the

deformed shape of the GNR is varied, via mechanical actuation, a two dimen-

sional 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.

The modeling work presented in this dissertation is validated by com-

parison to published experimental data. Conductance change data is used,

since it represents the primary metric used in the design of chemiresistive

sensors. Due to differences between the modeling work and published experi-

ments (with respect to size, fabrication method, and boundary conditions) the

validation is generally qualitative rather than quantitative.
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1.3 Research Methodology

The computational design of mixed energy domain sensing devices calls

for the application of a wide range of modeling tools. This dissertation incor-

porates analyses of nine major types: equilibrium analyses, electron transport

calculations, ballistic conductance modeling, conductance analysis at nonzero

voltage bias, adsorption energy calculations, charge transfer analysis, band

structure analysis, density of states calculations, and highest occupied molec-

ular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) calculations.

The paragraphs which follow provide a brief summary of these analyses, all

important in chemiresistive in sensor design. The chapters which follow then

detail the analysis results. All of the equilibrium, conductance, and post-

processing (charge transfer, density of state, and HOMO-LUMO orbital) cal-

culations were performed using the ab initio code suite SIESTA [27]. In the

SIESTA suite, equilibrium modeling employs density functional theory (DFT),

while electrical transport properties of the models are computed using a non-

equilibrium Green’s function (NEGF) method [28] incorporated in the module

TranSIESTA. In order to investigate explosive sensing performance in ambient

air, three explosives, HMX, RDX and TNT, are modeled as detection targets,

while four air components, N2, O2, H2O and CO2, are modeled as background

gases. Schematics of each of the molecule types studied in this research are

shown in Table 1.1.
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Table 1.1: Schematic graphs of studied molecules

Target Molecules

HMX RDX TNT

Gas Molecules

N2 O2 H2O CO2

Initial equilibrium calculations considered both a local density approx-

imation (LDA) and a generalized gradient approximation (GGA, specifically

the Perdew-Burke-Ernzerhof [29] formulation) in the exchange-correlation func-

tional [30]. Since the LDA calculations showed a better match (a 31 per-

cent smaller RMS error) than the GGA calculations with experimental data

9



[31, 32, 33] for the bond lengths in gas molecules (see Table 1.2), the LDA

formulation was used to determine the atomic positions for all of the models

presented in this paper. A k-grid of 1× 1× 1 was employed in the equilibrium

calculations. All of the equilibrium models were relaxed until the maximum

atomic force was less than 0.01 eV per Angstrom. The basis set chosen for

the calculations was double-zeta polarized (DZP); it was used for all atoms.

The fineness of the real space mesh was determined by setting the energy cut-

off value to 300 Ry (this determines the maximum quantum kinetic energy

representable on the grid, using a plane wave interpolation, without aliasing).

[27]

Table 1.2: Experimental and model bond lengths (Å)
Molecule Bond Experimental Model bond Model bond

type type bond length length (LDA) length(GGA)
O2 O-O 1.208 1.219 1.233
N2 N-N 1.097 1.108 1.116

H2O H-O 0.958 0.970 0.969
CO2 C-O 1.162 1.167 1.176
TNT C-C 1.382 1.392 1.404
TNT C-CH4 1.504 1.483 1.505
TNT C-N 1.478 1.455 1.476
RDX C-N 1.454 1.433 1.454
RDX N-N 1.380 1.415 1.442
RDX N-O 1.210 1.219 1.230
RDX C-H 1.081 1.110 1.110
HMX C-N 1.453 1.429 1.448
HMX N-N 1.364 1.377 1.401
HMX N-O 1.217 1.225 1.235
HMX C-H 1.100 1.110 1.110
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In the conduction and energy adsorption calculations, which followed

the equilibrium analyses, the aforementioned GGA exchange-correlation func-

tional was employed in order to avoid the overestimates of binding energy typ-

ically encountered with the LDA formulation. Non-local functionals, which

include van der Waals interactions in computing the binding energies for ad-

sorption processes[34], are not considered here but are an appropriate focus for

future work. As shown in Figure 1.1, the transport models include electrode

sections on the left and right hand ends, as well as a (middle) device section.

All configurations modeled in this dissertation use graphene electrodes in order

to avoid the influence of discontinuities at junctions. A k-grid of 3× 3× 5 was

employed to model the device region and a k-grid of 3× 3× 20 was employed

to model the electrodes.

Figure 1.1: Schematic diagram for the computational model.

The ballistic conductance (G) values computed here are determined by

the electron transmission at the Fermi energy T (Ef ), defined by[35]:

T (Ef ) = Tr[t(Ef )
†t(Ef )] =

G

G0

, G0 =
2e2

h
(1.1)
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where t(E) is a matrix of transmission coefficients, G0 is the quantum conduc-

tance unit, e is the magnitude of the charge on an electron, and h is Planck’s

constant. Note that the narrow pristine zigzag GNRs considered here (6-

zGNR) exhibit a flat transmission band in the vicinity of (but not at) the

Fermi energy (see Figure 1.2), for a zero-bias spin-unpolarized calculation.

The conductance peak of 3G0 at the Fermi level is explained as an edge ef-

fect [36, 37], and only smooth zigzag GNRs exhibit this property[38]. Since

the peak in the transmission spectrum is narrow, some discussions of zigzag

GNRs neglect its presence. In this dissertation, since all of the quoted con-

ductance calculations are made at the Fermi energy, the value 3G0 is taken to

be the Fermi energy ballistic conductance when discussing the chemiresistive

performance of the various modeled systems.

Figure 1.2: Transmission plot for O2 sensing by a GNR surface.

The transmission at the Fermi energy level is calculated at zero bias.
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Computing the current response under a non-zero bias voltage provides addi-

tional information on the material’s electrical properties and is important in

describing sensing performance in practical applications. A bias voltage (V ) is

applied to the device by placing the left electrode at V/2 and right electrode at

−V/2. The corresponding current is computed using a series of transmission

calculations.

A second sensor property of central interest in this study is the energy

associated with adsorption of an explosive or background gas molecule onto

the GNR base. These energies are used here to estimate the surface concentra-

tions of background gases (relative to the surface concentrations of adsorbed

explosive) on a platelet sensor in thermal equilibrium. The adsorption energy

is defined as

Eads = Egas+sen − Egas − Esen (1.2)

where Egas+sen is the total equilibrium energy of the sensor platelet (including

functional groups, if any) and the adsorbed gas molecule, with Egas and Esen

the corresponding total energies for the isolated gas molecule and the isolated

sensor respectively. Note that all three energy values are computed for the

same set of atomic coordinates.

The underlying conductance change mechanisms associated with the

modeled configurations may be illustrated by charge density difference plots.

The charge density difference plot depicts charge transfer effects due to surface

adsorption of an analyte molecule on sensor base, and indicate whether the
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analyte serves as an electron-acceptor or an electron-donar during the adsorp-

tion process. Such ‘p-type’ or ‘n-type’ doping is commonly discussed in the

experimental literature. The charge density difference distributions shown in

the following chapters are defined by

∆Q = QGNR+ana −QGNR −Qana (1.3)

where QGNR+ana is the total charge density of the entire modeled system, with

QGNR and Qana the corresponding charge densities for the GNR base and the

analyte (sensing targets or dopants). Note that all three charge densities are

computed using the same set of atomic coordinates. The blue shaded areas in

the color plots of charge density difference indicate charge depletion, while the

red shaded areas indicate charge accumulation. By analysis of the color map

distributions, the charge transfer between the graphene bases and the analyte

atoms/molecules may be understood.

Analyses of band structure and density of states (DOS) are also useful

in explaining sensing and doping mechanisms. Both diagrams describe the

distribution of the occupied states at various energy levels. The changes in

these diagrams (before and after sensing/doping) provide insight on the in-

duced changes in the system. By projecting the DOS to specific atoms, the

contributions from those atoms to the entire system may be obtained.

Another effective analysis tool is the highest occupied molecular orbital-

lowest unoccupied molecular orbital (HOMO-LUMO) plot. These orbitals are

associated with transmission at energies close to the Fermi energy, and are
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therefore considered to play important roles in determining the conductance of

a chemiresistive sensing device. The continuity of the HOMO/LUMO distribu-

tions and their overlap can help to illustrate important sensing/doping mecha-

nisms. The edges of pristine zigzag graphene are commonly cited as important

transmission paths, and are identified by the HOMO-LUMO distributions.[39]

The continuity of these conduction pathways may be disrupted when a target

molecule approaches a GNR device.

1.4 Dissertation Organization

The remaining chapters are organized as follows. Chapter 2 describes

a new adaptive ab initio molecular dynamics method, and indicates the ad-

vantages of the improved method as compared to the current state of the

art. Chapter 3 investigates the chemiresistive sensing performance of five dif-

ferent sensor configurations, for the sensing targets HMX, RDX, TNT and

four background gas molecules. Chapter 4 studies the electrical properties of

doped graphene nanoribbons and junctions, and develops a macro scale model

which connects the nanoscale computational results to the macroscale per-

formance of the system. Chapter 5 describes fundamental electromechanical

coupling effects in curved nanoribbons, and validates the computational anal-

yses against experiments. Chapter 6 describes fundamental electromechani-

cal coupling effects in buckled nanoribbons, and validates the computational

analyses against experiments. Chapter 7 proposes a new dual-mode sensing

method, for a compact explosive sensor design with both high sensitivity and
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high selectivity. Chapter 8 summarizes the contributions of the dissertation,

and suggests possible directions for future work.
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Chapter 2

An Adaptive Ab Initio Molecular Dynamics

Formulation for Material Design

2.1 Introduction

Nanocomposites research has demonstrated the ability to significantly

modify the mechanical, electrical, magnetic, thermal, or chemical properties

of various bulk materials, by adding relatively small amounts of nanoparti-

cles, nanorods, or nanotubes. Despite this success, the realization of dramatic

improvements in engineered materials remains a difficult task. New nanocom-

posites [40] may offer important opportunities in explosive sensing research,

by supporting the development of compact, low power explosives sensors [3].

Computation offers important opportunities to accelerate experimental re-

search, by simulating physical processes not amenable to direct experimental

measurement. Within the field of computation, both the application of exist-

ing codes and the development of improved numerical models can contribute

to explosive sensing materials design.1

1This chapter is based on: J. Zhang and E. Fahrenthold, Simulation for Explosive Sensing
Materials Design. 58th AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Ma-
terials Conference. 2017. The paper co-author is the dissertation supervisor. The authors
made equal contributions to the paper.

17



Computation is playing an increasingly important role in the materials

design process, and is applied at both the quantum [22] and molecular scales

[23]. State of the art methods couple these scales in ab initio molecular dy-

namics formulations [41], an important class of mutiscale modeling. Over the

past decade, the application of computational materials design to explosive

materials [42] has seen considerable expansion, so that both molecular [24]

and quantum [25] level modeling is now accepted as a valuable complement

to experiment. One might argue that the ongoing search for new high energy

density, insensitive explosives is being led by computation [43, 44, 45, 46], as

a precursor to experiment, given the inherent cost and safety concerns of this

field of research. By contrast, the role of computation in the development of

explosive sensing materials has to date been much more limited. Only a few of

the aforementioned experimental studies on nanocomposite sensors have been

accompanied by ab initio [15] or molecular [47] modeling work. Despite this

record, the potential for computational contributions in sensor materials de-

sign is probably greater, given the multiphysics nature of the sensor problem.

Effective sensor materials must satisfy a complex combination of chemical,

thermal, electrical, stability, sensitivity, and reversibility requirements; the

role of computation in sensor materials design can be expected to grow as the

necessary computational methods and tools are developed.

The very recent ‘precursor to experiment’ research just cited is typ-

ical of most current materials design literature in that it employs Density

Functional Theory [22] to estimate equilibrium properties, then infers from
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those calculations the performance and stability properties of material sys-

tems whose transient response may be of central interest. Although the cited

research is certainly of considerable value, equilibrium analyses cannot directly

address in simulation the thermo-chemical-electro-mechanical dynamics of a

sensor system, where for example response and recovery time constants are

critical concerns.

The numerical approach described here can directly simulate the mul-

tiphysics transients of interest, using a new formulation of ab initio molecular

dynamics. It differs from previous ab initio molecular dynamics work in three

important respects: (1) the quantum, molecular, and macro (external loading)

scales are coupled using a nonholonomic Hamiltonian modeling methodology,

(2) the formulation rigorously satisfies the first and second laws of thermo-

dynamics under conditions of general chemical, thermal, and mechanical in-

teraction with the external environment, and (3) the augmented plane wave

basis set used to interpolate the electronic wave function adapts, dynamically,

to accommodate the molecular and crystal deformations which characterize

the sensing problem. This modeling approach is made possible by previous re-

search, formulating and validating models for a variety of complex problems in

a nonholonomic Hamiltonian framework [26, 48, 49, 50, 51]. The next section

derives a new adaptive ab initio molecular dynamics formulation to address

the nanocomposite sensor design problem.
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2.2 Numerical model

Although nanocomposite explosive sensors, under study for at least a

decade, have yet to realize their full potential, the published literature clearly

supports enhanced basic computational research in this field. This section

derives a new adaptive ab initio molecular dynamics formulation, coupled to

the macro scale thermal environment, using the aforementioned nonholonomic

Hamiltonian methodology. The modeled system is a collection of n nuclei and

ne electrons in an ensemble of fixed mass. The Hamiltonian for the system (H)

is the sum of the kinetic (Tn) and potential (Vn) energies for the nuclei (which

take a molecular dynamics form) and a total energy (Ee) for the electrons

(which takes a quantum mechanics form)

H = Tn + Vn + Ee (2.1)

The nuclear kinetic co-energy, nuclear momenta (p(i)), and nuclear po-

tential energy are

T ∗n =
1

2

n∑
i=1

M (i)q̇(i)2 , p(i) =
∂T ∗n
∂q̇(i)

, Vn = Vn(q) (2.2)

where M (i) is a nuclear mass, q(i) is a nuclear center of mass position vector,

and q is a system level vector of nuclear coordinates. The nuclear potential

energy represents electrostatic repulsion of the nuclei. The quantum mechan-

ics expression for the electronic energy includes electron repulsion, electron-

nuclear attraction, and electron kinetic energy, and is computed from the elec-

tronic wave function using the expectation value expression (in Dirac bracket
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notation)

Ee =
< Ψ|He|Ψ >

< Ψ|Ψ >
, He = − ~2

me

ne∑
j=1

52
j + Ve(q,x) (2.3)

where He is the electronic Hamiltonian operator, ~ is the reduced Planck con-

stant, me is an electron mass, Ve is the potential energy, x is the space position,

and Ψ is the electronic wave function. Introducing an adaptive interpolation

of the wave function, the set of ns basis functions φj includes a dependance on

vectors of time varying radii and wavenumbers (a and k) for the orbital and

plane wave basis functions. The wave function is

Ψ =
ns∑
j=1

c(j) φj(q, a,k,x) (2.4)

where c(j) = c(j)(t) are the time dependent weighting coefficients of the basis

set. Here the time varying radii and wavenumbers are assumed to adaptively

deform with the crystal, using

ȧ = Â(q, a,k) q̇, k̇ = K̂(q, a,k) q̇ (2.5)

where Â and K̂ are application dependent matrices that define the evolution

relations for the varying radii and plane wave wavenumbers. The wave function

interpolation defines a discrete stored energy function in the form

Ee = c∗THc, H = H(q, a,k, c) (2.6)

In order to complete the formulation, evolution equations are now introduced

which describe the time variation of the basis coefficients. Evolution rela-

tions for the time dependent basis coefficients may be obtained from the time
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dependent Schrodinger equation

i~
∂Ψ

∂t
= HeΨ (2.7)

Introducing the wave function interpolation, multiplying the Schrodinger equa-

tion by the complex conjugate basis function φ∗k, and integrating over the

modeled volume provides the discrete evolution equations

C ċ + Q q̇ + A ȧ + K k̇ = D c (2.8)

where the matrix coefficients are functions of the state variables:

Ckj = i~
∫
φ∗kφj dV, Qkj = i~

ns∑
l=1

c(l)
∫
φ∗k

∂φl
∂q(j)

dV,

Akj = i~
na∑
l=1

c(l)
∫
φ∗k

∂φl
∂a(j)

dV, Kkj = i~
nk∑
l=1

c(l)
∫
φ∗k

∂φl
∂k(j)

dV,

Dkj =
∫
φ∗kHeφj dV

(2.9)

Expressed in terms of the real (c′) and complex (c′′) parts of the basis

coefficient vector, these are

ċ′ = W′ q̇ + C−1Dc, ċ′′ = W′′ q̇ + C∗−1D∗c∗ (2.10)

where

W′ = −1

2

[
C−1

(
Q + AÂ + KK̂

)
+ C∗−1

(
Q∗ + A∗Â + K∗K̂

)]
(2.11)

W′′ = − 1

2i

[
C−1

(
Q + AÂ + KK̂

)
−C∗−1

(
Q∗ + A∗Â + K∗K̂

)]
(2.12)

22



In previous work, the momentum balance relations for the nuclei have

been related to the Schodinger equation by introducing various modeling as-

sumptions, such as constant energy system. Such assumptions are of particular

concern when both thermal and mechanical interaction with the environment

is of central interest. In the discussion which follows the classical and quantum

system dynamics are coupled using a nonholonomic modeling approach.

