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Abstract 

Detecting minute concentrations of gaseous pollutants in the atmosphere and human breath enables 

environmental monitoring and non-invasive detection of ailments. Consequently, due to 

graphene’s single-molecule sensitivity, it is highly sought after for high sensitivity gas detection. 

However, its poor selectivity, huge p-doping in the atmosphere, and inability to identify adsorbed 

gases makes graphene less useful for practical applications in environmental and clinical gas 

sensors which are typically deployed in atmospheric conditions. Hence in this work, we develop a 

chemical vapour deposition (CVD) graphene-based sensor with extreme ammonia sensitivity and 

selectivity in atmospheric air. Furthermore, we demonstrate the van der Waals (vdW) bonding 

memory of adsorbed gases on graphene and consequently demonstrate a proof-of-concept, the 

Charge Neutrality Point Disparity (CNPD), that characterizes various gases in atmospheric air. 

 First, we demonstrate the gas sensing, electrical properties, and morphological 

characteristics of a 38 nm oxidized activated carbon functionalized graphene field-effect transistor 

(a-CF-GFET) sensor. We show that the activated carbon (a-C) on the graphene channel passivates 

the graphene channel against p-doping in the atmosphere while simultaneously enhancing 

ammonia selectivity. Consequently, 500 parts per trillion (ppt) of ammonia was detected in the 

atmosphere with a response time of 3 seconds making the a-CF-GFET sensor the most sensitive 

ammonia selective sensor so far reported. The extreme ammonia sensitivity makes the a-CF-GFET 

sensor suitable for environmental monitoring and non-invasive medical diagnosis of ailments such 

as ulcers and kidney problems using ammonia as a biomarker. 

 Furthermore, we demonstrate that the electric field induced graphene-molecule charge 

transfer is retained in the graphene-molecule vdW complex even after the electric field is turned 

off, with the retained charge still unique to the applied electric field magnitude and direction. 
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Consequently, the vdW bonding memory of adsorbed molecules on graphene was observed. This 

bonding memory is important for the molecular identification of gases based on their electrically 

tunable charge transfer. 

 Following the observation of the vdW bonding memory, we demonstrate a proof of concept 

for a charge transfer based molecular identification technique, the CNPD method which measures 

the charge-transfer induced by consecutive applications of ∓tuning voltages (∓Vt). The difference 

between the –Vt and +Vt induced charge transfer obtained from the shift of graphene’s charge 

neutrality point was characteristic of various gas environments detecting parts per billion 

concentrations of ammonia and acetone.  

 In conclusion, we demonstrate a facile fabrication route for the simultaneous activation of 

the graphene channel towards ammonia selectivity while passivating it against atmospheric p-

doping. Thereafter we show that adsorbed gases on graphene possess a tuning voltage induced van 

der Waals bonding memory lasting over 2h. Finally, following the demonstration of this vdW 

bonding memory, a proof-of-concept for a charge-based molecular identification technique, 

CNPD, which characterizes adsorbed gases based on their electrically tunable charge transfer is 

demonstrated.   

 

 

 

 

 

Keywords: CVD graphene, ammonia selectivity, activated carbon, scattering, molecular 

identification 
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Chapter 1 

Introduction 

1.1. Pollutants and the significance of graphene-based gas 

sensors  

With a mass of 1 millionth that of the earth,1 the atmosphere facilitates respiratory processes 

in animals and photosynthesis of carbohydrates in plants, supporting life on the planet while being 

crucial for reducing global warming, and ozone layer depletion. Consequently, the air quality of 

the atmosphere is crucial to the survival of life on the planet, not to mention the prevention of 

economic loss of artifacts and capital assets. To put the effects of atmospheric pollutants in 

perspective, oxides of nitrogen and sulphur even at concentrations as low as 200 parts per billion 

result in severe respiratory problems.2,3 Sources of pollutants in the atmosphere include both 

natural events such as volcanoes, natural fires as well as anthropogenic activities from the use of 

cars, industrial processes, airplanes, combustion, gas flaring activities, etc. 2,3  

Additionally, since the amount of biomarkers (such as ammonia, acetone, sulphur compounds, 

isoprene, etc.) 4 produced by the human body depend on the health condition of the individual, 

their detection in breath can be used for non-invasive medical diagnosis of different ailments. For 

instance, ammonia in human breath can be used as a biomarker for the diagnosis of urea cycle 

disorder,5 kidney problems,6,7 or ulcers resulting from Helicobacter pylori bacterial infection in 

the stomach.6 However, the small volume of respired air obtainable in breath analysis, demands 

very high sensitivity (˂ 50 parts per billion (ppb)) clinical ammonia sensors with a maximum 

response time of a few minutes.6,8 For effective environmental monitoring of ammonia, the 
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sensitivity of ˂ 2 ppb is desired.9  

Since the first successful fabrication of graphene devices,10 and detection of single-molecule 

adsorption events,11,12 its ubiquitous application as the ultimate sensing platform was widely 

expected due to its extreme sensitivity, low electronic noise levels,13 high surface to volume ratio, 

and outstanding electronic properties such as carrier mobility and ambi-polar characteristics (i.e. 

ability to conduct with both holes and electrons).12,14,15 So far, the most sensitive graphene-based 

ammonia sensors have detection limits of 41 ppb ((in nitrogen environment),16 200ppb (in vacuum 

at a temperature of 425K),17 84ppb in argon environment (increasing to 200ppt with in situ UV 

cleaning).18 Notably, the aforementioned reports were performed in inert environments, while 

actual selective ammonia sensing is required in atmospheric air.  

Gas sensing experiments using graphene are not done in atmospheric air because of the huge 

p-doping of graphene upon exposure to atmospheric air resulting from the acceptor properties of 

the oxygen/H2O electrochemical couple19,20 as shown in equation 1.  

𝑂2 + 2𝐻2𝑂 + 4𝑒
− → 4𝑂𝐻−     (1) 

The electrons (𝑒−) needed for the electrochemical reaction are provided by graphene, resulting 

in depletion of the occupied electron states in graphene, and consequently p-doping. Hence, 

demonstrations of high sensitivity and selectivity of graphene sensors are typically performed 

using pure gases in vacuum,12 nitrogen,21 argon,21 or dry air13 which largely limit its commercial 

application as a sensing material.  