The canonical Hamilton’s equations for the mixed classical-quantum

system are

ṗ = −∂H
∂q

+ f q, q̇ = M−1p, 0 = −∂H
∂a

+ fa, 0 = −∂H
∂k

+ fk (2.13)

0 = −∂H
∂c′

+ f
′
, 0 = −∂H

∂c′′
+ f

′′
(2.14)

where the inertia matrix M is diagonal and f q, fa, fk, f
′
, and f

′′
are generalized

forces due to the nonholonomic constraints. The last four Hamilton’s equa-

tions, which are degenerate momentum balance equations (degenerate only

in the sense that there are no generalized momenta associated with the gen-

eralized coordinates a, k, c′, and c′′), have been overlooked in most previous

nanoscale simulation work. However they are of central importance, since they

allow the Lagrange multipliers associated with the nonholonomic constraints

to be determined in closed form.

The nonholonomic constraints are the discrete Schrodinger equations,

the evolution equations for the adaptive basis functions, and a rate relation
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which quantifies thermal interaction with the environment

θṠ = R (θ − θe) , θ =
n∑
l=1

1

2nkB
Mi q̇

(i)2 (2.15)

where Ṡ is a net entropy flow from the nanoscale ensemble to the environment,

θe is a controlled environmental temperature (and may vary with time), R

is an overall heat transfer coefficient, θ is the ensemble temperature, kB is

Boltzmann’s constant, and Mi is the mass of the ith nucleus. The effects of

external mechanical loading, not included here, may be included by appending

additional noholonomic constraints.

Introducing vectors of Lagrange multipliers λa, λk, λ′, and λ′′ for the

adaptive basis evolution equations and the discrete Schrodinger equations, the

noholonomic constraints and the thermal dissipation expression require

fa = λa =
∂H

∂a
, fk = λk =

∂H

∂k
, f ′ = λ′ =

∂H

∂c′
, f ′′ = λ′′ =

∂H

∂c′′
(2.16)

and

f q = −ÂTλa − K̂Tλk − Ŵ′Tλ′ − Ŵ′′Tλ′′ − R

2nkB

(
1− θe

θ

)
p (2.17)

It follows that the final Hamilton’s equations for the ensemble are

ṗ = −∂H
∂q
−ÂT ∂H

∂a
−K̂T ∂H

∂k
−W

′T ∂H

∂c′
−W

′′T ∂H

∂c′′
− R

2nkB

(
1− θe

θ

)
p (2.18)

q̇ = M−1p (2.19)
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ċ′ = W′ M−1p + C−1Dc, ċ′′ = W′′ M−1p + C∗−1D∗c∗ (2.20)

ȧ = ÂM−1p, k̇ = K̂M−1p (2.21)

The formulation just derived is the first to exploit nonholonomic Hamil-

tonian methods to develop a time adaptive, augmented plane wave model of

a mixed classical-quantum system. This energy conserving, multiscale, multi-

physics model may be extended to incorporate a variety of additional quantum,

molecular, and macro scale physics.

2.3 Validation Simulations

Complete validation of the theoretical ab initio model developed in

this dissertation will require a considerable code development effort. This

dissertation describes initial numerical implementation and validation work,

which included:

• parallel three dimensional implementation of the electronic scale model,

for plane wave basis functions,

• parallel three dimensional implementation of the nuclear scale model, for

specific nuclear interaction functions and simple H-C-N-O molecules,

• development and implementation of a new numerical approach to reduce

the electronic structure scale time constants, an approach which avoids
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the conventional introduction of fictitious electronic momentum states,

and

• one dimensional simulation of bonding in seven different diatomic and

triatomic molecules.

The computed bond lengths for these seven molecules are compared to exper-

iment in order to validate the modeling approach. Note that the numerical

values discussed in this section refer in all cases to Hartree atomic units.

The numerical implementation assumes a screened coulomb potential

[52] and weak (van der Waals) long range attraction forces [53] described by

f couij = ZiZj e
−(rij/ro)2

(
1

r2ij
+

2

r2o

)
, f vdwij = ko e

−rij/re (r − re)
re
r

(2.22)

where Zi and Zj are the number of protons in the nucleus, rij is the separation

distance between the ith and jth nuclei, and re is the equilibrium separation

distance for the bonded atoms. Note that the simulations which follow take

ro = 1 and ko = 1. Since these molecular scale forces are empirical, the

overall model may be considered a hybrid formulation of reacting and ab initio

molecular dynamics.
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Figure 2.1: Bond graph of new AIMD formulation.

A principal obstacle to the widespread application of AIMD methods

is the large differences in the electronic and molecular scale subsystem time

constants. Typically this issue is addressed by introducing fictitious electronic

momentum states [54] This dissertation presents an alternative approach, best

explained by reference to the bond graph of Figure 2.1. The right side of

this bond graph depicts the electronic subsystem, and represents the discrete

Schroedinger equations in the matrix form:

[
ċ

ċ∗

]
=

 0 − 1

i~

+
1

i~
0


−

∂u

∂c

− ∂u

∂c∗

 (2.23)

Note that these are gyrator relations, with modulus:

G =

 0 − 1

i~

+
1

i~
0

 (2.24)
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The gyrator modulus is effectively the second Pauli matrix [55]. This struc-

ture demonstrates that an energy and charge conserving adjustment of the

electronic structure time constants is obtained by introducing a modulus pref-

actor (1 + η)−1 with η a non-negative scalar which is either: (1) input by

the user and held constant, or (2) obtained by integrating an additional state

equation. In the simulations which follow, η is obtained by integrating the

state equation

τ η̇ + η = α θe (2.25)

where θe is an electronic temperature defined by

θe =
1

KB

√
(Dc)>(D∗c∗) (2.26)

Table 2.1: Experimental and computational bond lengths (Bohr)
Molecule Bond Experimental Bond Length Computational Bond Length

H2 H-H 1.3989 1.7861
C2 C-C 2.3497 2.1878
N2 N-N 2.0747 2.1637
O2 O-O 2.1323 2.1937
CO C-O 2.1323 2.2216
CO2 C-O 2.1985 2.2304
HCN H-C 2.0108 2.1518
HCN C-N 2.1858 2.4763

A set of seven validation simulations were run to evaluate the model,

each simulation representing the bonding process for a simple diatomic or

triatomic molecule. The modeled molecules are listed in the first column of

Table 2.1. In each case the initial atomic positions were set so that the atomic
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separations distances exceeded by a factor of two or more the equilibrium

separation distances in the bonded state. The electronic structure was initial-

ized by weighting the relative plane wave charge content to be proportional

to the square of the wave number. From this essentially arbitrary set of ini-

tial conditions, the simulations modeled the transient response of the mixed

classical-quantum system with the nuclei damped to ground. The results are

summarized in Table 2.1, which compares the experimental equilibrium bond

lengths for the molecules to the computational atomic separation distances at

10,000 atomic time units. Simulation results for for the carbon dioxide and

oxygen molecules are shown in Figure 2.2 and Figure 2.3. The simulation re-

sults showed in general good agreement with the published equilibrium bond

lengths, with the largest errors arising in the case of bonds containing hydro-

gen atoms. Although additional simulation work is an appropriate goal for

future research work, the results strongly support the proposed new numerical

formulation.
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Figure 2.2: Equilirbium simulation of a carbon dioxide molecule: (a) bond
length versus time and (b) charge density.

Figure 2.3: Equilirbium simulation of an oxygen molecule: (a) bond length
versus time and (b) charge density.

It is important to note that the work presented in this chapter appears

to be the first bond graph representation of quantum physics, the first bond
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graph representation of mixed classical-quantum system dynamics, and the

first bond graph representation of complex (as opposed to real) variable power

conjugates for general transient (as opposed to steady state) dynamics. The

bond graph included in this chapter employs complex variable ‘power conju-

gates’, however the necessary appearance of these bonds in complex-conjugate

pairs ensures that the computed power flows are real numbers.

One dimensional simulations have been performed to check conver-

gence. As the number of plane waves increases, the simulation results for CO

2 bond length are shown to converge, at both finite and zero temperatures:

Table 2.2: Computational C-O bond lengths in the convergence test (Bohr)
Number of plane waves C-O bond length C-O bond length

(θ = 0) (θ = 0.001)
20 2.358 2.411
40 2.373 2.469
80 2.375 2.471
160 2.375 2.472

Run time of these simulations is 3 min on 4 cores, with the number of

plane waves 20.

The two dimensional validation work is in progress; it is a goal for future

work beyond this dissertation. An example is shown in Figure 2.4, for the bond

length versus time for a CO2 molecule during a two dimensional equilibrium

calculation and the corresponding charge distribution at the simulation stop

time.
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Figure 2.4: Two dimensional equilirbium simulation of a carbon dioxide
molecule: (a) bond length versus time and (b) charge density.

32



Chapter 3

Graphene Based Chemiresistive Sensing of

Gas Phase Explosive

3.1 Introduction

The development of light weight, low power sensors for the detection

of gas phase explosives is a challenging task. Since many explosives have ex-

tremely low room temperature vapor pressures[56], high sensitivity may be

needed to enable trace detection. Since distinct explosive molecules may share

similar chemical functional groups, highly selective sensors may be needed to

identify particular explosives. Recent research has demonstrated the great

potential of ‘solid state’ sensing devices[12, 13] in some gas detection applica-

tions (e.g. CO and NO2), including high sensitivity, low cost, small size, and

simplicity of operation. Despite this success, improvements in long-term sta-

bility, temperature sensitivity, and selectivity[14, 15] are needed and motivate

continued experimental and computational research in this field [57].1

Since graphene and its derivatives offer the possibility to develop very

high specific surface area sensors, they are promising candidates for miniature

1This chapter is based on: J. Zhang and E. Fahrenthold, Graphene-Based Sensing of
Gas-Phase Explosives. ACS Applied Nano Materials, 2.3 (2019): 1445-1456. The paper co-
author is the dissertation supervisor. The authors made equal contributions to the paper.
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gas detectors, perhaps as components of wireless sensor networks. Bendable

gas sensors based on reduced graphene oxide have been successfully fabricated[58],

and chemically and structurally modified graphene has been shown to exhibit

highly sensitive and selective performance in the experimental[59, 19, 60] de-

tection of some toxic gases.

Figure 3.1: Schematic descriptions of: (a) a graphene nanoribbon-based sens-
ing device, and (b) the graphene nanoribbon-based sensing process, with
a functionalized nanoribbon exposed to both explosive and background gas
molecules.

This chapter develops ab initio models of graphene based explosive sen-

sors, in five distinct configurations, to evaluate the performance of graphene

in chemiresistive detection of three widely used explosive molecules (HMX,

RDX and TNT). The macroscale schematic of Figure 3.1(a) depicts a sensor

concept of the type which motivates the present study, with graphene GNRs

serving as chemiresistive sensing elements. The nanoscale graphic in Figure

3.1(b) depicts a computational model of the type used to estimate overall sen-
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sor performance. The models quantify: (1) conductance changes in graphene

platelets due to nitramine and aromatic explosives, (2) conductance changes

in graphene platelets due to four different background gases, (3) adsorption

energy for explosive and background gas molecules on graphene platelets, (4)

charge transfer, changes in the density of states, and changes in the highest oc-

cupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO)

distribution due to gas sensing, and (5) sensor chemiresistive performance in

the presence of a combination of explosive molecules and background gases.

The modeling results estimate the sensitivity of graphene based trace explosive

detectors, as a function of both the target molecule and the sensor configu-

ration, and evaluate the utility of commonly applied computational metrics

(charge transfer, density of states, etc.) as indicators of chemiresistive sensor

performance.

Since pristine graphene tends to be stable and chemically inert[61],

the performance of the pristine edge, functionalized, doped and nanoholed

configurations are of considerable interest for graphene based sensors. The

sensor configurations studied in this Chapter, including four graphene based

materials, are:

1. surface and edge sensing for pristine graphene platelets;

2. surface sensing for C-OH and C-O-C functionalized platelets;

3. surface sensing for nanoholed platelets
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The succeeding parts of this chapter are discussed based on different sensor

configurations.

3.2 Numerical Model

Table 3.1: Computed conductance (G/G0) and adsorption energy (eV)

Adsorbed Pristine Pristine C-O-C C-OH Nanohole
species surface edge functionalized functionalized patterned

conductance
none 3.000 3.000 2.854 1.970 1.810
N2 2.922 2.963 2.874 1.989 1.714
O2 2.261 1.950 2.390 2.303 1.621

CO2 2.917 2.832 2.894 1.943 1.721
H2O 2.939 2.778 2.919 1.927 1.785
HMX 2.923 2.829 2.803 1.930 1.903
RDX 2.928 2.716 2.820 1.920 1.887
TNT 2.822 2.854 2.759 1.938 1.924

adsorption energy
N2 -0.089 -0.020 -0.429 -0.507 -0.320
O2 -0.279 -0.233 -0.703 -1.249 -0.873

CO2 -0.174 -0.089 -0.481 -0.570 -0.460
H2O -0.121 -0.181 -0.659 -0.773 -0.627
HMX -1.267 -0.535 -1.982 -1.752 -1.586
RDX -1.174 -0.891 -1.880 -1.880 -1.414
TNT -1.596 -0.610 -1.343 -1.209 -1.006

In all cases, the modeled sensor platelets were narrow zigzag GNRs,

three unit cells in width, except that the ‘nanoholed’ sensors are six unit cells

in width. Note that the reported successes of atomically precise bottom-up

fabrication methods allow very thin GNRs, with widths less than ten nanome-
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ters, to be reliably produced[62, 63, 64]. The narrower the nanoribbon, the

more edge length per unit mass, which may improve overall sensor perfor-

mance. All of the modeled graphene platelets are edge terminated with single

hydrogen atoms. Initial separation distances for the carbon atoms are 1.426Å,

and the starting geometries for the background gas and explosives molecules

are taken from published work[32, 33, 31]. The boundary conditions for the

equilibrium calculations are periodic (in the conduction direction) and free

(along the nanoribbon edges, by introducing a vacuum buffer space). The

atom count for the modeled systems is approximately 200. The computed

conductance and adsorption energy results are provided in Table 3.1.

Modeled analytes include three explosive molecules (TNT, RDX, HMX)

and background gases (N2, O2, CO2, H2O) which are four principal components

of air. Although the computational models employed here only approximate

the complex physics of practical sensing devices, the fully ab initio modeling

work presented here can complement experimental research by investigating

sensor properties which are difficult to measure directly. Similar modeling

work has proven to be of benefit in carbon based electrical conductor design

[65, 66].
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3.3 Pristine GNR Sensors

Figure 3.2: Schematic descriptions of sensor types: (a) surface sensing of RDX
by a pristine GNR; (b) edge sensing of RDX by a pristine GNR.

As the most basic material, sensing performance of pristine GNRs is

discussed in this section. The first two modeled configurations considered

surface and edge sensing, as depicted in Figure 3.2(a) and (b). Nowadays,

large-area monolayer graphene can be produced in mass process with low cost.

However, the CVD method, commonly used in large film graphene fabrication,

will inevitablely result in polycrystalline structure of the graphene film[67].

Consequently, sensing performance of large film graphene needs to consider

extra factors in addition to the material properties. Graphene platelets and

GNRs, on the other hand, are samples with single crystalline structure, and

therefore more suitable for the computational sensor design. Besides, the larger

edge to surface ratio also provides more sensitive sites per surface area, which

is favorable to sensor bases. Atomically precise thin GNRs with widths less

than ten nanometers has been reported using bottom-up fabrication methods

[62, 63, 64].
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3.3.1 Computational Results

Figure 3.3: Conductance change at the Fermi energy and adsorption energy
for three different explosive molecules and four different background gases, for
pristine GNR surface sensing.

Figure 3.4: Conductance change at the Fermi energy and adsorption energy
for three different explosive molecules and four different background gases, for
pristine GNR edge sensing.

Figures 3.3 and 3.4 show the computed conductance changes and ad-

sorption energies for all seven target species (three explosives and four back-

ground gases). Note that results were obtained for only one target molecule

orientation.

In the surface sensing configuration, all of the target molecules reduce
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the GNR conductance. The ballistic conductance changes due to RDX, HMX,

N2, H2O, and CO2 adsorption are similar and on the order of ten percent. The

TNT molecule produces a larger change in conductance than the nitramines,

perhaps due to its aromatic hexagon structure and the associated π − π in-

teraction with the graphene surface[68]. Overall, the O2 target produces by

far the largest change in conductance. With regards to adsorption energy,

values for the large explosives molecules are much greater than those for the

background gases.

In the edge sensing configuration, all of the target molecules again

reduced the GNR conductance. As compared to the surface sensing configu-

ration, all of the target molecules (except TNT and N2) show a larger change

in conductance, consistent with published evaluations of GNR as most chem-

ically active along its edges [69, 70]. The exceptional response of TNT is

likely the result of a reduced π − π interaction in the edge sensing geome-

try: the flat structure of the TNT molecules inhibits close interaction of all

three nitrites with the GNR edge. By contrast, the deformation of the RDX

molecule shown in Figure 3.2(b) facilitates the close interaction of all three

target molecule nitrites with the graphene edge. Similar interaction physics is

reported in Vovusha’s study[71] of binding energy and charge transfer for ex-

plosive molecules adsorbed on graphene nano-flakes. Although the change in

conductance for oxygen is larger than that for all of the other target molecules,

note that its adsorption energy is much less than that for all of the explosive

molecules. The adsorption energies for the explosives are also greater than
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those for the other background gas molecules. As compared to the explosive

molecules, the background gas molecules are smaller and lack active functional

groups. The differences in the adsorption energies for H2O and O2 are less in

the edge sensing case than in the surface sensing case; since the water molecules

are polarized, it appears that they are strongly attracted to the H-terminated

edges.

3.3.2 Conductance Change Mechanisms

In the case of surface sensing by pristine graphene, Table 3.2 lists the

change in conductance and the corresponding computed charge transfers due

to O2 and HMX adsorption. A negative sign for the charge transfer indicates

a loss of electrons by the sensor. Figure 3.5 shows the corresponding density

of states plots associated with O2 and HMX adsorption. Each of the density

of states plots shows: (a) the total density of states before adsorption (dotted

line), (b) the total density of states after adsorption (solid line), and (c) the

partial density of states for the analyte (shaded region) after adsorption. The

discussion which follows focuses on changes in the density of states at the Fermi

energy, since the conductance values reported in this chapter are based on the

computed transmission at the Fermi energy. Figure 3.5 also shows the corre-

sponding HOMO-LUMO structure plots due to O2 and HMX adsorption (the

direction of current flow is horizontal, parallel to the GNR axis). Comparing

the various electronic properties metrics:

• conduction is reduced for both O2 and HMX, with the change due to O2
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greater by almost an order of magnitude,

• the HMX n-dopes the graphene while O2 p-dopes the graphene (the later

charge transfer magnitude is greater by a factor of approximately five),

• the density of states plots show a substantial increase in the total density

of states at the Fermi energy due to O2 adsorption, and a very small

change due to HMX adsorption, and
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Table 3.2: Charge transfer for O2 and HMX, GNR surface sensing.

Configurations Mulliken (|e|) Hirshfeld (|e|) Voronoi (|e|) ∆G/G0

Surface+O2 -0.057 -0.037 -0.038 -0.739
Surface+HMX 0.002 0.019 0.004 -0.077

Figure 3.5: Density of states and HOMO/LUMO structure plots, GNR surface
sensing.
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• the HOMO-LUMO structure plots show large changes in both the LUMO

structure and the HOMO-LUMO overlap due to O2 adsorption, and

much more modest changes due to HMX adsorption.

These results indicate that the charge transfer and HOMO-LUMO structure

metrics are strongly correlated with the computed conductance changes for

O2 and HMX surface adsorption on pristine graphene, but that the density of

states metric is not.

In the case of edge sensing by pristine graphene, Table 3.3 lists the

change in conductance and the corresponding computed charge transfers due

to O2 and HMX adsorption. Figure 3.6 shows the density of states plots asso-

ciated with O2 and HMX adsorption, as well as the HOMO-LUMO structure

plots corresponding to O2 and HMX adsorption (the direction of current flow

is horizontal, parallel to the GNR axis). Comparing the various electronic

properties metrics:

• conduction is reduced for both O2 and HMX, with the change due to O2

greater by a factor of approximately six,

• the HMX n-dopes the graphene while O2 p-dopes the graphene (the

magnitude of the later charge transfer is less by a factor of approximately

three),

• the density of states plots show a small increase in the total density of

states at the Fermi energy due to O2 adsorption, and small decrease due

to HMX adsorption, and
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Table 3.3: Charge transfer for O2 and HMX, GNR edge sensing

Configurations Mulliken (|e|) Hirshfeld (|e|) Voronoi (|e|) ∆G/G0

Edge+O2 -0.013 -0.088 -0.102 -1.050
Edge+HMX 0.268 0.194 0.117 -0.171

Figure 3.6: Density of states and HOMO/LUMO structure plots, GNR edge
sensing.
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• the HOMO-LUMO structure plots show large changes in both the LUMO

structure and the HOMO-LUMO overlap due to O2 adsorption, and

modest changes due to HMX adsorption.

These results indicate that for O2 and HMX edge adsorption on pris-

tine graphene, the HOMO-LUMO distribution metric is correlated with the

computed conductance changes, but that the change transfer and density of

state metrics are not.

3.3.3 Validations and Discussions

The conductance modeling results appear to be sign consistent with

three published experimental studies, which measured an increase in resis-

tance for graphene sensors exposed to N2[72], CO2[73], and H2O[74]. Overall,

the response of the platelets to both explosive and background gases is quali-

tatively similar in the surface and edge sensing configurations. The results do

however suggest that large area graphene is most suitable for TNT sensing,

while nanoribbon based edge sensing appears to be a more suitable configu-

ration for the detection of nitramine explosives. It should be noted that for

nanoribbons which have been oxidized, the computed results suggest that sen-

sor conductance may increase when explosive molecules approach an edge or

surface sensing site and replace adsorbed oxygen molecules. Such a response

would be consistent with published experimental research on carbon nanotube

(CNT)[75] and graphene[76, 77, 78] based sensors. Experiments on the re-

sponse of graphene films to DNT (a precursor to TNT) show a similar effect.
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Discussions of these experiments tend to focus on charge transfer between the

sensing device and the target molecules, with the explosive molecules and O2

both characterized as electron acceptors.

3.4 Functionalized GNR Sensors

Figure 3.7: Schematic descriptions of sensor types: (a) surface sensing of
TNT by a C-O-C functionalized GNR, (b) surface sensing of TNT by a C-OH
functionalized GNR.

This section describes modeling results for graphene platelets incorpo-

rating the functional groups C-O-C and C-OH. The functional groups are sited

on the surface of the GNR, as indicated in Figures 3.7(a) and (b). Decorating

graphene with functional groups has been studied in both computational[79,

80] and experimental[81] research, and is one design strategy aimed at in-

fluencing sensor performance. Graphene oxide, relatively easy to fabricate,

is typically decorated with epoxy (C-O-C) and hydroxyl (C-OH) functional

groups. Of these two, the C-O-C groups are more stable while the C-OH

groups are more chemically active [82, 59]. The densities of these functional

sites can be modified through oxidation and thermal reduction[83, 84] pro-
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cesses. Experiments on graphene oxide and reduced graphene oxide have been

performed to study a variety of applications, including the separation of CO2

from CH4[85], the sensing of NO2 and NH3 at room temperature[19], humidity

sensing[86], and the design of wearable sensors[58].

3.4.1 Computational Results

Figure 3.8: Conductance change at the Fermi energy and adsorption energy
for three different explosive molecules and four different background gases, for
GNR sensing with a C-O-C functional group.

Figure 3.9: Conductance change at the Fermi energy and adsorption energy
for three different explosive molecules and four different background gases, for
GNR sensing with a C-OH functional group.
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The change in conductance and energy adsorption results for the two

functionalized sensor configurations are plotted in Figures 3.8 and 3.9.

With regards to the functionalization process, both the C-O-C and C-

OH functionalized models (see Table 3.1) show a reduction in conductance,

as compared to pristine graphene, consistent with published ‘cleaning bake’

experiments[81]. With regards to sensing the background gases O2, H2O, and

CO2, direct comparison of the conductance change results for the C-O-C and

C-OH functionalized GNRs shows conductance changes which are similar in

magnitude, but different in sign. It appears that the sign of the conductance

change may depend on the relative strengths of the adsorbed molecule’s inter-

actions with the graphene surface and with the functional group[87]: In the

C-O-C functionalized case, the O2 molecule appears to interact more strongly

with the graphene surface, and the GNR conductance is reduced (as in the pris-

tine sensing case). In the C-OH functionalized case, the O2 molecule appears

to interact more strongly with the functional group, and the GNR conductance

is increased. In the C-OH functionalized case, the CO2 and H2O molecules

appear to interact more strongly with the graphene surface, and the GNR

conductance is reduced (as in the pristine sensing case). In the C-O-C func-

tionalized case, the CO2 and H2O molecules appear to interact more strongly

with the functional group, and the GNR conductance is increased.
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3.4.2 Conductance Change Mechanisms

In the case of surface sensing by C-O-C functionalized graphene, Ta-

ble 3.4 lists the changes in conductance and the corresponding computed

charge transfers due to O2 and HMX adsorption. Figure 3.10 shows the den-

sity of states plots associated with O2 and HMX adsorption, as well as the

HOMO-LUMO structure plots corresponding to O2 and HMX adsorption (the

direction of current flow is horizontal, parallel to the GNR axis). Comparing

the various electronic properties metrics:

• conduction is reduced for both O2 and HMX, with the change due to O2

greater by an approximate factor of nine,

• the HMX n-dopes the graphene while O2 p-dopes the graphene (the later

charge transfer magnitude is greater by an approximate factor of five),

• the density of states plots show a reduction in the total density of states

at the Fermi energy due to O2 adsorption, and a very small change due

to HMX adsorption, and

• the HOMO-LUMO structure plots show considerable changes in the

LUMO distribution due to HMX adsorption, and a large change in the

HOMO-LUMO overlap due to O2 adsorption.

These results indicate that for O2 and HMX surface adsorption on C-O-C

functionalized graphene, the charge transfer, density of states and HOMO

distribution metrics are all correlated with the computed conductance changes.
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Table 3.4: Charge transfer for O2 and HMX, C-O-C functionalized GNR

Configurations Mulliken (|e|) Hirshfeld (|e|) Voronoi (|e|) ∆G/G0

COC+O2 -0.108 -0.079 -0.088 -0.464
COC+HMX 0.005 0.022 0.029 -0.051

Figure 3.10: Density of states and HOMO/LUMO structure plots, C-O-C
functionalized GNR sensing.
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In the case of surface sensing by C-OH functionalized graphene, Ta-

ble 3.5 lists the changes in conductance and the corresponding computed

charge transfers due to O2 and HMX adsorption. Figure 3.11 shows the den-

sity of states plots associated with O2 and HMX adsorption, as well as the

HOMO-LUMO structure plots corresponding to O2 and HMX adsorption (the

direction of current flow is horizontal, parallel to the GNR axis). Comparing

the various electronic properties metrics:

• conduction is reduced by HMX and increased by O2, with the magnitude

of change due to O2 greater by an approximate factor of eight,

• the HMX and the O2 both p-dope the graphene, with the change transfers

very similar in magnitude,

• the density of states plots show a large increase in the total density of

states at the Fermi energy due to O2 adsorption, and a small decrease

due to HMX adsorption, and

• the HOMO-LUMO structure plots show improved continuity in the LUMO

distribution and improved HOMO-LUMO overlap due to both target

molecules.

These results indicate that for O2 and HMX surface adsorption on C-OH

functionalized graphene, the density of states and charge transfer metrics are

well correlated with the computed conductance changes, but that the HOMO-

LUMO structure metric is not.
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Table 3.5: Charge transfer for O2 and HMX, C-OH functionalized GNR

Configurations Mulliken (|e|) Hirshfeld (|e|) Voronoi (|e|) ∆G/G0

OH+O2 -0.017 -0.036 -0.035 0.333
OH+HMX -0.020 -0.041 -0.029 -0.040

Figure 3.11: Density of states and HOMO/LUMO structure plots, C-OH func-
tionalized GNR sensing.
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3.4.3 Validations and Discussions

These conductance modeling results appear to be sign consistent with

three published experimental studies, which measured a decrease in resistance

for graphene oxide sensors exposed to H2O[88], an increase in resistance for

reduced graphene oxide sensors exposed to H2O[89], and an increase in resis-

tance for reduced graphene oxide sensors exposed to DNT[59]. With regards

to the explosive target molecules, the conductance changes in the function-

alized configurations are on average less than those for the pristine graphene

cases, while the adsorption energies are on average increased. The complex

nature of the overall response of the functionalized sensors emphasizes the im-

portance of additional modeling work, discussed in a later subsection, aimed

at estimating the overall sensor performance in the presence of a gas mixture.

Although some specialized configurations (such as TNT sensing in water[90])

are of practical interest, the development of explosive sensors for operation in

the presence of a target explosive molecule and multiple background gases is

the application most commonly of interest.
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3.5 Nanohole Patterned GNR Sensors

Figure 3.12: Schematic descriptions of sensor types: (a) sensing of HMX by a
nanohole patterned GNR, oblique view, and (b) sensing of HMX by a nanohole
patterned GNR, top view.

This subsection describes modeling results for graphene platelets incor-

porating a 2 × 4 unit-cell nanohole, positioned in the nanoribbon center, as

shown in Figures 3.12(a) and (b). Nanomeshed or nanoholed graphene has

attracted considerable research attention, for a range of applications. The de-

sired hole pattern may be obtained using lithography and ion etching, with

the hole size and shape determined by template selection and etching time

[91, 92, 93]. The introduction of nanoholes serves to increase the total edge

length per unit mass in a graphene film, and is analogous to changing the sur-

face area per unit mass in a porous sensor. Published experimental research on

NO2 sensing has indicated that nanomeshed graphene offers improved sensing

performance,[94] as compared to its graphene film counterpart, and that the

performance of porous graphene oxide sensors improves with higher porosity

[95]. In addition to gas sensing, nanoholed graphene has been employed in a

filter configuration for DNA sequencing[96, 97, 98] and the selective identifica-
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tion of ions such as Na+ and K+[99]. In this application, when large molecules

go through the nanomesh, the H-terminated hole edges play the role of a probe

and can react to the chemical groups present in the target molecules. A holed

structure may also facilitate target gas adsorption and increase charge transfer

between the target molecule and the detection device.

3.5.1 Computational Results

Figure 3.13: Conductance change at the Fermi energy and adsorption energy
for three different explosive molecules and four different background gases, for
nanoholed GNR sensing.

Conductance changes and adsorption energies for this sensor configura-

tion are plotted in Figure 3.13. As compared to the four sensor configurations

perviously discussed, two results stand out: (a) the magnitudes of the con-

ductance changes and adsorption energies for the full set of seven target gases

vary over a smaller range, and (b) the signs of the conductance changes are

positive for all of the explosives and negative for all of the backgound gases.

These differences in sensor response may be due in part to molecule size, since

the explosive molecules are similar in size to the graphene nanohole, while
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the background gas molecules are much smaller. The explosive molecules in-

teract with numerous hole edge sites, increasing the adsorption energy, and

appear to form a ‘bridge’ which improves electron transmission across the

holed nanoribbon. By contrast, the background gas molecules interact with

only a few edge sites, lowering the adsorption energy; their isolated interac-

tions with the platelet reduce its conductance, as indicated for the pristine

sensor configuration cases. Recognizing that nanohole size, nanohole shape,

number of nanoholes per unit area, and other parameters may affect the con-

ductance results presented in this subsection, it should be emphasized that the

nanohole sensor modeling work included in this chapter is limited in scope. A

larger computational study varying a number of design parameters is needed

to investigate fully the effects of nanohole patterning on graphene sensor per-

formance.

3.5.2 Conductance Change Mechanisms

Table 3.6: Charge transfer for O2 and HMX, nanoholed GNR sensing

Configurations Mulliken (|e|) Hirshfeld (|e|) Voronoi (|e|) ∆G/G0

Nanohole+O2 -0.056 -0.122 -0.132 -0.189
Nanohole+HMX 0.18 0.126 0.12 0.093
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Figure 3.14: Density of states and HOMO/LUMO structure plots, nanoholed
GNR sensing.