Additionally, gas selectively i.e. detecting a particular gas while being relatively insensitive to 

other gases is highly desirable for the commercialization of graphene sensors. This is typically 

achieved by nanoparticle functionalization,22 polymer functionalization,22 and/or oxidation of 

graphene (i.e. graphene oxides and reduced graphene oxides).23 While these methods often 
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improve the selectivity of graphene especially in inert environments, they also reduce the 

electronic properties of the device, for instance, oxidation of graphene to graphene oxide could 

result in mobility as low as 5cm2/V.S,24 at least three orders of magnitude below the mobility of 

pristine graphene.  

Additionally, inducing molecular identification in graphene sensors is becoming of increasing 

interest for high performance in graphene sensors.14,25–27 Molecular identification is very important 

for gas sensing in complex environments (consisting of a mixture of gases), especially if the sensor 

has limited selectivity. Notable approaches towards molecular identification include 

demonstrations of generation-recombination 1/f noise peak frequencies characteristic of specific 

gases,13 and the deployment of machine learning (ML) pattern recognition algorithms using either 

an array of functionalized selective gas sensors or a single graphene sensor as an electronic nose 

(e-nose).25 Although, the use of arrays of functionalized sensors has provided impressive results, 

the huge number of analyte gases of interest in applications such as environmental monitoring 

makes this method limited in its application. Consequently, there has been increasing interest in 

the use of machine learning pattern recognition algorithms with a single graphene sensor for 

molecular identification.25 Nevertheless, for the successful deployment of ML pattern recognition 

algorithms using a single graphene sensor, gas specific electronic responses are desired as these 

have been shown to improve the performance of ML algorithms.25 

1.2. Motivation and aims 

From the above discussions, to achieve high performance in graphene gas sensors three core 

challenges need to be addressed namely: 

(i) The development of graphene devices with minimal p-doping in the air while 
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maintaining high sensitivity and selectivity towards target analyte. 

(ii) The sensors should be amenable with the current lithographic process, with a facile and 

scalable fabrication. 

(iii) The measurement technique should be facile and yield electronic responses unique to 

individual gases. Consequently, suitable for molecular identification (i.e. e-nose) 

applications. 

In this work, we address the above challenges while providing new insights into graphene device 

fabrication techniques, sensing methods, and understanding of graphene-adsorbed molecules van 

der Waals bonding interactions towards high performance in graphene-based gas sensors.  

1.3. Structure of this thesis 

 An introduction to gas sensing, as well as the motivation, aims, challenges, and prospects of 

graphene gas sensors, are presented in Chapter 1. In Chapter 2, a theoretical and experimental 

background on gas sensing mechanism of graphene gas sensors as well as some previous 

experimental findings and theories are presented. In chapter 3 a highly selective ammonia gas 

sensor, with a room temperature sensitivity of 500 parts per trillion and a response time of 3 

seconds is presented. The sensor consists of a graphene channel covered with porous oxidized 

activated carbon which simultaneously facilitates minimal p-doping when exposed to atmospheric 

air while inducing ammonia selectivity. In chapter 4, the dependence of gas adsorption induced 

doping and scattering on the gas adsorption distance is presented. Consequently, the concept of 

graphene-molecule van der Waals bonding memory (i.e. the retention of electrically induced 

charge-transfer long after the electric field is turned off) is demonstrated. The vdW bonding 

memory is important for the realization of tunable charge-transfer-based molecular identification 
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techniques. A proof-of-concept for a charge-transfer-based molecular identification technique 

called the charge neutrality point disparity (CNPD) is presented in chapter 5.   The CNPD method 

is shown to depend on both the applied electric field magnitude and time. The CNPD method 

successfully characterized different adsorbed gases even at parts per billion concentrations in 

atmospheric air. In chapter 6, the conclusion and prospects for this research is presented. 
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Chapter 2 

Research background 

2.1. Theoretical background 

2.1.1 Graphene lattice structure  

Graphene is an atomic layer thick planar honeycomb lattice of sp2 hybridized carbon atoms 

with a carbon-carbon bond length of 1.42 Å. The unit cell of graphene is a 6-membered ring of 

carbon atoms. The Bravais lattice consists of two vectors 𝑎1̅̅̅̅  and 𝑎2̅̅̅̅  and two non-equivalent atoms 

as shown in Figure 1.1 Taking the coordinate system (0, x, y), 𝑎1̅̅̅̅  = (
√3𝑎𝑜

2
,

𝑎𝑜

2
) and 𝑎2̅̅̅̅ =

 (
√3𝑎𝑜

2
, −

𝑎𝑜

2
) with an angle of 𝜋 3⁄  between them, such that |𝑎1̅̅̅̅ | = |𝑎2̅̅̅̅ | =  𝑎0. Consequently, the 

reciprocal lattice (Figure 1b) is spanned by vectors 𝑏1̅̅ ̅ =  (
2𝜋

√3𝑎𝑜
,

2𝜋

𝑎0
) and 𝑏2 ̅̅ ̅̅ =  (

2𝜋

√3𝑎𝑜
, −

2𝜋

𝑎0
), with 

|𝑏1̅̅ ̅| = |𝑏2̅̅ ̅| =  4𝜋√3𝑎0 and an angle of 2𝜋
3⁄  between them. 

Each carbon atom forms three σ bonds using its 2s, 2px, and 2py orbitals. The 2pz orbital which 

is perpendicular to the plane of hybridization forms a delocalized π electron cloud. These π 

electrons are free to move in the plane of hybridization, consequently, graphene shows good 

electrical conductivity at room temperature.  
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Figure 2.1: Lattice structure of graphene.1 (a) The Bravais lattice, (b) the reciprocal lattice. 

Using the nearest-neighbor tight-binding approximation, the π-electrons dispersion relation is 

given as:1 

𝐸(±)(𝑘) ± 𝛾 [1 + 4𝑐𝑜𝑠 (
√3𝑘𝑥𝑎0

2
) 𝑐𝑜𝑠 (

𝑘𝑦𝑎0

2
) + 4𝑐𝑜𝑠2 (

𝑘𝑦𝑎0

2
)]

1/2

…(1) 

𝐸+ is the energy of the conduction band, while 𝐸− is the energy of the valence band. 𝛾 is the 

carbon-carbon interaction energy, 2.7 eV. Figure 2.2 shows the energy dispersion (E-K) relation. 

The two non-equivalent carbon atoms in each lattice result in two distinct intersections (K and K’) 

in the Brillouin zone with a linear energy-momentum dispersion (equation 2) at the K-point as 

shown in Figure 2.2  

This intersection is the Dirac point, which corresponds to the Fermi level of graphene. 