In the case of sensing by nanoholed graphene, Table 3.6 lists the changes

in conductance and the corresponding computed charge transfers due to O2

and HMX adsorption. Figure 3.14 shows the density of states plots associated

with O2 and HMX adsorption, as well as the HOMO-LUMO structure plots
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corresponding to O2 and HMX adsorption (the direction of current flow is

vertical, again parallel to the GNR axis). Comparing the various electronic

properties metrics:

• conduction is increased by HMX adsorption and decreased by O2 adsorp-

tion, with the magnitude of change due to O2 greater by an approximate

factor of two,

• the HMX n-dopes the graphene while the O2 p-dopes the graphene (the

change transfers differ in magnitude by an approximate factor of two),

• the density of states plots show a small reduction in the total density

of states at the Fermi energy due to O2 adsorption, and a significant

increase due to HMX adsorption, and

• the LUMO structure plots show large changes due to both HMX and O2

adsorption, and reduced HOMO-LUMO overlaps, for both analytes.

These results indicate that for O2 and HMX adsorption on nanoholed graphene,

the density of states changes are correlated with the computed conductance

changes, but that the charge transfer and HOMO-LUMO structure metrics

are not.

3.6 Sensitivity Model

The platelet modeling results presented in the preceding section em-

phasize the complexity of the graphene sensor design problem. This section
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develops a sensitivity model for graphene devices in the five configurations pre-

viously analyzed, one which estimates sensor performance under simultaneous

exposure to a single explosive molecule type and all four of the background

gases previously discussed. The tabulated ballistic conductance changes quan-

tify each sensor’s chemiresistive response to each target molecule, while the

tabulated adsorption energies are used to estimate adsorbed surface concen-

trations for each background gas, relative to the surface concentration of ad-

sorbed explosive molecules. Although the sensitivity model developed here is

certainly approximate, it is considered to be an essential first step in relating

the ab initio modeling results to the performance of practical devices, and may

assist experimental research in analyzing the performance of alternative sensor

configurations.

The sensor’s total resistance R is defined as the sum of a reference

(vacuum) resistance Rref and a resistance change ∆R due to the adsorption

of gas molecules,

R = Rref + ∆R (3.1)

The change in resistance is taken to be sum of resistance changes due

to Ns adsorbed species,

∆R =

NS∑
i=1

∆Ri =

NS∑
i=1

αici (3.2)

where αi is a species sensitivity for the ‘ith’ species and ci is a surface concen-

tration (in mass per unit area) for the ‘ith’ species. The species sensitivities

60



are estimated using the computed ballistic conduction results for each sensor

configuration,

αi =
∆RiA

mi

(3.3)

where the A is the sensor surface area in the ab inito model and mi is the mass

of a target molecule of the ‘ith’ species. Writing ci as the product of moles

per unit area fi and a molar mass Mi, and assuming that the adsorbed mole

ratios at equilibrium are determined by the adsorption energies per unit mass

fi
fj

=
ei
ej
, ei = Ei/mi (3.4)

the total change in the sensor resistance may be expressed as

∆R = c1

NS∑
i=1

αi
ci
c1

= S c1, S =

NS∑
i=1

αi
eiMi

e1M1

(3.5)

where species ‘1’ is taken to be the explosive and S is the overall sensitivity

of the device. The computed sensitivities describe the chemiresistive response

of the five modeled sensors to changes in the mass per unit area of adsorbed

explosives, in the presence of all four modeled background gases. Since the

relative surface concentrations of the background gas molecules are assumed

to be determined by their mass specific adsorption energies, the computed

sensitivities estimate the performance of sensors in thermal equilibrium. Fig-

ure 3.15(a) compares the computed sensitivities as a function of sensor type

and explosive type, while Figure 3.15(b) compares the relative sensivities Sr,

defined by

∆R

Rref

= Sr c1, Sr =
S

Rref

(3.6)
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Figure 3.15: Device sensitivity and relative sensitivity as a function of sensor
configuration and explosive type: (a) sensitivity versus sensor type, (b) sensi-
tivity versus explosive type, (c) relative sensitivity versus sensor type, and (d)
relative sensitivity versus explosive type.

These plots suggest a number of conclusions:

• The model results indicate that the overall resistance varies linearly with

the change in the surface explosive concentration; this result is qualita-

tively consistent with experimentally measured sensor performance in

studies of NO2[100] and CO2[101] detection.

• The sensitivities are largest in magnitude for the edge sensing configura-

tion, perhaps not surprising since a distinguishing property of graphene

nanoribbons is their edge reactivity.
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• For any given device configuration, the sensitivities are higher for TNT

than for the nitramines.

• In the edge sensing case the percent differences in sensitivity for the TNT

and for the nitramines are relatively small, which hinders selectivity.

The C-O-C and C-OH functionalized devices show a better ability to

discriminate between TNT and the nitramines.

• The sensitivities for the C-OH functionalized devices are unique in that

they differ in sign from those of all four other sensor configurations.

• The nanoholed devices show sensitivities significantly less than those for

the edge sensors, but the nanoholed devices show the best performance

in distinguishing between RDX, HMX, and TNT.

• The most significant differences between the sensitivity and the rela-

tive sensitivity results lie in the comparative performance of the C-O-

C, C-OH, and nanoholed devices. In the absolute sensitivity case, the

nanoholed and C-OH functionalized devices show a somewhat larger re-

sponse than C-O-C devices; however, when compared on the basis of

relative sensitivity, these three configurations show a smaller difference

in performance.

Although the analysis results and discussion presented in this section

offer basic insights, previous work has demonstrated that the design of effec-

tive explosive sensors will require considerable additional analytical[102] and

63



experimental[103] work, to address issues which include response and recov-

ery times[104], doping effects[105], and the application of multiple sensors in

discriminating arrays, which might employ graphene-based sensors in combi-

nation with other sensor types.
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Chapter 4

Doped Graphene Nanoribbons for High

Specific Conductivity Wiring

4.1 Introduction

In previous chapters, the sensor bases are focused on single nanoscale

graphene ribbons or platelets. The macro sensor may involve more complex

configurations such as junctions and overlaps, in which cases nanowire models

need to be considered. Studying the junction effects on the electrical proper-

ties of overlapped GNRs helps to predict the overall conductor performance

of the system, and consequently find out strategies to reduce or eliminate

corresponding influence. 1

In addition, the development of improved carbon based electrical con-

ductors for wires and cabling [106, 107], integrated circuits [108, 109], chemire-

sistive sensing [110, 111], and other applications is the focus of much recent

research. Experimental research has demonstrated the potential of some car-

bon based conductors to achieve mass specific conductivities which exceed

1This chapter is based on: J. Zhang and E. Fahrenthold, Potassium-Doped Graphene
Nanoribbons for High-Specific Conductivity Wiring. ACS Applied Nano Materials, 2.5
(2019): 2873-2880. The paper co-author is the dissertation supervisor. The authors made
equal contributions to the paper.
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that of copper [112]. In recent work complementary improvements in current

carrying capacity [113] have also been made.

In mass sensitive applications, such as aircraft wiring, interest in car-

bon based conductors is motivated primarily by potential improvements in

specific conductivity. The approach most widely employed to improve specific

conductivity is doping. Published experimental work [114] suggests that n-

doping with alkali metals (K, Na, Li) or p-doping with halogens (I, Cl, Br),

either directly or as components of larger dopant molecules, offers the most

promising route to high specific conductivity.

Of the alkali metals and halogens studied to date, the most promising

dopants appear to be potassium and iodine. Conductivity enhancement due

to potassium doping can be very high [115, 116], and significant conductivity

improvements have been reported for experiments employing iodine doping

[112, 117].

The vast majority of experimental research on nanocarbon conductors

has studied carbon nanotube (CNT) based wiring. Despite considerable suc-

cess in improving the conductivity of CNT based wiring, the development

of high specific conductivity CNT based wiring has proven to be very diffi-

cult. Recent computational work on CNT based wiring [65, 66] indicates that

dopant distribution effects, differences in the response of semiconducting and

metallic tubes to dopant treatments, parasitic mass effects for multiwall tubes,

and the conductivity properties of doped CNT interfaces (junctions) are the

most important factors limiting the mass specific performance of CNT based
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wiring. Note that for the CNT bundles which typically make up the tested

cables, direct measurement of the effects of these variables on mass specific

conductivity is not possible.

Difficulties encountered in the development of CNT based wiring and

advances in the fabrication of graphene based fibers appear to be encouraging

experimental research an alternative graphene based nanocarbon conductors

[116, 118]. Although the electrical properties of graphene have been widely

studied, no published work has developed and compared with experiment a

complete ab initio model of doped graphene nanoribbon (GNR) based conduc-

tors.

This chapter describes computational research investigating the poten-

tial of doped GNRs as the base material for improved electrical conductors.

It estimates the combined effects of doping density, doping distribution, GNR

overlap, junction conductance, junction cascades, and mean free path on the

macroscale specific conductivity of doped nanowires. Of central interest are

differences in the response of semiconducting and metallic GNRs to dopant

treatments, parasitic mass effects, and the conductivity properties of doped

GNR junctions. The modeling results are compared with published experi-

mental measurements of the specific conductivity of potassium doped graphene

fibers, and conclusions are presented which may assist future experimental re-

search.
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4.2 Numerical Model

The computational modeling procedure used in this chapter consists of

three steps:

• The first step models the effects of dopants on GNR conductance, for

both armchair and zigzag GNRs. Armchair GNRs with the edge number

seven (7-aGNR) possess the largest band gap, and were chosen for the

analysis of doping effects on semiconducting graphene. Zigzag GNRs

with the edge number six (6-zGNR) were chosen for the analysis of dop-

ing effects on metallic graphene.

• The second step models the effects of these dopants on nanoribbon junc-

tion conductance, including two different spatial distributions of the

dopant. The junction calculations are limited to the 6-zGNR case.

• The third step combines the nanoribbon and junction modeling results

with mean free path data from the literature, to formulate a nanowire

model suitable for use in estimating macroscale conductor performance.

The ab initio calculations made in the first two steps employ models which

are periodic in the transmission direction; a vacuum space of length 30Å was

specified in the orthogonal directions in order to avoid neighbor interactions.

The junction models were set up by first relaxing two parallel GNRs, then

deleting an integer number of unit cells on opposite ends of the GNRs in order

to obtain the desired junction overlap.
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4.3 Doped Nanoribbon Models

This section describes the computed electrical properties of the potas-

sium doped GNRs, both semiconducting and metallic, including transmission,

density of states, and charge density difference plots at two different dopant

mass loadings. The first segment considers potassium doping while the second

segment considers iodine doping.

4.3.1 K-doped GNRs

Figure 4.1: Models of potassium doped GNRs. (a) 7-aGNR at a doping density
of 1/3; (b) 7-aGNR at a doping density of 1/2; (c) 6-zGNR at a doping density
of 1/3; (d) 6-zGNR at a doping density of 1/2.

A total of four potassium doped nanoribbon configurations were mod-

eled. They are shown in Figure 4.1, and include semiconducting and metallic

GNRs analyzed at doping densities of one dopant atom per two unit cells (de-

noted here by ‘1/2’) and one dopant atom per three unit cells (denoted here

by ‘1/3’). The dopant atoms are distributed along the GNR centerline, with
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one atom per two unit cells being the highest doping density for which such an

arrangement was found to be a stable equilibrium state. Note that this result

is consistent with published experiments [119], which indicate that the highest

doping density for potassium atoms arranged on a graphene surface is one

dopant per two carbon hexagons, in a structure which corresponds to that of

KC8. The potassium atoms were initially separated from the GNR surface by

distance of 4.0Å; at equilibrium the average standoff for the potassium atoms

in the four configurations was 2.52Å.

Figure 4.2: Transmission plots for potassium doped GNRs. (a) 7-aGNR; (b)
6-zGNR. Upper, middle, and lower rows show the results for no doping, doping
at density 1/3, and doping at density 1/2 respectively.

Transmission plots for the potassium doped GNRs are shown in Fig-

ure 4.2, where conductance values at the Fermi Energy are highlighted with

a red dot. In the semiconducting case (7-aGNR): doping at the low density
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(1/3) increases the conductance value from zero to G0, while doping at the high

density (1/2) further increases the conductance to 2G0. In the metallic case

(6-aGNR), the Fermi energy conductance is initially 3G0, due to the GNR’s

edge state [36]. Doping at the low density maintains the peak conductance at

3G0 but decreases the Fermi energy conductance to G0. Doping at the high

density increases the Fermi energy conductance from G0 (at density 1/3) to

2G0 (at density 1/2). The computed Fermi energy conductance results for

the four modeled configurations are summarized in Figure 4.3(a). The over-

all response of the metallic GNR to the modeled potassium doping is best

illustrated by the bias voltage versus current curves shown in Figure 4.3(b).

The pristine 6-zGNR shows an initial ‘saturation’ current region at low bias

voltages; as the doping density increases, the value of this saturation current

increases and the transition to an ohmic (positive resistance) curve occurs at

lower bias voltages.
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Figure 4.3: Conductance properties of potassium doped GNRs. (a) conduc-
tance at the Fermi energy for potassium doped 7-aGNRs and 6-zGNRs; (b)
current versus bias voltage for potassium doped 6-zGNRs, at three doping
densities.

The transmission distributions for the potassium doped GNRs show an

apparent left shift, as compared to that for the undoped GNR, consistent with

n-type doping. For the armchair GNRs, potassium doping moves the Fermi

level across the band gap, changing the armchair GNRs from semiconduct-

ing to metallic. For the zigzag GNRs, potassium doping at the density 1/3

preserves the peak value in the transmission distribution but shifts the Fermi

energy away from the peak; doping at the density 1/2 increases the transmis-

sion over a broad energy range around the Fermi level and increases the peak

conductance to 4G0.
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Figure 4.4: Density of states plots for potassium doped GNRs. (a), (c), and
(e) show results for 7-aGNR; (b), (d), and (e) show results for 6-zGNR. Upper,
middle, and lower rows show the results for no doping, doping at density 1/3,
and doping at density 1/2 respectively.
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Figure 4.5: Charge density difference plots for potassium doped GNRs. (a)
7-aGNR at a doping density of 1/3; (b) 7-aGNR at a doping density of 1/2;
(c) 6-zGNR at a doping density of 1/3; (d) 6-zGNR at a doping density of
1/2.

The underlying conductance change mechanisms associated with potas-

sium doping are illustrated by the density of states (DOS) and charge density

difference plots shown in Figure 4.4 and Figure 4.5. The shaded regions in

Figure 4.4 are the partial density of states (PDOS) plots for potassium; they

contribute significantly to the states at the Fermi energy only in the high

density doping configuration for the zigzag GNR. In both the armchair and

the zigzag case, doping shifts the DOS distributions to the left and (on aver-
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age) increases the DOS at energies near the Fermi level. The charge density

difference distributions shown in Figure 4.5 are defined by

∆Q = QK+GNR −QGNR −QK (4.1)

where QK+GNR is the total charge density of the doped system, with QGNR

and QK the corresponding charge densities for the GNR and the dopant atoms.

Note that all three charge densities are computed using the same set of atomic

coordinates. In both the armchair and the zigzag cases, Figure 4.5 shows that

the potassium dopant atoms act as electron donors; since all four plots use the

same scale, those figures also indicate the relative effectiveness of the dopant

atoms in establishing low scattering pathways for the charge carriers.

In summary, the potassium doped GNRs exhibit the following proper-

ties:

• The potassium atoms n-dope the armchair and the zigzag GNRs.

• The potassium atoms transform the armchair GNRs from semiconduct-

ing to metallic.

• The potassium atoms establish low scattering pathways for the charge

carriers, although the zero-bias conductance value of the zigzag GNRs is

reduced from its peak value of 3G0 in an undoped configuration.

• In general the potassium atoms increase the DOS in the vicinity of the

Fermi energy, although only in the case of the zigzag GNRs, at the
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highest modeled doping concentration, do the dopant atoms contribute

significantly to the DOS at the Fermi energy.

4.3.2 I-doped GNRs

Figure 4.6: Models of iodine doped GNRs. (a) 7-aGNR at a doping density of
1/3; (b) 7-aGNR at a doping density of 1/2; (c) 6-zGNR at a doping density
of 1/3; (d) 6-zGNR at a doping density of 1/2.

Table 4.1: Separation distances (angstrom) before and after relaxation

Configuration Doping I-I I-I I-GNR I-GNR
density (initial) (final) (initial) (final)

7-aGNR 1/3 12.8 12.8 4.00 3.02
7-aGNR 1/2 8.55 8.55 4.00 3.17
6-zGNR 1/3 7.41 7.41 4.00 2.92
6-zGNR 1/2 4.94 2.76 4.00 3.07

A total of four iodine doped nanoribbon configurations were modeled.

They are shown in Figure 4.6, and include semiconducting and metallic GNRs
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analyzed at doping densities of one dopant atom per two unit cells and one

dopant atom per three unit cells, the same as in the potassium doping analyses.