Consequently, graphene has a zero bandgap.   
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Figure 2.2: Schematic (top right) and band structure of single-layer graphene (left) showing Dirac cone (bottom left) 

and Dirac point (red arrow).2 

𝐸(±) ≈ ±ℏ𝑣𝐹|𝑘 − 𝑘0|       (2) 

where 𝑘0 is the wavenumber at the Dirac point, 𝑣𝐹 is the Fermi velocity ≈ 0.87 x 106 m/s and ℏ is 

the Planck constant 

2.1.2 Electronic transport around the Fermi level  

Application of an electric field across a device results in the flow of electric current due to 

a lowering of the potential in one electrode (drain) and a simultaneous rise in the potential of the 

other electrode (source). Consequently, states in the channel around this energy are filled/emptied 

resulting in electrical conduction due to the flow of electrons/holes. The probability of occupancy 

of an electronic state is defined by the Fermi function (equation 3) such that states with energy > 

than the chemical potential (µ) have a lower probability of occupancy, while states with energy < 

µ have a higher probability of occupancy 1.  
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𝑓(𝜖) =  
1

𝑒𝑥𝑝[(𝜖 − 𝜇)/𝑘𝐵𝑇] + 1
 

Since µ, the chemical potential is a function of temperature, at T = 0K, it is clearly defined, 𝜖 =

 𝜇 =  𝜖𝐹, where 𝜖𝐹 is the Fermi energy. Consequently, the Fermi function changes discontinuously 

from 1 i.e. filled states (below 𝜇)  to 0 i.e. empty states (above 𝜇). With rising temperature, 

however, 𝜇 becomes diffuse due to thermal fluctuations resulting in the broadening of the Fermi 

function. Consequently, it becomes impossible to define a precise Fermi energy. Since at all 

temperatures, 𝑓(𝜖) = ½ when 𝜖 =  𝜇, the concept of a Fermi level which corresponds to the energy 

at which there is a 50 % probability of occupancy is adopted to describe states around 𝜇.  

2.2 Literature review for related researches 

2.2.1 Graphene as a sensor channel 

Due to graphene’s high surface to volume ratio, low noise, high mobility, and high carrier 

density it has found extensive use in gas sensing detecting even single-molecule adsorption 

events.3–6 Gas adsorption on graphene results in changes in the graphene device properties such as 

its carrier concentration (and consequently its charge neutrality point), resistance, mobility, and 

density of states.3,7,8 Therefore, the adsorbed gas acts both as a dopant and a scattering center8 as 

shown in Figure 2.3a. Tuning voltage application however modifies these properties, first, a 

positive tuning voltage capacitively dopes the graphene channel with electrons while a negative 

tuning voltage depletes the channel of electrons thereby increasing the hole concentration in the 

channel.3,8 
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Figure 2.3: Gas adsorption induced modification of graphene electronic properties and density of states.3 (a) 

Schematic showing gas adsorption induced doping and scattering, (b) variation of charge transfer, gas adsorption 

distance, and bond-angle on applied tuning voltage. The x-axis shows applied electric field = −
𝑡𝑢𝑛𝑖𝑛𝑔 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
. (c) 

CO2 adsorption induced changes in the density of states in graphene. 

Consequently, with positive tuning voltage, the states in the conduction band are occupied and so 

the graphene channel readily releases electrons to adsorbed gases. Conversely, when a negative 

tuning voltage is applied, the electrons in the channel are depleted moving the Fermi level into the 

valence band and emptying occupied states. Thus, the graphene channel has more low energy 

unoccupied states which can accept electrons from adsorbed gases. As shown in Figures 3b,c these 

interactions, change the charge transfer characteristics of adsorbed gases on graphene, graphene-

gas adsorption distance, and the density of states. Additionally, the adsorption distance, the density 
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of states, and charge transfer induced by the electrically tunable graphene-molecule van der Waals 

interaction are unique to the applied electric field.3  

2.2.2. Dependence of electronic response on gas adsorption sites  

Gas adsorption sites on graphene could be defective (e.g. graphene grain boundaries, 

polymer residues, substrate-induced defects, etc.).9–11 Pristine graphene obtained via exfoliation is 

almost defect-free and monocrystalline consequently, it has very high carrier mobility.4,5 However, 

while the absence of defects improves pristine graphene’s mobility, it also reduces the available 

defect induced gas adsorption sites. Large area CVD graphene on the other hand is polycrystalline 

with grains typically larger than a few hundred nanometers.11,12 Hence it shows lower mobility 

compared to exfoliated graphene, however, its grain boundaries serve as good adsorption sites for 

gases while still maintaining good carrier mobility. Indeed, defects in general (including externally 

induced defects), have been shown to substantially improve the sensing response in graphene 

sensors as long as the device electronic properties are not utterly degraded.11,13,14 These properties 

as well as its scalability make CVD graphene highly sought after for gas sensing applications. 

Since the adsorption sites in both CVD and pristine graphene are not selective to specific gases, 

their electronic responses to gases are not selective. Furthermore, in atmospheric air, the high p-

doping induced by the O2/H2O electrochemical couple makes graphene sensors less useful in 

atmospheric applications. Consequently, there is increasing interest in high-performance graphene 

sensors with good gas selectivity, especially in atmospheric air.  

Another form of graphene is graphene-oxide, which is typically obtained by chemical 

oxidation of graphite.15 Although, it has a reasonable amount of oxidized functional groups (such 

as carbonyl and epoxy groups) which could reduce p-doping in humid air,15 its highly defective 
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nature results in relatively poor electronic properties with carrier mobility and conductivity values 

as low as 5cm2/V.S and 1500 Scm-1 respectively16 often requiring special treatment such as joule 

heating at 3000 K,16 laser deposition17 or microwave reduction17 to improve the electrical 

properties.      

As earlier stated, gas adsorption generally results in both doping (i.e. charge transfer) and 

carrier scattering on the graphene channel.18 Although carrier mobility has been reported to 

decrease with gas adsorption due to scattering,19  an increase in carrier mobility with gas adsorption 

has also been observed.8,20 Such an increase in carrier mobility upon gas adsorption has been 

attributed to the compensation of charged impurities on the graphene channel by gas molecules 

with opposite doping characteristics (e.g. adsorption of an n-doping gas on p-type charge 

defect).8,20 Consequently, gas adsorption on pristine sites and morphological defects such as grain 

boundaries results in a decrease in carrier mobility8,19 (or no change in mobility5,19) as the adsorbed 

gases act as scattering centers,19 however adsorption of gas molecules on charged impurities with 

an opposite charge, resulting in an increase in mobility due to compensation of charges.8,20  

2.2.3. Inducing Selectivity and Molecular Identification in Graphene Sensors 

Although graphene has demonstrated extreme sensitivity to gases, its lack of selectivity is 

a major drawback as highlighted in the previous sections. A common strategy to overcome this has 

been the functionalization of graphene with nanoparticles and polymers21 or the use of gas-specific 

generation recombination noise frequencies in the 1/f noise spectra of graphene upon exposure to 

certain gases (Figure 2.4a). The 1/f noise method is promising both for selective detection and 

molecular identification of gases.6,22  However, some gases do not show any characteristic peak,6 

also the 1/f noise measurement set-up requires a “clean bias source” due to     
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Figure 2.4: Molecular identification techniques. (a) 1/f noise in graphene gas sensors showing gas specific generation-

recombination bulges in the 1/f noise spectrum of graphene.6 (b)  Pattern recognition ML algorithm showing the gas 

specific patterns. qs1, qs3, and qs4 represent gas adsorption induced changes in electron mobility, hole mobility, and 

residual carriers respectively.23 

the low noise levels in graphene, making the measurement set-up a bit robust. Additionally, the 

aforementioned methods (graphene functionalization and 1/f noise signals) for inducing selectivity 

to graphene sensors are typically used in dry air or other inert environments (due to the huge p-

doping in atmospheric air), while actual applications require such demonstrations in atmospheric 

air. Consequently, these methods are unsuitable for atmospheric applications. 

In recent times, the use of machine learning (ML) algorithms for pattern recognition of gas 
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adsorption signals has been shown to induce molecular identification properties inducing 

“electronic nose (e-nose)” characteristics to graphene sensors (Figure 2.4b). Typically, e-nose 

sensors use either an array of sensors specifically functionalized for individual gases or a single 

graphene sensor.23,24 Generally, the performance of ML algorithms improves with the 

functionalization of graphene due to increased specificity in the obtained signals.23,24 However, 

considering the huge number of gases of interest in applications such as environmental monitoring, 

the use of functionalized sensor arrays tailored to individual gases is quite cumbersome, 

consequently, there has been increasing interest in the use of single graphene sensors. Recently, a 

single graphene sensor was used to identify ethanol, methanol, and water in humid air. However, 

the performance of the e-nose sensor was shown to be largely dependent on the specificity of the 

gas adsorption signals measured.23  

Hence developing gas specific electronic responses with facile measurement methods 

remain a priority in graphene e-nose sensing. In this regard, the specificity of the electrically 

tunable charge transfer between the adsorbed gases and graphene holds huge promise for 

molecular identification in graphene sensors.3,8,25 Key requirements for the deployment of such 

charge-based molecular identification methods include: (i) partial stability in the graphene-

molecule van der Waals bonding,25 (so that it’s doping characteristics can be experimentally 

measured) and (ii) facile and reversible switching between different electrically induced vdW 

bonding states in real-time. 
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Chapter 3 

Porous Activated Carbon Functionalized CVD-Graphene 

Ammonia Gas Sensor 

As discussed in chapter 2, huge p-doping of CVD graphene when exposed to atmospheric air 

results in poor gas sensitivity and selectivity. Consequently, demonstrations of graphene’s 

sensitivity and suitability for applications such as environmental monitoring and non-invasive 

medical diagnosis are often done in inert environments such as nitrogen and dry air, although 

actual environmental and clinical sensors will ultimately be used in atmospheric conditions. 

Hence, in this chapter, the morphological characteristics, electronic and gas sensing properties of 

an activated carbon functionalized graphene field-effect transistor (a-CF-GFET) room temperature 

ammonia sensor with 500 parts per trillion (ppt) of ammonia sensitivity in atmospheric air and a 

response time of < 3 seconds is presented. 

3.1. The Menace of Atmospheric Doping of Graphene 

Graphene’s low noise, 2D nature, high mobility, and single-molecule sensitivity makes it 

highly sought after for various applications including ultra-sensitive gas sensors.1–3 However, its 

ubiquitous commercialization as the ultimate sensing materials is inhibited by its poor selectivity 

and high p-doping in atmospheric air.4 Addressing these challenges often involve metal 

nanoparticles/organic ‘functionalization’ of the graphene surface or the observation of gas-specific 

generation-recombination Lorentzian ‘peaks’ in graphene’s 1/f noise spectra.1,5,6 Nevertheless, 

since these methods are typically demonstrated in inert environments insights on their utility for 

commercial environmental and clinical gas sensor applications are limited. Additionally, for 
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commercial applications, the sensor fabrication process should be scalable and lithographically 

compatible. These requirements make porous activated carbon (a-C) suitable for this application 

since it is easily generated by chemical/lithographic modification and subsequent pyrolysis of 

polymeric precursors such as Novolac resin7–9 while possessing good gas molecular sieving 

properties and ammonia selectivity.10–13 High sensitivity ammonia detection is required for 

environmental monitoring and non-invasive diagnosis of urea cycle disorder,14 kidney 

problems,15,16 and ulcers resulting from Helicobacter pylori bacterial infection in the stomach.15  

3.2. Experimental methods 

3.2.1 Fabrication of activated carbon functionalized graphene devices 

Monolayer CVD graphene on Cu substrate was purchased from the graphene platform and used as 

obtained. The obtained CVD sample comprised of monolayer graphene grown on Cu substrate and 

sandwiched between a bottom plastic film, and protective top plastic.  For the transfer to SiO2/Si 

substrate, a ~ 15mm x 10mm sample was cut and the protective top plastic peeled off. Thereafter, 

the exposed CVD graphene was spin-coated with polymethyl methacrylate (PMMA) resist at 4000 

revolutions per minute followed by heating in a hot plate at about ~150 oC to remove the bottom 

plastic film. The backside of the copper film was plasma etched to remove any graphene that might 

have been deposited during the CVD growth process. The PMMA coated graphene on Cu film 

was made to float in 0.1M ammonium persulphate etching solution with the PMMA coated surface 

facing up. After ~6 hours, the Cu film was completely etched, and the PMMA coated graphene 

was picked up using a watch glass, transferred to a beaker of water, and rinsed for 5 minutes. This 

rinsing was repeated twice, and then the floating CVD graphene was picked up using a 285nm 

SiO2/Si wafer and allowed to dry in atmospheric air in a slanted position. The coated PMMA was 

stripped off graphene using acetone and rinsed in isopropanol. Finally, the transferred graphene 
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was annealed in Ar/H2 environment at about 300 oC for 3 h to remove any residual PMMA on 

graphene. Before graphene transfer, the Si/SiO2 substrate was cleaned in acetone and isopropanol. 