The dopant atoms were again distributed along the GNR centerline. Table 4.1

lists the initial separation distances between the iodine atoms as well as the

initial standoff distances of the iodine atoms from the GNR surface, as a func-

tion of the GNR type and the doping density; it also lists the final separation

and standoff distances, obtained from the equilibrium analyses. In all cases,

the iodine atoms were initially centered above a hexagonal carbon cell; only in

the case of a zigzag GNR at the high doping density were the iodine atom sep-

aration distances changed by equilibration, as depicted in Figure 4.6. In the

later case, the iodine atoms moved along the GNR centerline to form triiodide,

a result consistent with previous experimental [120, 121] and computational

[122] work. The computed atomic separation distance for triiodide was 2.76Å,

compared to the experimental value of 2.92Å [123]. With regard to the final

standoff distances between the iodine atoms and the GNRs, they varied only

slightly among the four modeled configurations.
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Figure 4.7: Transmission plots for iodine doped GNRs. (a) 7-aGNR; (b) 6-
zGNR. Upper, middle, and lower rows show the results for no doping, doping
at density 1/3, and doping at density 1/2 respectively.

Figure 4.8: Conductance properties of iodine doped GNRs. (a) conductance at
the Fermi energy for iodine doped 7-aGNRs and 6-zGNRs; (b) current versus
bias voltage for iodine doped 6-zGNRs, at three doping densities.
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The transmission distributions for the iodine doped GNRs are shown

in Figure 4.7, and the computed Fermi energy conductance results for the four

modeled configurations are compared in Figure 4.8(a). As compared to the

transmission distributions for the undoped GNR, they indicate a right shift,

consistent with p-type doping. For the armchair GNRs, iodine doping at the

density 1/3 moves the Fermi level across the band gap, changing the armchair

GNRs from semiconducting to metallic. However, increasing the doping den-

sity to 1/2 does not further improve the Fermi energy conductance. For the

zigzag GNRs, iodine doping at the density 1/3 increases the peak value in

the transmission distribution at the Fermi energy. However, when the doping

density for iodine atoms is further increased to 1/2, the transmission value at

the Fermi level drops, matching that in the undoped case. The drop appears

to be due to the formation of triiodide. The overall response of the metallic

GNRs to the modeled iodine doping is best illustrated by the plots of bias

voltage versus current in Figure 4.8(b). The pristine 6-zGNR shows an initial

‘saturation’ current region at low bias voltages; at the doping density 1/3,

the average value of this saturation current increases slightly, while at doping

density 1/2 the average value of this saturation current decreases slightly. The

transition to an ohmic (positive resistance) curve occurs at approximately the

same bias voltage, regardless of the doping density.
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Figure 4.9: Density of states plots for iodine doped GNRs. (a), (c), and (e)
show results for 7-aGNR; (b), (d), and (e) show results for 6-zGNR. Upper,
middle, and lower rows show the results for no doping, doping at density 1/3,
and doping at density 1/2 respectively.
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Figure 4.10: Charge density difference plots for iodine doped GNRs. (a) 7-
aGNR at a doping density of 1/3; (b) 7-aGNR at a doping density of 1/2; (c)
6-zGNR at a doping density of 1/3; (d) 6-zGNR at a doping density of 1/2.

The underlying conductance change mechanisms associated with iodine

doping are illustrated by the density of states (DOS) and charge density differ-

ence plots shown in Figure 4.9 and Figure 4.10. In the armchair case, doping

shifts the DOS distribution to the right and increases the DOS at energies

near the Fermi level. In the zigzag case, the DOS values in the region near

the Fermi energy are: (a) initially increased by doping to the level 1/3, then

(b) subsequently reduced by doping to the level 1/2. The shaded regions in
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Figure 4.9 indicate the PDOS for iodine. In the armchair case, the PDOS

for iodine contributes heavily to the states near the Fermi energy in both the

high and low density doping configurations. In the zigzag case, the iodine

PDOS contributions to the states near the Fermi energy are larger in the low

density doping case than in the high density doping case. The charge density

difference distributions shown in Figure 4.10 are defined by

∆Q = QI+GNR −QGNR −QI (4.2)

where QI+GNR is the total charge density of the doped system, with QGNR

and QI the corresponding charge densities for the GNR and the dopant atoms.

Note that all three charge densities are computed using the same set of atomic

coordinates. In both the armchair and the zigzag cases, Figure 4.10 shows

that the dopant atoms act as electron acceptors; since all four plots use the

same scale, Figure 4.10 also indicates the relative effectiveness of the dopants in

establishing low scattering pathways for the charge carriers. Note the presence

of a relatively large undoped ‘gap’ for the zigzag GNR at the high doping

density in Figure 4.10, associated with the formation of triiodide.

In summary, the iodine doped GNRs exhibit the following properties:

• The iodine atoms p-dope the armchair and the zigzag GNRs.

• The iodine atoms transform the armchair GNRs from semiconducting to

metallic, but the Fermi energy conductance is not improved by increas-

ing the doping density from 1/3 to 1/2. The iodine atoms increase the
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zero bias conductance for the zigzag GNRs at density 1/3, but a further

increase in the doping density to 1/2 reduces the zero-bias conductance

value of the zigzag GNRs to its peak value of 3G0 in an undoped config-

uration.

• Overall the mass specific benefits of iodine doping are the greatest at

the lower of the two doping densities analyzed. This result is similar

to previous computational work on iodine doping of CNTs [65], which

concluded that iodine doping improves mass specific conductivity for

semiconducting CNTs but not for metallic CNTs.

4.4 Doped Nanoribbon Junction Models

Figure 4.11: Models of potassium doped GNR junctions. (a) internal doping
at a doping density of 1/3; (b) external doping at a dopant density of 1/3; (c)
internal doping at a doping density of 1/2; (d) external doping at a doping
density of 1/2.
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Recognizing that macroscale wiring must be fabricated from a collection

of many GNR components, this section considers the effects of potassium and

iodine doping on GNR junctions. Only zigzag GNR junctions were modeled,

for two doping configurations. The variation of undoped junction conductance

has been investigated in previous work, and was found to be periodic, with

a period of eighteen unit cells for bilayer graphene [124] and seven unit cells

for 7-aGNR [125]. Consistent with the doped nanoribbon models discussed

in the last section, the zigzag GNR junction models considered here have an

edge number of six. Starting from a reference configuration with one unit cell

overlap, which shows a conductance slightly less than 2G0, varying the over-

lap in one unit cell increments indicates that the conductance of an undoped

6-zGNR junction varies with a period of three unit cells. Having established

a reference curve describing the performance of undoped 6-zGNR junctions,

the series of calculations just described was repeated for four different doped

junction configurations: potassium and iodine doping, ‘internal’ and ‘external’

dopant atom distributions, and 1/3 and 1/2 doping densities. In all cases the

dopant atoms were initially positioned above the center of a carbon hexagon.

The equilibrium configurations for the eight potassium doped cases are shown

in Figure 4.11, which also defines the internal and external doping configura-

tions. Note that in the internal doping configuration, the number of dopant

atoms per unit nanowire length is independent of the number of junctions per

unit nanowire length, while in the external doping configuration, the num-

ber of dopant atoms per unit nanowire length increases with the number of
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junctions per unit nanowire length.

Figure 4.12: Conductance versus unit cell overlap for 6-zGNR junctions at
three potassium doping densities. (a) internal doping; (b) external doping.

The results of the conductance calculations for the potassium doped

junctions are shown in Figure 4.12. In the internal doping configuration, the

period of the conductance variation is extended and the amplitude of the con-

ductance variation is strongly reduced, as compared to the undoped case. Note

the large increase in the GNR separation distance shown for internal doping

in Figure 4.11, which appears to impede inter-ribbon electron transfer. In the

internal doping configuration there is no significant change in the average junc-

tion performance when increasing the doping density from 1/3 to 1/2. In the

external doping configuration, junction conductance is improved, as compared

to the internal doping case, and appears to stabilize at a level which depends

on the doping density. At the larger modeled overlaps, the junction conduc-

tances at the high and low doping densities vary by an approximate factor of

two, in general agreement with the results obtained here for the dependance of
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the conductance of a single 6-zGNR on doping density (Figure 4.3). Note that

the external doping configuration minimizes the separation distance between

GNR layers. Figure 4.13 shows the DOS plot for external doping at a five unit

cell overlap and a doping density of 1/2; the PDOS results indicate that the

potassium atoms contribute heavily to the DOS at energies near to and above

the Fermi level.

Figure 4.13: Density of states plot for a potassium doped 6-zGNR junction
with external doping, at a dopant density of 1/2 and a junction overlap of five
unit cells. Shaded areas show the contributions from the dopant atoms.
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Figure 4.14: Models of iodine doped GNR junctions. (a) internal doping at
a doping density of 1/3; (b) external doping at a doping density of 1/3; (c)
internal doping at a doping density of 1/2; (d) external doping at a doping
density of 1/2.

Figure 4.15: Conductance versus unit cell overlap for 6-zGNR junctions at
three iodine doping densities. (a) internal doping; (b) external doping.

The equilibrium configurations for the four iodine doped junctions cases
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are shown in Figure 4.14, and the corresponding results of the conductance

calculations are shown in Figure 4.15. In the internal doping configuration, the

period of the conductance variation appears to be extended; at high overlaps

increasing the doping density appears to reduce the junction conductance, in

agreement with the results obtained here for the dependance of the conduc-

tance of a single 6-zGNR on doping density (Figure 4.8). In the external

doping configuration, junction conductance at high overlaps appears to stabi-

lize at a level independent of the doping density. Figure 4.16 shows a DOS plot

for external doping at a five unit cell overlap and a doping density of 1/2; the

PDOS results indicate that the iodine atoms contribute heavily to the DOS

at the Fermi energy.

Figure 4.16: Density of states plot for an iodine doped 6-zGNR junction with
external doping, at a dopant density of 1/2 and a junction overlap of five unit
cells. Shaded areas show the contributions from the dopant atoms.
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Figure 4.17: Variation of the conductance for potassium doped 6-zGNR junc-
tions with doping distribution and doping density. The bars indicate the range
of variation with junction overlap (one to nine unit cells) and the dashed lines
indicate the average value of the condutance.

Figure 4.18: Variation of the conductance for iodine doped 6-zGNR junctions
with doping distribution and doping density. The bars indicate the range of
variation with junction overlap (one to nine unit cells) and the dashed lines
indicate the average value of the condutance.
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The variations of the ballistic conductance of the potassium and iodine

doped junctions with dopant density, dopant distribution, and junction overlap

are depicted in Figures 4.17 and 4.18. The results may be summarized as:

• In general, doping tends to reduce the amplitude and extend the period

of the variations in junction conductance with GNR overlap.

• Internal doping tends to reduce the average junction conductance, by

increasing the separation distance between the GNR layers.

• External doping produces better conductance results than internal dop-

ing, for both the potassium and the iodine dopants. In the potassium

doping case, the average conductance is nearly doubled by increasing

the dopant density from the 1/3 to the 1/2 level. In the iodine doping

case, increasing the dopant density from the 1/3 to the 1/2 level did not

improve the average conductance.

4.5 Nanowire Model

The ballistic conductance calculations presented in the last two sections

provide transmission properties essential for the construction of a macroscale

model of the performance of doped GNR conductors. The other essential

modeling inputs are a geometry model for the ‘nanowire’ and scaling informa-

tion, since the quantum calculations are made at the nanoscale. This section

extends previous work [65] (focused on CNT based nanowires) to the GNR
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based nanowire case, adopting the simplest possible set of geometric and scal-

ing assumptions needed to estimate the macroscale (experimentally measured)

performance of doped graphene based conductors. The nanowire modeling re-

sults are presented in the form of an expected macroscale performance range,

recognizing that macroscale carbon conductors consist of bundles or assemblies

of nanowires, as opposed to a uniform crystal.

Figure 4.19: Multi-junction models of graphene nanowires.

The assumed geometry model for the GNR nanowires is shown in Fig-

ure 4.19 and consists of a series of overlapped nanoribbons. Note that a

segment of length L, resistance R, and mass per unit length m̂ of any one

dimensional conductor may be used to compute specific conductivity (M)

M =
L

m̂ R
(4.3)
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The length of the modeled nanowire segment is the mean free path (LMFP )

of an electron in graphene, and the mass per unit length of the nanowire is

determined by the GNR mass per unit length m̂GNR, the dopant mass per unit

length m̂D, the fractional overlap of the nanoribbons (φ) at the junctions, and

the added dopant mass per unit length (m̂AD) due to the junctions, which is

zero for internal doping and equal to m̂D for external doping:

m̂ = (1 + φ) m̂GNR + m̂D + φ m̂AD (4.4)

The fractional overlap is the fraction of the mean free path over which

the doped GNR are overlapped, at the junctions. The larger the overlap,

the greater the cohesive strength of the macroscale conductors; however over-

laps also introduce parasitic mass, reducing the specific conductivity of the

macroscale conductor.

The resistance (R) of the modeled nanowire segment is computed using

R−1 = MIN [GN , GJ ] (4.5)

where GN and GJ are the ballistic conductance values for the doped nanorib-

bon and doped junction respectively, obtained from the transmission calcu-

lations presented in the last two subsections. A MIN function is used to

represent the physics of electron wave transmission in the nanowire, with the

lower of the nanoribbon and junction conductances determining the current

flow. Note that this resistance calculation: (a) correctly captures the lim-

iting case in which ‘perfect’ junctions are transparent to the electrons, and
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(b) avoids the scaling pitfall in which a large cascade of trivially imperfect

nanoscale junctions would block macroscale current flow. In order to vali-

date this model, conduction calculations were made for a set of undoped GNR

junction cascades (see Figure 4.19). Table 4.2 lists the computed conductance

values for these cascades, as a function of the number of junctions in series,

and demonstrates that the junction cascade model used here is appropriate.

Table 4.2: Conductance of the multi-junction nanowire models

Number of junctions 1 2 3 4
Conductance (G/G0) 1.88 1.86 1.89 1.87

Note: GNR separation distance = 2.6 (angstrom)

Figure 4.20: Relative mass specific conductivity for 6-zGNR based nanowires.
(a) ideal (φ = 0) 6-zGNR nanowires; the dashed line indicates the performance
of a pristine nanowire with perfectly transmitting junctions; (b) nonideal (φ =
1) 6-zGNR nanowires; the dashed lines indicate published experimental data
for potassium doped graphene fibers.
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Table 4.3: Nanowire model parameters and relative specific conductivity

Dopant Dopant m̂D GN GJ M/Mref M/Mref

type configuration amu/(angstrom) (G/G0) (G/G0) (φ = 0) (φ = 1)
None - 0.0 3 0.507 3.00 3.00

K internal 5.28 1 0.529 2.86 1.50
K external 5.28 1 0.669 3.62 1.82
K internal 7.92 2 0.297 1.54 0.82
K external 7.92 2 1.653 8.59 4.31
I internal 17.1 4 1.431 6.54 3.70
I external 17.1 4 1.442 6.58 3.31
I internal 25.7 3 0.769 3.16 1.87
I external 25.7 3 1.202 4.94 2.48

Note: m̂GNR = 59.16 amu (angstrom)

The nanowire model just described was used to compute specific con-

ductivity (M) for the eight distinct nanowire types (two dopant types, two

doping densities, and two doping distributions) considered in this chapter.

Adopting the mass specific conductivity of copper [126] as a reference (Mref =

6671.30 S m2 kg−1), the performance of the modeled nanowires is compared

in Figure 4.20(a), which plots the performance metric M/Mref . The parame-

ters used in the calculations are listed in Table 4.3. In these calculations, the

junction length is taken to be eight unit cells, only one junction per mean free

path is assumed, and the mean free path is taken to be 500 nm [127], so that

for the value of the fractional overlap (φ) is essentially zero. The computed

results indicate that:

• all eight modeled configurations improve upon the specific conductivity
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of copper,

• with the exception of the potassium doped nanowires in an internal dop-

ing configuration, all of the modeled systems improve upon the best case

performance of an undoped zigzag GNR nanowire incorporating ‘perfect’

(transparent) junctions, and

• the best case performance is obtained with potassium doping in an exter-

nally doped configuration, which improves upon the specific conductivity

of copper by a factor of more than eight.