Oxygen plasma etching was not used as it increases susceptibility to wetting by atmospheric 

moisture.17  

Next, electrodes (Cr/Au) were deposited using typical lithographic techniques, followed by metal 

evaporation and lift-off. The graphene nanoribbon was defined by electron beam lithography (dose 

= 100µC/cm) using a negative Novolac resin-based resist (ARN 7520.07) followed by resist 

development and oxygen plasma etching (Flow rate = 20 Sccm, time = 35s, Pressure = 6Pa, RF = 

20W). The as-fabricated device was annealed at 300 oC for 3.5h in vacuum to convert the post-

lithographic resist into activated carbon. During pyrolysis, the heater was ramped to 300 degrees 

at ~30 oC per minute. Before all the lithographic resist coating steps above, the substrate was rinsed 

for few minutes in acetone and subsequently, IPA followed by pre-heating at 180 degrees for 5 

minutes to remove adsorbed water on the chip. This pre-heating and cleaning step helps reduce the 

p-doping in the fabricated device when exposed to atmospheric air. 

3.3. Gas sensing measurement 

3.3.1. Detection of gas by CNP shift 

All gases used in this study were either pure (99.9%) or diluted in nitrogen. Measurements in 

atmospheric air were done at atmospheric conditions in an isolated laboratory. Concentrations in 

parts per volume were measured with respect to the chamber volume (2L). 

In Dry Air: After recovering the device in vacuum (by annealing at 150 oC for about 1-3 h or 

vacuuming overnight) the transfer characteristic of the device was obtained in vacuum. Thereafter, 

155 Torr of oxygen and I55 Torr nitrogen were introduced into the chamber using mass flow 

controllers (MFCs), followed by the desired concentration of ammonia. Afterward, the total 
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pressure in the chamber was increased to 710 Torr by introducing nitrogen and the transfer 

characteristic measured.  

In Atmospheric Air: After recovering the device in vacuum (by annealing at 150 oC for about 2-3 

h or vacuuming overnight) the transfer characteristic in vacuum was obtained. Thereafter the 

device was exposed to air for 1 minute after which the transfer characteristic was measured. For 

200 ppb in atmospheric air using the device fabricated without standard cleaning and pre-heating, 

exposure to air was for only 10s. This was followed by introducing the desired concentration of 

the analyte gas and subsequently transfer characteristics measurement. 

3.4. Morphological Characteristics of the a-CF-GFET sensor 

The porous activated carbon device is shown by the schematic, Raman characterization, and 

atomic force microscope (AFM) imaging (Figures 3.1a,b). The broad peak at 1200 cm-1- 1500 cm-

1 in the Raman spectra (Figure 3.1a, right) confirms the presence of activated carbon18 (a-C) on 

the graphene surface. The thickness of the a-C was found to be about ~38 nm based on AFM 

imaging (Figure 1b). Lithographic patterning induces crosslinking in the resist making the 

lithographically patterned a-C more fibrous (Figure 3.1c, left) compared to the uncrosslinked a-C 

(Figure 3.1c, right). The plasma oxidation step simultaneously etches away exposed graphene and 

oxidizes the surface of the a-C as shown in the EDX maps and spectra (Figures 3.1d and 3.2) such 

that the pores leading to graphene are surrounded by oxidized a-C walls. This oxidation facilitates 

good ammonia selectivity10 and minimal p-doping in atmospheric air.19  
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Figure 3.1: Morphological characteristics of the a-CF-GFET sensor. (a) Device schematics of the a-CF-GFET sensor 

showing porous a-C on graphene (left) and Raman spectra of the a-CF-GFET sensor showing broad a-C peak (right) 

(b) AFM image showing 38 nm a-C on graphene (c) TEM image (bright field) showing the fibrous nature of the 

lithographically cross-linked a-C on the graphene (left), and the more amorphous uncrosslinked a-C on graphene 

(right). Dark regions are activated carbon, while bright regions are pores leading to graphene.  Scale bars in both 

images are 20 nm. (d) EDX mapping of oxygen around a-C pores on graphene (left) showing minimal oxygen in pores 

and more oxygen on the surrounding a-C. Top-right is the EDX carbon map of the same region. The bottom right 

image is the dark field TEM image of the same a-C region on graphene used in EDX mapping. Bright regions are the 

activated carbon while the dark regions are the pores.  
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Figure 3.2: EDX spectra of the a-CF-graphene showing the presence of carbon and oxygen (green peaks). Red 

peaks represent copper from the TEM grid.  

3.5. Electrical Characteristics of the a-CF-GFET sensor 

The I-V plot, transfer characteristics, and field-effect mobility of the as-fabricated devices 

before and after pyrolysis are shown in Figures 3.3 a-e. The devices showed ohmic conductance 

before and after pyrolysis with an increase in resistance after pyrolysis. The increased resistance 

in the pyrolyzed devices may be attributed to a decrease in carrier concentration due to the 

desorption of charged impurities on the fabricated device during pyrolysis. The devices generally 

showed high field-effect carrier mobility increasing with aspect ratio (Figure 3.3e) and rising to 

about 3500 cm2/Vs for an aspect ratio of about 6.6 (Figure 3.3d). 
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Figure 3.3: Electrical characterization of a-CF-GFET device (a) I-V characteristics of two sample devices with 

dimensions: length = 0.2 µm, width = 1µm (Device_1), and length = 0.5 µm, width = 0.5µm (Device_2) (b) transfer 

characteristics of the devices in (a) (c) field effect mobility of devices in (a) (d) field effect mobility of a 1 um x 0.15 

nm device showing a hole mobility of 3500 cm2V-1s-1 after pyrolysis (e) variation of the field effect mobility of 200 

nm length devices with different aspect ratio (length/width). 
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3.6. Gas Sensing Response of the a-CF-GFET Sensor 

The a-CF-GFET sensor showed the typical p-type doping response to dry air (Figure 3.4a), 

no response to nitrogen (Figure 3.4b), and p-doping to atmospheric air (Figure 3.3c). Generally, 

the p-doping in air was mild (device CNP was <20 V even after 40 mins (Figure 3.4c) compared 

to pristine CVD graphene, whose CNP could not be observed in air. It is important to note that 

standard cleaning in acetone and isopropanol and pre-heating (before resist coating) as discussed 

in the experimental section, helps minimize p-doping in air (Figures 3.4c, and 3.5a,b). The cleaning 

involved washing in acetone and isopropanol and subsequent heating at 180 oC for 5 minutes to 

remove adsorbed water on the chip before resist coating. Otherwise stated, results were obtained 

from devices fabricated with standard cleaning and pre-heating.  