The preceding results suggest that doped GNR based conductors offer more

potential than doped CNT based conductors [65, 128] in the development

of high specific conductivity replacements for copper. However, as in the

doped CNT conductor case, doped GNR conductors can be expected to show

macroscale performance significantly less than the theoretical maximum, for

several reasons:

• narrow zigzag GNRs are very mass efficient conductors, other nanowire

geometries (for example the monolayer and bilayer graphene ‘sheets’ de-

scribed in published experimental work) may be less mass efficient;

• not all dopant atoms can be expected to be well aligned and well dis-

tributed along the graphene sheets, reducing doping efficiency; and

• larger fractional overlaps will be required in order to produce conductors

with acceptable mechanical strength.
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The significant fractional overlap (and the resultant parasitic mass) required

to obtain acceptable mechanical strength is perhaps the biggest disadvantage

of nanocarbon conductors, as compared to metals, where all of the conductor

mass contributes to both conductance and mechanical strength. Figure 4.20(b)

and Tables 4.2 and 4.3 compare the performance of ‘nonideal’ conductors, rep-

resented by setting the fractional overlap to one (half the total carbon mass

is parasitic), with published experimental data measured for monolayer and

bilayer graphene sheets doped by intercalated potassium atoms. Since the

doped conductor configurations accessible with published experimental meth-

ods and the doped conductor configurations accessible (at practical compu-

tational costs) in ab initio modeling are not identical, the comparisons with

experimental data shown in Figure 4.20(b) are approximate. Nonetheless, the

relative specific conductivity values for nonideal potassium doped nanowires

modeled in this chapter show good agreement with the published experimental

data. Although iodine doped graphene has been studied experimentally [129],

the author are not aware of any published experimental data on the specific

conductivity of iodine doped graphene.

4.6 Summary

The modeling results presented in this chapter show good agreement

with published experimental data for nanowire models which appear to be

representative of cohesive conductors, and identify important nanoscale fea-

tures which affect macroscale conductor performance. The results suggests a
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number of conclusions as follows:

• Narrow, potassium doped zigzag GNR conductors might offer specific

conductivities as much as four times those measured for potassium in-

tercalated graphene sheets.

• Improving the conductance of GNR junctions is quite important, and

doping appears to greatly reduce the sensitivity of junction conductance

to GNR overlap.

• Although difficult to control, the spatial distribution of the dopant atoms

is quite important; interposing dopant atoms between the nanocarbon

conductors does not appear to be optimal.

• Potassium and iodine can both improve nanoribbon specific conductivity,

and show a similar ‘median’ performance as dopants for zigzag nanorib-

bons. The performance of potassium is however more configuration de-

pendent than that of iodine, showing a greater sensitivity to changes in

doping density and dopant distribution. At the higher dopant density

considered in this chapter, the benefits of potassium doping continue to

accrue while the benefits of iodine doping appear to saturate.

As compared to previous computational studies on doped carbon nanotubes

[65, 128], the best case specific conductivity improvements offered by iodine

and potassium doping of GNRs are approximately double those offered by

iodine and potassium doping of CNTs.
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In the design of GNR-based sensor, the computational model of single

nanoribbon could be referred to safely, once juntion effects are cancelled out

by doping or the changing of overlap.
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Chapter 5

Conductance of Curved 3M-1 Armchair

Graphene Nanoribbons

5.1 Introduction

Graphene offers an unusual combination of electrical, optical, and me-

chanical properties, and is therefore the focus of much recent research on a

variety of electrical and electromechanical devices, such as touch panels [130,

131, 132, 133], soft actuators [134], and wearable sensors [135, 58]. Under-

standing the effects of mechanical deformation on graphene properties is of-

ten of central interest in device design: examples include electrical conduc-

tors [110, 78, 136], high strength fibers [116, 137], nanowall temperature sen-

sors [138], resonators [139, 140], strain gauges [141], and ‘sandwich’ struc-

tures [142] or ‘bubble’ inclusions [143] in graphene devices. The develop-

ment of bottom-up synthesis methods and atomically precise measurement

systems [144, 145, 146, 147] has dramatically increased the potential for ap-

plying graphene’s novel properties in practical devices. The preceding ad-

vances should however be complemented by first principals based modeling

research, to facilitate the application of computer aided design methods (well

established at the macro and microscale level) in nanoscale electromechanical
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systems development. 1

An electromechanical structure-property relationship of cross-cutting

interest in graphene based device design is the effects of deformation on graphene

nanoribbon (GNR) conductance. Previous work has investigated the effects

of strain, curvature, and in-plane bending on GNR conductance, in vari-

ous geometries, and attributed measured or computed conductance changes

to bandgap changes, rehybridization, [148] and other effects. The most ba-

sic previous work has computed conductance changes due to uniaxial load-

ing [149, 150] and associated those changes with bandgap effects. Other work

has considered bent or folded GNRs [131, 151, 152], ‘mapping’ local strain

distributions to the aforementioned basic cases in order to explain overall GNR

performance. An additional series of papers has considered ‘in-plane’ bend-

ing [153], defined as bending about an axis normal to the GNR surface, which

is distinct from the deformation mode considered in this chapter.

Controlled fabrication of ultra-narrow GNR’s has been demonstrated [147],

and the electrical performance of curved 5-aGNRs and 7-aGNRs has been mea-

sured in scanning tunneling microscope (STM) experiments [144, 154]. In the

cited ‘lifting’ experiments, nanoribbons were subjected to large bending defor-

mations and their conductance measured as a function of bias voltage. Such

basic test data is well suited to elucidate fundamental physics of wide de-

1This chapter is based on: J. Zhang and E. Fahrenthold, Conductance of Curved 3M-1
Armchair Graphene Nanoribbons. The Journal of Physical Chemistry C, 123.35 (2019):
21805-21812. The paper co-author is the dissertation supervisor. The authors made equal
contributions to the paper.
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sign interest. In the 7-aGNR case, the experiments showed, as expected, an

exponential decay of the current with GNR length, at a fixed bias voltage.

In the 5-aGNR case however the test data [154] showed unexpected results,

namely a non-monotonic variation in the nanoribbon current, with a peak

current observed at low liftoff values followed by an exponential decay of the

current at high conducting lengths. Although the measured 5-aGNR charge

transport was found to be consistent with ab initio model calculations, the

physical basis for the observed nonlinearity was described as ‘unknown’ and

speculatively attributed to complex coupling of the carbon nanowire with the

metal substrate. Recognizing the importance of electromechanical coupling

in nanoelectromechanical systems (NEMS) design and the widespread interest

in narrow bandgap GNRs for electronic devices [147], this chapter describes

a new ab initio study of the conductance properties of curved 3M-1 aGNRs,

extending work performed to complement the cited aGNR experiments. The

numerical results are used to formulate a new analytical conductance model

for 3M-1 aGNRs, including both length and curvature effects, which is then

evaluated by comparison with published experimental data. An example ap-

plication of the modeling results to nanoscale displacement transducer design

illustrates the utility of the modeling research.
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5.2 Numerical Model

5.2.1 Nanoribbon geometry

Figure 5.1: a, Schematic depicting a curved graphene nanoribbon conductor.
b, Geometric model of a curved nanoribbon. c, Oblique view of a curved
nanoribbon with a rotation (θ) greater than π/2. d, Oblique view of a curved
nanoribbon with a rotation (θ) less than π/2.

The generic nanoribbon model described in this chapter is defined in

Figure 5.1. Figure 5.1a shows the notional physical system, a curved nanorib-

bon in contact with two electrodes. The corresponding computational model

is described as follows. The geometry of the curved segment of the GNR, used

to initialize the computational model, is indicated in Figure 5.1b: the curved

segment of the GNR model has length L and is made up of two circular arcs,

defined by a rotation θ and a radius of curvature R. Figure 5.1c depicts a

GNR configuration for the extreme case θ = π, while Figure 5.1d depicts a

102



configuration for which θ < 0.5π. The vertical separation distance of the ends

of the GNR is H, and the slopes of the lines which define the curved portions

of the GNR are zero at their end points. Note that for the assumed initial

geometry of the curved segment of the GNR, the parameters L, θ, R, and H

are related by the constraints

H θ = L (1− cos θ) , L = 2R θ (5.1)

so that only two parameters specify the curved geometry. Attached to each end

of the curved portions of the GNR are two flat sections, the first a mechanical

buffer and the second a computational electrode. The bias applied to the

nanoribbon is determined by stipulating the difference between the electrode

voltages, and the current carrying length of the modeled GNR is

S = L+ Lbuf (5.2)

where 0.5 Lbuf is the length of the mechanical buffer segment on each end of

the GNR. In the equilibrium calculations, the atom positions in the electrode

and buffer regions are fixed, while the atoms in the curved portion of the

nanoribbon are free.

The modeled nanoribbons are in all cases 3M-1 aGNRs (M an integer)

with a unit cell (u.c.) length of 0.4278 nm, edge-terminated by hydrogen

atoms. Note that the modeled class of nanoribbons offers the smallest aGNR

band gap, according to the well known 3-fold periodic pattern [69, 155], hence

the modeled aGNR are very close to metallic. The modeling results presented
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in the next section include geometric parameter variations over the ranges

4 ≤ L ≤ 18 (u.c) , 0 ≤ θ ≤ π , 0 ≤ H ≤ 5.39 (nm) , 6.80 ≤ R ≤ ∞ (nm)

(5.3)

where an infinite radius of curvature denotes a flat nanoribbon. The mechan-

ical buffers and electrodes on each end of the GNR were three unit cells in

length. Current-voltage (I-V) performance was computed for bias voltages in

the range 0.0-0.8 volts.

5.2.2 Nanowire model

The ab initio calculations described in the next section were used to

formulate a nanowire model which extends the well known exponential de-

cay model for current flow in flat semiconducting nanowires subjected to a

bias voltage. The analytical modeling work presented here seeks a separable,

two-parameter description of length and curvature effects on the nanoribbon

current I(η, S, V ) in the form

α(η) ≡ I(η, S, V )

Iflat(S, V )
, η ∈ {θ,H} (5.4)

where η is a curvature parameter (either H or θ), V is the applied bias voltage,

and Iflat(S, V ) is the current in a corresponding flat nanoribbon at the same

length and bias voltage. Consistent with previous work, [144, 156] the current

in the flat nanoribbon is represented as

Iflat(S, V ) = Io(So, V ) e−k(V )<S−So> (5.5)
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where < x− xo > is the Macualey bracket (defined as ‘x− xo’ for x > xo and

zero otherwise), k(V ) is the voltage dependent inverse decay length, and So is

the largest nanoribbon length for which no exponential decay is observed.

5.3 Results and Discussion

The computational results are presented and discussed as follows. First

the ab initio modeling results for flat 5-aGNRs are shown to be consistent

with the well known exponential decay relation for semiconducting nanowires.

Next the ab initio modeling results for curved 5-aGNRs are compared to the

separable form of equation 5.4 proposed here, which is shown to extend the

existing flat armchair nanowire model to the curved nanowire case. Third, the

curved nanowire analysis applied to 5-aGNRs is shown to describe the current

response of 8-aGNR and 11-aGNR to bias voltages; the effects of curvature

on conductance for all three 3M-1 nanoribbons are attributed to changes in

bandgaps and scattering properties induced by the nanowire deformation. The

discussion which follows the presentation of the modeling results considers

strain distributions in the modeled nanoribbons, a focus of much previous

computational work, and finally compares the form of the nanowire model

developed in this chapter with published experimental data.
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5.3.1 Current-Voltage Results for 5-aGNRs

Figure 5.2: a, Current-voltage curves for flat 5-aGNRs of various lengths
(length in unit cells). b, Current versus length (in unit cells) for flat 5-aGNRs
at various bias voltages.

A series of ab initio calculations were performed to compute the current-

voltage response of flat 5-aGNR nanowires, as a function of length, at four

different bias voltages. The results are shown in Figure 5.2, which confirms

the exponential decay model of equation 5.5.
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Figure 5.3: a, Changes in the curved nanoribbon geometry for variations in
GNR length (in unit cells) at a fixed electrode separation distance (H). b,
Changes in the curved nanoribbon geometry for variations in GNR length (in
unit cells) at a fixed rotation (θ). c, Current ratio (α) versus bias voltage
for curved 5-aGNRs, at a fixed electrode separation distance (H) and various
lengths (in unit cells). d, Current ratio (α) versus bias voltage for curved
5-aGNRs, at a fixed rotation (θ) and various lengths (in unit cells). e, Plot of
the computed current ratios for 5-aGNRs versus electrode separation distance
(H); note that α is not a single valued function of H. f, Plot of the computed
current ratios for 5-aGNRs versus rotation (θ); note that α is a single valued
function of θ.
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Next a series of ab initio calculations were performed to compute the

current-voltage response of curved 5-aGNR nanowires, as a function of rotation

(θ) and vertical electrode separation (H), at four different bias voltages. The

rotation was varied over the range 0 ≤ θ ≤ π and the separation height was

varied from zero to six nm. The models and results are shown in Figure 5.3.

Figures 5.3(a) and 5.3(b) illustrate the effects of the parameter variations on

the deformed nanoribbon shapes; Figures 5.3(c) and 5.3(d) show the computed

current ratios (α) of the curved nanoribbon currents to those of correspond-

ing (same length and bias voltage) flat nanoribbons; finally Figures 5.3(e)

and 5.3(f) plot α(η) versus η, for η ∈ {θ,H}, evaluating the postulated sep-

arable form of equation 5.4 as a general description of curvature effects on

the conductance of 3M-1 aGNRs. The ab initio results shown in Figure 5.3

indicate that: (1) the function α(θ) is single valued, while the function α(H)

is not, (2) the variation in α(θ) is not monotonic, showing a peak current

which significantly exceeds that of the corresponding flat nanoribbon at low

rotations, and (3) the same current ratio function α(θ) applies for all bias

voltages. Note that the function α(θ) is linear over a wide range of values of

the rotation θ. The functional dependence of the current ratio α on θ suggests

a generalization, in separable form, of the exponential decay model for current

flow in semiconducting nanowires, one which includes the effects of both cur-

vature and length on the conductance of 3M-1 aGNRs. Note that the largest

deviation of the ab initio data from the average trend depicted in Figure 5.3(f)

occurs for a bias voltage of 0.2V. At this low bias voltage, the current response
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for both the straight and the curved GNRs is small, and the variations in α

are associated with computing the ratios of two small numbers.

Table 5.1: Polynomial coefficients for α(θ)

0 ≤ θ ≤ π/6 π/6 ≤ θ ≤ π
nanoribbon a1 a2 a3 a4 b0 b1

5-aGNR 0.443 -0.796 0.314 -0.042 1.224 -0.322
8-aGNR 0.289 -0.637 0.285 -0.045 1.190 -0.300
11-aGNR 0.167 -0.548 0.302 -0.057 1.107 -0.245

An analytical expression for the function α(θ) was obtained by fitting

the ab initio 5-aGNR data to the polynomials

fa(θ) = 1 +
4∑
i=1

ai θ
i , fb(θ) = bo + b1 θ (5.6)

where the coefficients ai were obtained by fitting over the entire range 0 ≤ θ ≤

π while the coefficients bi were obtained by fitting over the range π/6 ≤ θ ≤ π.

The fitted coefficients are listed in Table 5.1. Figure 5.4(a) shows the fitted

result for fa(θ). The best interpolation of the computed data appears to be

provided by the composite interpolation shown in Figure 5.4(b), using the fit

fa(θ) (solid line) at small values of θ and the fit fb(θ) (dotted line) elsewhere.
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Figure 5.4: a, Polynomial approximation (solid line) of the computed current
ratio function α(θ) as a function of the rotation (θ). b, Two part polynomial
approximation of the computed current ratio function α(θ) as a function of
the rotation (θ), employing a linear approximation for θ > π/6. c, Variation
of the computed bandgap with rotation (θ), for 5-aGNRs (model length of ten
unit cells), 8-aGNRs (model length of six unit cells), and 11-aGNRs (model
length of six unit cells). d, Variation of the computed current ratio with θ, for
3M-1 aGNRs.

The physical bases for the computed effects of rotation on aGNR con-

ductance appear to be as follows:
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• At low rotations, the HOMO-LUMO (highest occupied molecular orbital-

lowest unoccupied molecular orbital) band gap is a sensitive function of

θ; the computed band gap variations plotted in Figure 5.4(c) appear

to be responsible for the current increase predicted at small rotations,

currents which exceed those for corresponding flat nanoribbons.

• At all rotations, the transmission of electron waves is hindered by the

need for the flux to follow the curved path of the aGNR surface. Once

the band gap stabilizes, this scattering effect dominates and the change

in nanoribbon current is approximately proportional to the change in

rotation.

It is important to emphasize that the preceding description of rotation depen-

dent effects applies at all nanowire lengths and for all bias voltages.

5.3.2 General Current-Voltage Results for 3M-1 aGNRs

To evaluate the general applicability of the expression 5.4 for 3M-1 aG-

NRs, additional ab initio calculations, like those made for the 5-aGNRs, were

performed for 8-aGNRs and 11-aGNRs and additional analytical interpolations

were constructed. As indicated by the plotted results shown in Figure 5.4(d)

and the fitted coefficients listed in Table 5.1, the responses of the three aG-

NRs are qualitatively very similar. The ab initio conductance calculations

show clear trends with aGNR width: (1) at small rotations, the peak current

decreases with aGNR width, while (2) at high rotations, the rate of decrease

of the current ratio with aGNR width (fitted parameter b1) is also reduced.
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Figure 5.5: a, Oblique views of the strain distribution in curved 5-aGNRs, as
a function of the rotation (θ). b, Planar views of the strain distribution in
curved 5-aGNRs, as a function of the radius of curvature (R) and the rotation
(θ), for a length of ten unit cells. c, Oblique views of the strain distribution
in curved 11-aGNRs, as a function of the rotation (θ). d, Planar views of the
strain distribution in curved 11-aGNRs, as a function of the radius of curvature
(R) and the rotation (θ), for a length of six unit cells.
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The physical bases for the computed effects of aGNR width on current

are indicated by the band gap plots in Figure 5.4(c) and the strain distribution

plots shown in Figure 5.5. Note that in the later figure, a ‘bond’ strain (ε) is

computed for every covalently bonded atom pair using

ε =
d− do
do

(5.7)

where d is the separation distance of the nuclei in the computed equilibrium

configuration of the curved GNR and do is the corresponding separation dis-

tance of the nuclei in the computed equilibrium configuration for a correspond-

ing flat nanoribbon:

• With regard to the band gaps: at low rotations, as the aGNR width

is increased, the maximum initial HOMO-LUMO band gaps shown in

Figure 5.4(c) decrease. Hence the initial current enhancing benefits of

rotation on band gap closure decline with increasing width.

• With regard to the strains: at all rotations, the variation of the strain

fields with nanoribbon width in the deformed aGNR suggest an addi-

tional scattering effect on the curved nanoribbon current. All of the

modeled GNRs show a strain distribution which is predominantly tensile

at the GNR edges and compressive over the GNR interior (Figure 5.5).

The narrower the GNR, the more significant is the edge tension in reduc-

ing the overall nanoribbon electron transmission. Conversely, the wider

the GNR, the more important is the interior compressive strain field in
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enhancing the overall nanoribbon transmission. The preceding interpre-

tation of strain effects is consistent with previous work [149, 150] on the

effects of imposed bulk strains on conductance in flat GNRs. It should

be emphasized however that in the present work considers strain fields

obtained from equilibrium analysis of curved GNR configurations sub-

jected to end constraints, which are therefore more heterogeneous than

those discussed on the last cited works.

5.3.3 Comparison With Experiment

The analytical model developed in the preceding subsections was evalu-

ated by comparing equation 5.4 with data from a published nanoribbon ‘lifting’

experiment [154]. The nanoribbon current measurements were made on a test

article which corresponds to one half of the system modeled in this chapter:

the current was measured as a function of the ‘liftoff’ (z) of the tip of a 5-

aGNR from a flat gold electrode, where the input voltage was the difference

between the applied tip voltage and the voltage of the gold electrode. Hence,

on the basis of symmetry alone (and not invoking any linearity assumption),

the model calculations are made for a nanoribbon length twice that reported

in the experiments and a bias voltage twice that applied in the experiment.

The only significant difference between the model and the experiments is in

the precise shape of the curved nanoribbons. As noted previously, the model

calculations are made by equilibrating nanoribbons whose atomic positions

were initialized to follow circular arcs, so that the initial values of θ, H, and
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L are linked by the constraints (equation 5.1). By contrast, the experimen-

tal nanoribbon shape was determined by equilibrating nanoribbons subjected

to a vertical (lifting) force applied at the nanoribbon tip. The experimental

equilibrium nanoribbon shape is described here using: (a) published data [17,

see Supplementary Information, Figure 8] of the variation in a narrow GNR

conductor length as a function of the liftoff, and (b) published data [17, see

Supplementary Information, page S5] of the values of a narrow GNR conduc-

tor rotation (θ) as a function of the liftoff. The model calculations estimate

the experimental nanoribbon length and rotation, at all values of the liftoff

(z), by linear interpolation of the length (S(z)) and the rotation (θ(z)) using

the cited tabulations.

Figure 5.6: Comparision of experimental data [154] for current versus liftoff
in a 5-aGNR under a bias voltage with the fitted analytical model of equation
(4); fitted parameters are provided in the text.
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The interpolated descriptions of the variation of the 5-aGNR length and

rotation with liftoff allow the model (equation 5.1) for the curved nanoribbon

current to be fit to the experimental data of reference [31], which provides

measured nanoribbon current as a function of liftoff. Figure 5.6 compares the

experimental data with the model, for the fitted parameters

a1 = 3.549 , a2 = −6.366 , a3 = 2.514 , a4 = −0.335 ,
k = 0.338 nm−1 , So = 4.0 u.c.

(5.8)

and suggests that the separable form (equation 5.1) provides an accurate rep-

resentation of the combined effects of length and rotation on conductance, over

the experimental range 0 ≤ θ ≤ 1.17, extending the well known exponential

decay model for semiconducting nanowires to an important class of deformed

nanoribbons of significant technological interest.
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5.4 Application Example

Figure 5.7: Notional displacement transducer, the proposed design is based on
the curved nanoribbon model developed in this chapter; reference configura-
tion, θ = π/2; deformed configuration, θ > π/2. b, Computed displacement
transducer performance for a 5-aGNR.

Application of the modeling results presented in this chapter may be

illustrated by the conceptual design of a nanoscale displacement transducer.

Figure 5.7(a) shows the reference and deformed configurations of a displace-

ment transducer which consists of a single 5-aGNR nanoribbon subjected to

a bias voltage, applied across two electrodes. Assuming that the kinematics

(equation 5.1) describe the motion, the horizontal separation distance for the

electrodes (D) is

D = L
sin(θ)

θ
(5.9)

where L denotes the fixed length of the transducer nanoribbon. If the sensor

is operated in the broad region θ > π/6 where the current ratio α(θ) varies
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linearly with θ, then

α− αref = b1 (θ − θref ) (5.10)

where the subscript ‘ref’ denotes the reference configuration for the transducer.

Since α/αref = I/Iref the displacement D − Dref may be obtained from the

measured current I using

D −Dref

Dref

=
θref
θ

sin(θ)

sin(θref )
− 1 , θ = θref +

αref
b1

(
I − Iref
Iref

)
(5.11)

where the separation distance (Dref ), rotation (θref ), current (Iref ), and cur-

rent ratio (αref ) in the reference configuration are known. Note that the

preceding expression describes large motions (relative to Dref ) and is not ob-

tained by linearization about some operating point. Figure 5.7(b) plots the

normalized displacement as a function of the measured current for a 5-aGNR

nanoribbon with the reference configuration as depicted in Figure 5.7(a); the

plotted response spans a one hundred percent change in the normalized dis-

placement. Note the linear response over a wide range of negative displace-

ments. The nanoribbon length (L) and the reference configuration rotation

(θref ) are adjustable parameters; changing L scales the transducer to smaller or

larger dimensions, while changing θref will bias the allowable operating range

in the positive or negative displacement direction. Alternative applications for

the modeling work presented here might include the design of nanoresonators

or nanoscale strain gauges.
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5.5 Summary

The research presented in this chapter addresses the very basic ques-

tion of curvature effects on the electrical performance of semiconducting 3M-1

armchair GNRs, and suggests the following conclusions:

• nanowire rotation and length are orthogonal coordinates which deter-

mine the current flow, at a fixed voltage bias;

• at low rotations, the dependance of the current flow on rotation is non-

monotonic and the current in a curved nanowire can exceed that of a

flat nanowire of the same length, due to bandgap effects;

• at large rotations, the change in current flow with change in rotation is

linear and due to scattering effects as the electrons are forced to flow

along the curved nanowire;

• as the GNR width increases, bandgap effects are strongly attenuated and

the dependance of the current flow on rotation approaches a monotonic

decline; and

• as the GNR width increases, the rate of reduction in the current flow with

change in rotation is reduced (scattering effects are slightly attenuated).
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Chapter 6

Conductance of Buckled N=5 Armchair

Graphene Nanoribbons

6.1 Introduction

The electrical properties of graphene are of wide theoretical [148, 157,

158, 159, 150] and practical interest, for applications including nanoresonators

[160, 161], electrochemical capacitors [162, 163], strain sensors [164, 165],

chemiresistive sensors [166], and transparent electrodes [131, 167]. The elec-

trical properties of graphene may be modified or controlled, to address specific

device design goals, using doping, functionalization, geometric deformation,

or other methods. Geometric deformation methods are of particular interest,

since the excellent mechanical properties of graphene offer the possibility of

reversible, automatic control of film or nanoribbon conductance. 1

Electromechanical coupling in graphene nanoribbons and films has been

the focus of much research, as both an opportunity and an obstacle, for exam-

ple: (a) pressure transducers [168] and other nanoelectromechanical devices

1This chapter is based on: J. Zhang and E. Fahrenthold, Conductance of Buckled N=5
Armchair Graphene Nanoribbons. The Journal of Physical Chemistry Letters, 11.4 (2020):
1378-1383. The paper co-author is the dissertation supervisor. The authors made equal
contributions to the paper.
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[139, 169] exploit this coupling in sensor design, and (b) efforts aimed at re-

alizing the very high electron mobilities offered by flat, suspended graphene

[158, 159] have been frustrated by mechanical sagging, which occurs when the

graphene is deposited across gaps [157, 170]. Although previous work has in-

cluded detailed studies of both the mechanical [171] and the electronic [152]

properties of graphene nanoribbons (GNR), more general descriptions of elec-

tromechanical coupling are needed. Of particular interest is the development

of general analytical descriptions of deformation effects on GNR conductance

[172], for application in the conceptual design of new nanoelectromechanical

systems (NEMS). Although last chapter addressed a deformed state (a circular

arc) of wide practical interest, it did not address complex geometries such as

the highly rippled [170] or buckled [165] nanoribbon configurations of interest

for devices fabricated on very flexible substrates [173].

Rippled geometries are commonly observed in monolayer graphene and

may arise spontaneously during device fabrication [157] or be induced by me-

chanical [165] or thermal [170] loading. Elastic compressive bulk strains (as

opposed to local or ‘bond’ strains) exceeding thirty percent have been observed

in experiments, motivating interest in graphene as a large deformation piezo-

electric strain sensor [164] or displacement transducer [172]. To date most

studies of the electrical properties of deformed graphene have attributed con-

ductance changes to local strain effects [150, 152]. However, experiments by

Wang et al. [165] on corrugated graphene ribbons deposited on a prestrained

substrate indicated ‘quite small’ local strains (0.3 percent) for experiments in
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which the GNR experienced a bulk strain exceeding 25 percent. It appears

that, consistent with recent computational work [172] modeling electrome-

chanical coupling effects measured in GNR ‘lifting’ experiments [144, 154],

the resistance change observed in rippled graphene experiments is due to bulk

nanoribbon deformation.

This chapter develops the first general analytical model of nonlinear

electrical conductance effects in buckled graphene nanoribbons. Ab initio cal-

culations are used to determine the current-voltage characteristics of semicon-

ducting N = 5 armchair GNRs as a function of length, shape, and voltage bias.

The computational results are then embodied in an analytical model which

generalizes previous work on current flow in semiconducting nanowires and

offers a fundamental description of the coupling physics, suitable for general

application in the conceptual design of strain sensors, displacement transduc-

ers, and similar devices. The modeling results are shown to be consistent with

published experimental data, and suggest that: (a) experimental calibrations

which describe the measured change in resistance as a function of bulk strain

could be improved by introducing correlations which depend on total rotation

(along the buckled nanoribbon arc) for a fixed length sensor, and (b) isolating

the effects of bending on buckled nanoribbon conductance requires scaling cur-

rent measurements on the rippled conductors with those measured for a flat

nanoribbon of the same length. Calibrations based on this current ratio may

be employed to describe sensor performance over a wide range of nanoribbon

lengths and applied bias voltages.
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6.2 Numerical Model

Figure 6.1: Equilibrium configurations for buckled N = 5 armchair graphene
nanoribbons at bulk compressive strains of: (a) 0.61 and (b) 0.74. The hy-
drogen terminated nanoribbons are 16 unit cells in length (1 u.c. = 0.428
nm).

The buckled nanoribbons depicted in Figure 6.1 illustrate the deformed

conductors modeled in this chapter. They are hydrogen terminated 5aGNRs,

each 16 unit cells in length (1 u.c. = 0.428 nm), in equilibrium configurations

at bulk (compressive) strains of 0.61 and 0.74 respectively. Schematics of

typical modeled systems are shown in Figure 6.2; each model consists of two

electrodes (shown in yellow), two mechanical buffers (shown in blue), and a

center section of arc length L. The positions of the atoms in the electrodes

and the mechanical buffers are fixed, while the initial positions of the atoms

in the center section fall along four circular arcs, of equal arc length, defined

by a radius of curvature R and a rotation θ. At the end points where the

center section intersects the mechanical buffers, the slopes of the curves which

define the positions of the atoms in the center section are zero. The horizontal
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Figure 6.2: Schematics depicting example initial and equilibrium configura-
tions for the nanoribbon conductors modeled in this chapter. (a) The initial
configurations are defined by the GNR free length (L), four circular arcs de-
fined by a radius of curvature (R) and a rotation (θ), and the separation
distance (D) spanned by the free length. (b) The complete model includes
electrodes (shown in yellow) and mechanical buffers (shown in blue), whose
positions are fixed. The horizontal separation distance of the mechnical buffers
defines the span (D). (c) At any stipulated free length (L), the parameter θ
defines the initial positions of the atoms while the parameter φ represents the
total rotation along the electron transmission pathway after equilibration of
the ab intio model.

separation distance for the two mechanical buffers (D, hereafter referred to as

the ‘span’), defines the bulk strain for the nanoribbon

ε =
D

L
− 1 (6.1)

Figure 6.2(c) depicts initial and final (equilibrated) configurations for

the buckled nanoribbons modeled in this chapter, for several values of the ini-

tialization parameter θ. Note that for the highly deformed nanoribbons consid-
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ered in this chapter, the initial and equilibrium configurations differ markedly,

and the circular arcs parametized by θ do not describe the deformed shape.

Hence we parametize the equilibrium configurations with another angular mea-

sure, a total rotation (φ) measured along the center section arc length, which

is defined by

φ =

∫ L

0

∣∣∣∣ ∂ψ∂s
∣∣∣∣ ds, ψ = ψ(s, L,D) (6.2)

where s denotes the arc length and ψ denotes the local rotation. This integral

was approximated by projecting the curved shape into the xy, plane, dividing

the projected curve into straight line segments defined by the coordinates of n

points (nodes), then summing the magnitudes of the changes in the rotation

at the interior nodes

φ =
n−1∑
i=2

∣∣∣∣tan−1( yi+1 − yi
xi+1 − xi

)
− tan−1

(
yi − yi−1
xi − xi−1

)∣∣∣∣ (6.3)

where (xi, yi) are the nodal coordinates. As shown in the next section, and

consistent with previous work [172] on the conductance of curved semicon-

ducting nanoribbons whose equilibrium configurations are defined by circular

arcs, it is the total rotation φ (an extensive displacement variable analogous

to L) which determines the effects of GNR curvature on conductance.

6.3 Results and Discussion

The conductance properties of the modeled GNRs were determined by

applying a bias voltage to the electrodes and computing the GNR current as
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a function of the bias voltage, the span (D), and the total conducting length

(S) defined by

S = L+ Lbuf (6.4)

where 0.5 Lbuf is the length (one unit cell) of the mechanical buffers on each

end of the GNR.

As discussed widely in previous work [156, 144, 154, 172], the effect

of conductor length on current flow in semiconducting nanowires is typically

described by an exponential decay law, so that the current flow in a flat semi-

conducting nanoribbon takes the general form

Iflat(S, V ) = Io(So, V ) e−β(V )<S−So> (6.5)

where V is the bias voltage, β(V ) is the voltage dependent inverse decay length,

< x − xo > is the Macualey bracket (defined as ‘x − xo’ for x > xo and zero

otherwise), and So is the largest conductor length for which no exponential

decay is observed. In the case of the 5aGNR considered here, previous work

[172] indicates an So value of four unit cells. However, note that the numerical

modeling work which follows quantifies curvature effects by computing the

ratio of the current in the buckled nanoribbon to that of a corresponding

flat nanoribbon of the same length. As a result the curvature effects model

formulated here is not dependent upon the value of So.

To account for the effects of curvature in highly deformed (rippled or

buckled) nanoribbons, the present chapter postulates a functional form

I(S, V, η) ≡ α(S, η) Iflat(S, V ) (6.6)
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for the current (I) in a buckled nanoribbon, where the function α(S, η) is the

ratio of the current in the buckled nanoribbon to that of a flat nanoribbon of

the same length and at the same bias voltage, and η is a state variable (to

be determined) which accounts for the effects of curvature on conductance.

Postulated identities for η as either the bulk strain ε, the span D, or the total

rotation φ are based on: (1) published experimental data on the measured

performance of rippled strain gauges, and (2) recently published modeling

work (shown to be consistent with experiment) on the conductance properties

of curved semiconducting nanoribbons with shapes described by circular arcs.