 

Figure 3.4: Doping response of the a-CF-GFET sensor with acetone and isopropanol cleaning, and pre-heating 

fabrication steps. (a) Dry air, (b) Nitrogen (after 3 seconds) (c) Atmospheric air after 1-minute exposure and after 40 

minutes.  
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Figure 3.5: Observed p-doping in a-CF-GFET sensor exposed to atmospheric air. (a) Device response after 10 seconds 

of exposure to atmospheric air for the a-CF-GFET device fabricated without standard cleaning and pre-heating. (b) 

Device response after 1-minute exposure to atmospheric air for the a-CF-GFET device fabricated with standard 

cleaning and pre-heating.  

 

Figure 3.6: Transfer characteristics plot for ammonia adsorption on the a-CF-GFET sensor at different tuning voltages 

(Vt). (a) Vt = 0 V (b) Vt = 40 V (c) Vt = -40 V. The a-CF-GFET sensor, was changed from its p-doped state to n-

doped state due to the n-doping from adsorbed ammonia.  
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The a-CF-GFET sensor showed n-type response to 84 ppm ammonia in 555 Torr of nitrogen 

(Figure 3.6a-c) with the doping concentration decreasing with applied back-gate voltage in the 

order -40 V > 0 V > 40 V in agreement with previous reports for adsorption of ammonia on p-

doped graphene.20–22 

3.7. Gas adsorption induced doping and scattering in a-CF-GFET sensor 

To investigate the effect of gas adsorption-induced scattering on the response of the a-CF-

GFET sensor, the drain current was monitored at specific tuning voltages of 0 V, -40 V and +40 

V separately (Figures 3.7 a-d) applied for 1 minute, 2 minutes, 3 minutes, 4 minutes and 5 minutes 

(in this order) with ~30 s break taken after each tuning voltage experiment to obtain the transfer 

characteristics. The corresponding change in field-effect mobility is shown in Figure 3.7e. For the 

0 V and -40 V tuning experiments, the a-CF-GFET sensor was originally p-doped before and after 

Vt application, hence adsorption of ammonia is expected to result in a decrease in conductivity due 

to electron-hole recombination as observed during the first (1 minute) tuning experiments (Figures 

3.7 b,c). After the 1-minute tuning experiments, the a-CF-GFET sensor was n-doped for both 

tuning voltages (Figures 3.6 a,c) hence, further tuning experiments were expected to increase the 

conductivity as the residual doping levels increased (Figures 3.6 a,c and 3.8).  

It is important to note that the doping concentration measured after applying the Vt does not reflect 

the exact doping concentration during the Vt experiments, rather it is the residual doping due to Vt 

modulation of the graphene-molecule van der Waals (vdW) complex interaction. 
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Figure 3.7:  Conductivity (σ) response vs time of the a-CF-GFET sensor for (a) Vt = 40 V, (b) Vt = 0 V, and (c) Vt 

= -40 V. The legend in the top right applies to Figures a-c. (d) Scattering-doping index, Δσ, 

(
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦(𝜎𝑖)−𝐹𝑖𝑛𝑎𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦(𝜎𝑓)

𝑇𝑖𝑚𝑒
) for Vt = -40 V, 0 V, 40 V showing minimal scattering for Vt = 0 V. (e) 

Reduction in field effect mobility (∆𝜇 =  𝜇max (𝑣𝑎𝑐𝑢𝑢𝑚) − 𝜇max(𝑔𝑎𝑠)) due to ammonia gas adsorption for Vt = -40 V, 

0 V, 40 V.  
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Figure 3.8: Compilation of the results in Figures 3.6 showing a variation of the doping concentration (nd) with time 

for 84 ppm ammonia in 555 Torr of N2 at Vt = -40 V, 0 V, 40 V.   

As previously demonstrated, this residual vdW doping has a bonding memory that reflects the 

nature of charge transfer and carrier scattering during the Vt experiment and so can be used to 

study doping and scattering effects due to Vt modulation.23   For the 0 V tuning experiment, the 

expected increase in conductivity due to carrier accumulation was observed during the 2-minutes 

and 3-minutes tuning experiments (Figure 3.7b), thereafter the conductivity was stable (during the 

4-minutes tuning experiment) and then gradually decreased during the 5-minutes tuning 

experiment signifying the onset of scattering dominated transport. Since the doping concentration 

increased consistently during the 0 V tuning experiment (Figure 3.8), the conductivity response 

during the 1-minute, 2-minutes, and 3-minutes tuning experiments is consistent with doping 

dominated transport due to carrier accumulation in the channel. For the 40 V tuning experiment, 

the a-CF-GFET sensor was p-doped before Vt application but electronically n-doped during the Vt 
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experiment as the applied Vt moves the graphene Fermi level into the conduction band hence n-

doping due to ammonia adsorption is expected to result in an increase in conductivity due to carrier 

accumulation in the channel from ammonia adsorption. However, the conductivity continuously 

decreased for both the -40 V and 40 V tuning experiments (Figures 3.7 a,c) even after the device 

was completely n-doped due to ammonia gas adsorption. This continuous decrease in conductivity 

signifies scattering-dominated transport. The reduction in conductivity may be attributed to both 

gas adsorption induced scattering, as well as scattering due to activated carbon on the graphene 

channel.  

The competing roles between doping and scattering for the applied tuning voltages are 

summarized in Figure 3.7d where (
(𝜎𝑖−𝜎𝑓)

𝑇𝑖𝑚𝑒
) vs time, referred to as the scattering-doping index is 

plotted showing that scattering was in the order -40 V > 40 V > 0 V suggesting that the 0 V tuning 

experiment has the least scattering despite having higher doping compared to the 40 V vdW 

complex. This is similar to previous reports for CO2 adsorption on pristine graphene, in which the 

0 V tuning experiment had a lower scattering despite having higher doping concentration. 

Interestingly for Vt = 0 V, during the 5 minutes tuning experiment where the conductivity 

decreased and the scattering became dominant, the measured reduction in field-effect mobility 

(∆𝜇 =  𝜇max (𝑣𝑎𝑐𝑢𝑢𝑚) − 𝜇max(𝑔𝑎𝑠)) also increased (Figure 3.7e) confirming scattering dominated 

transport. 𝜇max (𝑣𝑎𝑐𝑢𝑢𝑚) is the maximum field-effect electron mobility in vacuum, while 𝜇max(𝑔𝑎𝑠) 

represents the maximum field-effect electron mobility in the gas. Though gas adsorption resulted 

in a decrease in mobility for the 40 V and -40 V tuned complex, the change in mobility in the -40 

V and 40 V tuned complexes will be affected by trapped charges in the SiO2 traps during the Vt 

experiments hence the relative changes in field-effect mobility (Figure 3.7e) cannot be used to 

determine the scattering dependence on Vt. This effect has been discussed elsewhere.23 In 
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summary, the activated carbon on the graphene channel generally increased both the doping and 

scattering in graphene. 

3.8. Gas Adsorption Mechanism in the a-CF-GFET sensor  

The porous nature of the a-C suggests that the adsorbed gases diffuse through the pores of 

the oxidized activated carbon (which is selective to ammonia gas),10 to the underlying CVD 

graphene. The shift in charge neutrality point due to gas adsorption as well as the similarity 

between pristine graphene’s doping-type response and the a-CF-GFET doping-type response to 

gases, confirms that the observed gas sensing response results from gas adsorption on graphene 

(underneath the a-C pores). In CVD graphene, defects are the key adsorption sites with their 

sensitivity increasing with decreasing device sizes,24–26 consequently in our a-CF-GFET sensor, 

the main defect adsorption sites on the CVD graphene underneath the a-C pores will be the CVD 

graphene grain boundaries and the a-C-graphene interface. For all devices used in sensing 

experiments (i.e. lengths and widths in the range 0.2 - 1µm), ammonia selectivity was observed in 

nitrogen environment, however in atmospheric air ammonia selectivity was only observed in small 

devices, ~200 nm in length and width. This may be attributed to the strong p-doping of graphene 

by atmospheric air as well as the device size dependence of defect dominated gas adsorption 

typical observed in CVD graphene sensors as discussed below.24,26 CVD graphene grains are 

typically a few hundred nanometers or more,25 hence for a ~200 nm a-CF-GFET device the 

adsorption sites will be mainly the a-C-graphene interface as the device size limits the possibility 

of grain boundaries enclosed within the device. Furthermore, graphene samples exposed to air 

have been reported to show contamination mainly along the grain boundaries,25 suggesting that 

grain boundaries are the key adsorption sites for dopants in air. Since with more grain boundaries 

(as in large devices) the probability for adsorption of dopants in air increases, consequently, 
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ammonia selectivity is not observed in large devices exposed to atmospheric air due to the 

adsorption of atmospheric p-dopants (oxygen/H2O) on the grain boundaries which overcome the 

n-doping from ammonia adsorption at the a-C-graphene interface. However in ~200nm devices, 

the predominant adsorption sites will be the a-C-graphene interface as discussed above, hence the 

adsorption of ammonia is favored due to the ammonia selectivity of the a-C10 such that the ~200nm 

devices show ammonia selectivity in atmospheric air, unlike the larger devices. The activated 

carbon generally promotes gas adsorption induced doping as well as carrier scattering (due to gas 

adsorption and the activated carbon) on the graphene channel (Figure 3.7). Consequently, the 

smaller amount of carrier scatters in small devices compared to larger devices could also improve 

the selective response in small devices by ensuring a better signal-to-noise ratio. 

3.9. High sensitivity ammonia detection in dry and atmospheric air 

In this work, all results for ammonia detection in air (atmospheric and dry) were obtained 

from 200nm x 200nm devices. In between the gas sensing experiments, the devices were recovered 

by annealing at about 150 oC for 1-3 h or by vacuuming overnight. The devices generally showed 

good recovery even by vacuuming for a few hours at room temperature confirming that the gases 

are physisorbed. The 200nm x 200 nm a-CF-GFET devices showed n-doping response to 500 ppt, 

1 ppb, 2 ppb, 5 ppb, 200 ppb, and 84 ppm ammonia gas in atmospheric air and 1 ppb, 2 ppb, 5 

ppb, 200 ppb, and 84 ppm ammonia gas in dry air (Figures 3.9 - 3.11).  
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Figure 3.9: n-doping response of the a-CF-GFETs to (a) 1 ppb ammonia (b) 2 ppb ammonia (c) 5 ppb ammonia and 

(d) 200 ppb ammonia in dry air (155 Torr O2, 577 Torr N2).  
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Figure 3.10: CNP shift of a-CF-GFET fabricated with standard cleaning and pre-heating. (a) 500 ppt ammonia in 

atmospheric air, (b) 1 ppb in atmospheric air (c) 2 ppb ammonia in atmospheric air (d) 5 ppb ammonia in atmospheric 

air.  (e) The response of a-CF-GFET fabricated without standard cleaning and pre-heating to 200 ppb ammonia in 

atmospheric air. 
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Figure 3.11: Compilation of the results in figures 3.9 and 3.10 and 84 ppm ammonia in atmospheric and dry air. For 

84 ppm ammonia in atmospheric air, the concentration of ammonia might be below the expected 84 ppm due to the 

high pressure in the chamber, consequently, the CNP shift was significantly smaller compared to dry air. All results 

in atmospheric and dry air were obtained from devices fabricated with standard cleaning and pre-heating except 200 

ppb NH3 in atmospheric air. The relative humidity of atmospheric air in this work was 35% – 69%. 

This extreme ammonia sensitivity coupled with the 3 seconds response time (i.e. measurement was 

done immediately after gas introduction as discussed in the Experimental section) makes the a-

CF-GFET sensor the most sensitive and selective room temperature ammonia sensor so far 

reported. Considering the high relative humidity (35% - 68%) and high pressure (>650 Torr) 

during measurement in atmospheric air, the a-CF-GFET sensor is suitable for non-invasive 

medical diagnosis (in clinical gas sensors) as well as environmental monitoring. 