The postulated functional form for the current ratio α(S, η) was evaluated by

computing the current-voltage characteristics for a series of N = 5 armchair

graphene nanoribbons, like those shown in Figures 6.1 and 6.2, in which the

length, bias voltage, and span varied over the ranges

8 ≤ L ≤ 20 (u.c), 18 ≤ D ≤ 86 (Å), 0.4 ≤ V ≤ 0.8 (V ) (6.7)

to produce bulk strain and total rotation variations over the ranges

−0.74 ≤ ε ≤ 0, 0 ≤ φ ≤ 448 (deg) (6.8)
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Figure 6.3: Evaluation of the current ratio function α(L, η), at various bias
voltages, for: (a) η = D and L = 8 u.c, (b) η = φ and L = 8 u.c., (c) η = D
and L = 16 u.c., and (d) η = φ and L = 16 u.c.

Figure 6.4: Evaluation of the current ratio function α(L, η), at a bias of 0.8
volts and various nanoribbon free lengths (L), for: (a) η = ε, (b) η = φ.
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The results of the transport calculations are plotted in Figures 6.3

and 6.4. Figure 6.3 plots the current ratios α(L,D) and α(L, φ) for two differ-

ent GNR lengths at various bias voltages, and indicates that the current ratio

is generally a weak function of the bias voltage. Note that for the α(L,D)

plots in Figure 6.3, D and ε are equivalent variables, since the plotted results

hold the nanowire length constant. Figure 6.4 plots the current ratios α(L, ε)

and α(L, φ) for a fixed bias voltage at various nanowire lengths. Although

the bulk strain ε, the span D, and the rotation φ appear to be highly corre-

lated, the plotted results suggest that it is the total rotation which determines

the current flow. Note that for electromechanical sensors designed to measure

current and thereby infer bulk strain, the correlation α(L, φ) is preferred over

α(L, ε), in particular at strains below ten percent.

A physical explanation for the computed trends, which suggest that the

current ratio should be expressed as a function of the nanowire length and total

rotation, appears to be the requirement that the electron transport follow the

complex paths defined by the equilibrium shapes of the buckled nanoribbons.

As suggested by Figures 6.1 and 6.2, longer nanoribbons and larger rotations

are associated with more convoluted transport pathways, increasing scattering

effects [174] and reducing electrical conductance.

Although local strain effects on nanoribbon conductance have been the

focus of much previous research, it appears that in this case that local strain

effects are modest. Figure 6.5 shows plots of ‘bond’ strains (ε), computed for
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Figure 6.5: Contour plots for the local strain (ε) along buckled nanoribbons,
projected onto the corresponding flat nanoribbon configuration, as a function
of the bulk strain (ε) and the total rotation (φ) at equilibrium. The nanoribbon
free length is 16 u.c.

every covalently bonded atom pair of a fixed length GNR, and defined by

ε =
d− do
do

(6.9)

where d is the separation distance of the atoms in the computed equilibrium

configuration for the buckled GNR and do is the corresponding separation

distance of the atoms in the flat nanoribbon. Figure 6.5 indicates that for

a GNR of a fixed length subjected to increased bulk strains, local strains

remain small (of order 10−3) while total rotations increase dramatically. As

compared to previous work [150, 149] on bond strain effects on resistance in
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flat, narrow graphene nanoribbons, it appears that bond strain effects on the

resistance of buckled nanoribbons are limited. However, as in the case of

the band gap, density of states, and HOMO-LUMO structure observations,

the increased magnitudes and the expanded spatial extent of the tensile bond

strains, associated with increases in the total rotation (see Figure 6.5), are

consistent with the computed reductions in conductance.

Table 6.1: Functional form and fitted coefficients for the current ratio α(L, φ)

fi(Li, φ) = 1 + a1φ+ a2φ
2

L (u.c.) a1 (deg−1) a2 (deg−2)
8 -8.98×10−4 -5.26×10−6

12 -5.19×10−4 -4.32×10−6

16 -1.86×10−4 -3.48×10−6

20 -1.48×10−4 -1.84×10−6

An analytical description of the ab initio modeling results may be ob-

tained by: (1) fitting the α(L, φ) data shown in Figure 6.4 to second order

polynomials, one for each of the four modeled values of L, then (2) introducing

a Lagrange interpolation to represent the computational data set. Table 6.1

provides the functional forms and fitted coefficients for the four polynomials

fi(Li, φ) at a bias of 0.8 volts; they are plotted as dashed lines in Figure 6.4.

The Lagrange interpolation for α(L, φ) at a fixed voltage bias is then

α(L, φ) =
n∑
i=1

Pi(L) fi(Li, φ), Pi(L) =

n∏
j=1,j 6=i

(L− Lj)

n∏
j=1,j 6=i

(Li − Lj)
(6.10)
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As compared to the special case of curved nanoribbons with shapes described

by circular arcs [172], the current ratio for a buckled GNR is a function of the

same two geometric parameters (L and φ), but its analytical expression does

not take a separable form. This appears to be due to the fact, as illustrated

in Figures 6.1 and 6.2, that the equilibrium shapes of the buckled GNRs vary

markedly with changes in the bulk strain.

Figure 6.6: (a) Comparison of the measured scaled resistance (R/Rflat) for
a buckled graphene nanoribbon [165] with the computed scaled resistance
(present work) for a 5aGNR, as a function of bulk strain. (b) Computed
scaled resistance (present work) for a 5aGNR, as a function of the total rota-
tion along the electron transmission pathway.

The conductance model developed in this chapter may be critically

evaluated by comparing the modeling results presented here with published

experimental data for ‘graphene ribbon’ strain gauges mounted on stretched

polydimethylsiloxane (PDMS) [165]. Figure 6.6(a) compares computed val-

ues for the resistance ratio R(ε)/Rflat for a 5aGNR at a bias of 0.8 volts to

corresponding experimental values (see Figure 5b of Wang et. al [165]) for
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a graphene ribbon (width 1.5 µm and length 22.8 µm) measured over a bias

range of ±20 millivolts. Although the comparison is necessarily qualitative,

the modeling results are generally consistent with the test data. Within the

range of the published test data, both the computational and the experimen-

tal data indicate that a conventional gauge factor defined in terms of the bulk

strain will be constant; however the computational results, which extend to

much higher bulk strains, indicate that this gauge factor will not apply at

strains above 25 percent.

Two additional published data sets also support the proposed conduc-

tance model. They describe resistance measurements on graphene films de-

posited on PDMS/PET (polyethylene terephthalate) [131] and PDMS/PMMA

(polymethyl methacrylate) [173] substrates, bent to form an arch described an-

alytically by a ‘bending angle or a radius of curvature measured at the arch

apex. The test data for these experiments was reported by plotting film re-

sistance versus bending angle (see Figure 6b of Chun et. al [173]) or radius

of curvature (see Figure 4c of Kim et. al [131]). The cited plots show a

nonlinear dependence of the resistance on the bending deformation and are

qualitatively consistent with the results of the present work shown in Fig-

ure 6.6(b). Although the cited experimental correlations of resistance with a

bending metric are consistent in spirit with the present work, it appears that a

general accounting for the measured bending effects on conduction requires a

correlation of the form shown in Figure 6.6(b), which: (a) scales the measured

resistance with that for a corresponding flat nanoribbon, and (b) replaces the
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apex bending angle or radius of curvature variable with an integral measure

of the conductor rotation, thereby accounting for scattering effects which may

be nonuniformly distributed along the conduction path. Note that for devices

operating at high φ, linearization of the conductance model (Figure 6.4(b)) is

preferred over linearization of a resistance model (Figure 6.6(b)).
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Chapter 7

Graphene Nanoribbons as Flexible Docks for

Chemiresistive Sensing of Gas Phase

Explosives

7.1 Introduction

In the search for flexible sensors, graphene based devices are of par-

ticular interest 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

[76], functionalized [59], doped [175], nanoparticle-decorated [176, 177], and

nano-holed [178] graphene for gas phase sensing of various target molecules,

including carbon monoxide [179], nitrogen dioxide [180], ammonia [181], and

several explosives [182]. Chemresistive sensing offers important advantages in

trace detection applications, since signal measurement and electronic pack-

aging 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 introduction of sensor arrays. Senesac et al. [56] studied the
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use of microcantilever arrays designed to distinguish particular analytes, and

Meier et al. [183] discuss the statistical analysis of data obtained from such

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

nanoresonators [184] or docks [185], 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. [186] and the sensor system of Muck-

ley et al. [187] which used a quartz crystal microbalance 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. [188], capable of measuring tempera-

ture, humidity, and alcohol concentration in water, and the mass spectrometer

of Hanay et al. [140], which used a frequency domain analysis technique to

determine in real time both the adsorbate mass and the adsorption position

on a nanoresonator. It seems likely that a range of chemical and mechani-

cal transducer mechanisms [189, 190] 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.

Employing a series of ab initio calculations, this chapter describes a new

adaptive sensor for trace detection of explosive molecules. In a nanoelectrome-

chanical system (NEMS), this device might replace an array of conventional

chemiresistive sensors, by amending the conventional docking paradigm [191].

Instead of decorating graphene with ligands whose structure is well suited to
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bind with a particular target molecule, a generic dock in the form of a flexible,

semiconducting GNR is first used to adsorb the target molecule. The de-

formed shape of the GNR is then varied, via mechanical actuation, while the

bias voltage is also varied for each deformed shape. Exploiting recent research

results [172] which describe the current-voltage characteristics of semiconduct-

ing 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 subsections 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.
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7.2 Numerical Model

Figure 7.1: (a) Curved armchair N = 5 graphene nanoribbon, with hydrogen
termination. (b) Initial condition configuration for the modeled nanoribbons,
defined by a radius of curvature (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.

The chemiresistive sensors modeled in this chapter are curved armchair

N = 5 graphene nanoribbons (5aGNR) with hydrogen termination, like those

shown in Figure 7.1. The atomic positions are initialized as follows: (a) the

center section of length L is composed of four segments, each of length 0.25L

and defined by a radius of curvature R and a rotation θ; the slopes of the
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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 0.50Le; these electrodes are flat and their atomic positions are fixed.

For all of the calculations shown in this chapter, Lbuf = 2.0 u.c. and Le = 6.0

u.c..

As indicated in Figure 7.1, 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 sensors described by fabrication

lengths L and adjustable spans D. The sensor configurations modeled in this

chapter take L = 51.3 Å and vary the span over the range:

15.9 Å ≤ D ≤ 51.3 Å (7.1)

Note that the initialization parameter θ is related to D and L by [172]

D

L
=

sin(θ)

θ
(7.2)

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

was determined by: (a) placing an analyte molecule adjacent to the nanorib-

bon, on its convex side, and computing the equilibrium configuration of the

system, then (b) varying the bias voltage applied to the model electrodes, com-

puting the nanoribbon current at each voltage. The result is a two dimensional
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map (current versus the scaled span D/L and the bias voltage) of the sensor

response for each analyte. In this dissertation, only one molecular orientation

was considered for each analyte.

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 (7.3)

Figure 7.2: (a) Oblique view of a sensing nanoribbon in equilibrium with an
analyte molecule. (b,c,d,e) Equilibrium configurations for a pristine nanorib-
bon 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.

Figure 7.2(a) shows an oblique view of a sensing nanoribbon in equi-

140



librium with an analyte molecule. Figures 7.2(b) through 7.2(e) compare the

equilibrium configuration for a pristine nanoribbon at a bulk strain of -0.69

with corresponding equilibrium configurations for the same nanoribbon inter-

acting with several different analytes. Note that the shape of the deformed

nanoribbon sensor varies significantly with the analyte.

7.3 Results and Discussion

Figure 7.3: 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.
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Although the chemresistive properties of graphene [18, 192, 81] and the

variation of semiconducting GNR current with length and curvature [172] have

been reported in previous work, the most important distinguishing feature of

the sensor proposed here is the exploitation of these properties in a ‘flexible

dock’ configuration. Figure 7.3 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 config-

uration in general involves deformation of both the nanoribbon and the sensed

molecule.
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Figure 7.4: 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).

Since the modeled nanoribbon (5aGNR) is semiconducting, the equi-

librium 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 7.4

shows example plots of the scaled sensor current variations with applied volt-

age (at constant bulk strain, Figure 7.4(a)) and with bulk strain (at constant

bias voltage, Figure 7.4(b)) 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 mod-

eled nitramine explosives show marked differences in the scaled sensor current
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response, despite their chemical similarity.

Figure 7.5: Complete two-parameter response maps for the six modeled ana-
lytes (scaled current (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 ana-

lytes (scaled current as a function of the scaled span and the bias voltage)

are shown in Figure 7.5. 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 7.5(a), 7.5(b), and 7.5(c)) suggest the follow-

ing conclusions: (a) the sensor responses to the three background gases show
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a very similar structure; (b) the magnitudes of the response peaks are modest,

as compared to the explosives; and (c) the incremental current depends pri-

marily on the span, with current changes at a constant span a weak function of

the bias voltage. The contour plots for the explosives (Figures 7.5(d), 7.5(e),

and 7.5(f)) 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 signa-

tures. Overall the computational results suggest that the proposed sensing

scheme can strongly complement explosives detection methods described in

the published literature, by adding selectivity to graphene based chemiresis-

tive 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,
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• it employs reversible and controllable mechanical actuation,

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

ods,

• 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.

Although the sensor concept developed here envisions a NEMS based imple-

mentation, application of the proposed sensing scheme could also be accom-

plished by fabricating [193] 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.
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Chapter 8

Summary and Conclusions

This dissertation has employed a combination of mixed energy domain

modeling and numerical methods development work to advance the state of

the art in the computational design of gas phase explosive sensors. The results

suggest that new chemiresistive sensors based on graphene nanoribbons offer

important opportunities for improved light weight, low power explosive sensing

systems.

Chapter 2 develops a new nonholonomic formulation of of ab initio

molecular dynamics, incoporating a time adaptive, augmented plane wave

model of a mixed classical-quantum system. This energy conserving, mul-

tiscale, multiphysics model may be extended to incorporate a variety of addi-

tional quantum, molecular, and macro scale physics.

Chapter 3 models the sensing performance of a range of graphene base

materials for three explosives and four background molecules. The five sensor

configurations analyzed and evaluated show significant differences in sensi-

tivity, selectivity, and conductance change mechanisms. The computational

results presented in this chapter suggest that the use of multiple sensor con-

figurations, in combination, may offer opportunities to develop improved light
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weight, low power graphene based sensors for both nitramine and aromatic

explosives.

Chapter 4 models the effects of potassium and iodine dopants on the

electrical properties of GNR conductors. As compared to previous computa-

tional studies on doped carbon nanotubes, the best case specific conductivity

improvements offered by iodine and potassium doping of GNRs are approxi-

mately double those offered by iodine and potassium doping of CNTs. In the

design of GNR-based chemiresistive sensors, doping may significantly increase

device sensitivity.

Chapters 5 and 6 address the very basic question of curvature effects

on the electrical performance of semiconducting armchair GNRs. The ana-

lytical modeling work presents a separable, orthogonal coordinate description

of length and total rotation effects on the nanoribbon’s performance, as com-

pared to a corresponding flat configuration. The model has direct applica-

tion in the development of large deformation strain gauges and displacement

transducers and can assist in the future development of a variety of NEMS

devices. Although the model development process described here is essen-

tially phenomenological, the formulation embodies basic quantum mechanics

descriptions of electron transport in nanoscale devices. Combined with pre-

vious research on local strain effects in GNR, the present work provides an

essential foundation for the future development of sensors and transducers

subject to more complex three dimensional deformations.

Chapter 7 describes the first electromechanical extension of widely stud-
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ied chemiresistive sensing methods for graphene, employing a flexible dock to

interact with the analyte. Exploiting recent research results on quantum con-

ductance effects in curved nanoribbons, it suggests the use of NEMS actuation

to add selectivity to simple graphene nanoribbon sensors, allowing a single

nanoribbon sensor to take the place of a nanoribbon array. Ab initio mod-

ling 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 explo-

sive molecules, the proposed sensing scheme may complement other sensing

methods already in use to improve the performance of light weight, low power

explosive sensing systems.

The four most important contributions of this research are:

1. Developed the first time adaptive formulation of ab initio molecular dy-

namics and the first bond graph description of mixed classical-quantum

systems;

2. Modeled and compared the chemiresistive explosive sensing performance

of five distinct graphene nanoribbon sensor geometries, including the

effects of junctions and doping on GNR sensor performance;

3. Developed the first fundamental description of electromechanical cou-

pling effects in curved graphene nanoribbons, including the first general

model of curved semiconducting nanowires;
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4. Formulated a new dual-mode sensing approach to gas phase explosives

detection, combining both chemiresistive sensing and electromechanical

coupling to enable background/explosive gas selectivity.
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