Though the a-CF-GFET sensor fabricated without standard cleaning and pre-heating showed 

higher p-doping in air compared to the sensor fabricated with cleaning and pre-heating, it still 
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showed extreme sensitivity to ammonia detecting 200ppb ammonia in atmospheric air (Figures 

3.10 – 3.11). 

3.10. Summary 

A selective ammonia gas sensor with good recoverability, room temperature sensitivity of 500 ppt 

in atmospheric air, and a response time of ~ 3 seconds is presented. The sensor which consists of 

a 38 nm thick layer of porous oxidized activated carbon on CVD graphene, shows ohmic 

conductance with carrier mobility as high as 3500 cm2/V.S-1 for an aspect ratio of 6.6. The oxidized 

activated carbon induces ammonia selectivity while reducing p-doping in atmospheric air. The 

ammonia sensitivity and selectivity obtained at room temperature suggests the device is suitable 

for environmental monitoring and non-invasive medical diagnosis of ailments. 
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Chapter 4 

van der Waals Bonding Memory in Graphene Sensors 

As described in chapter 2, investigating the stability of the electrically induced van der 

Waals bonding in graphene sensors is crucial for realizing charge-transfer based molecular 

identification in gas sensors. In this chapter, the complementary roles of gas adsorption induced 

doping and scattering on pristine graphene exposed to carbon dioxide are studied and the 

dependence of doping and scattering on the changes in the graphene-gas molecule vdW bonding 

which was controlled via tuning voltage modulation is demonstrated. Consequently, the retention 

of the van der Waals bonding interactions in graphene-molecule complexes is investigated. 

4.1. Doping and Scattering in Graphene Conductivity Response 

Gas adsorption on the graphene channel in Graphene Field-Effect Transistor (GFET) gas 

sensors results in van der Waals (vdW) complexes due to the hybridization of the graphene and 

the adsorbed gas molecular orbitals.1–4 This hybridization, which can be controlled by an applied 

electric field, typically alters the density of states4–7, and as a result, the conductance (or 

resistance),8–16 charge neutrality point (CNP)4,17–20 and even the 1/f noise characteristics21,22 of the 

GFET sensor. Monitoring the conductivity (or resistance) response is one of the most commonly 

used methods in GFET sensors. As expected from the Drude’s model (σ = neµ), a change in 

conductivity, σ, is expected to depend on the carrier concentration (n) and the mobility (µ) of the 

carriers in graphene, where e is the electronic charge. Nevertheless, such gas adsorption induced 

changes in conductivity are often associated with carrier depletion due to electron-hole 
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recombination in the channel12,23 or carrier accumulation9,24, while the effect of the gas adsorption 

induced changes on carrier mobility (or scattering) is often ignored, despite the fact that higher gas 

adsorption induced doping (ne) does not always result in the expected higher conductivity response 

(𝜎).25 Additionally, though tuning voltage (Vt) modulation has been known to alter the vdW 

bonding, consequently the doping characteristics of adsorbed gases in GFET sensors,4,20,23,26 a 

detailed understanding of the corresponding effect of such tuning voltage modulation on the gas 

adsorption induced scattering is still lacking. Nevertheless, due to its 2D nature, carrier transport 

in graphene is very sensitive to scattering induced by the substrates,27–29 as well as defects and 

impurities in the graphene channel.7,8,18,30 Indeed, gas adsorption has been shown to induce 

changes in mobility due to carrier scattering,10,20,25 with the change in mobility due to adsorption 

on defective and pristine sites showing different trends.8,26  

4.2. Device Fabrication and Experimental Methodology 

The pristine graphene field-effect transistor sensor was fabricated via mechanical 

exfoliation of monolayer graphene from highly ordered pyrolytic graphite on an n-doped silicon 

wafer with a 285-nm thick silicon dioxide layer.  First electron beam lithographic (EBL) patterning 

with polymethyl methacrylate/methylmethacrylate (PMMA/MMA) resist mask and subsequent 

metal evaporation was done to define the address pattern. Thereafter, graphene was exfoliated 

from pyrolytic graphite using scotch tape. A PMMA/MMA resist was used as a positive mask to 

define electrode patterns on graphene using EBL. Thereafter, the exposed graphene was etched 

with oxygen plasma, and contact electrodes (Au/Cr) were deposited and lift-off done in acetone. 

Finally, the graphene nanoribbons were defined via EBL, and oxygen plasma etching. Finally, the 

post-lithographic residues were removed by annealing in an Ar/H2 environment at 350 oC for 3h. 
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Gas Sensing Measurements: The transfer characteristic of the device in vacuum was obtained, 

then the conductivity response, Id vs Time at constant Vt, of the sensor was monitored for about 

56 minutes while 100% CO2 gas was simultaneously fed into the chamber. During this period, the 

conductivity response was interrupted (for ~ 30 seconds) to obtain the transfer characteristics at 

intervals of 12 minutes, 27 minutes (chamber full of CO2 gas), 33 minutes, 37 minutes, 47 minutes, 

and 56 minutes using a semiconductor analyzer. Thereafter, the tuning experiment was stopped 

completely and only the transfer characteristic was monitored at intervals of 30 minutes until 206 

minutes was reached. After each experiment, the device was recovered by annealing in vacuum at 

150oC for 3 h resulting in slightly p-doped graphene. All measurements were performed at room 

temperature. For all tuning voltages, the same experimental procedure described above was used. 

 

Figure 4.1: (a) Schematic diagram of the GFET sensor. (b) Raman spectra of the graphene. (c) Experimental 

schematic of the conductivity measurement i.e. Vt experiment for Vt = 40 V. Blue lines = applied Vt. (d) Experimental 
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schematic for the vdW doping characteristics measurement: purple lines = transfer characteristics (Id vs Vg) 

measurement; orange region = no Vt applied; white region = Vt applied; the period during which the transfer 

characteristics were measured is enclosed in dashed lines. 

The conductivity was obtained from the drain current (Id), source-drain bias voltage (Vds) = 1 mV, 

device length (L), and width (W) using the formula: 

𝜎 =  
𝐼𝑑

𝑉𝑑𝑠
.

𝐿

𝑊
  (4.1) 

The vdW bonding induced doping concentration (nd) due to gas adsorption hereafter referred to as 

vdW doping was extracted from the CNP shift with respect to vacuum (ΔVCNP) in the transfer 

characteristics using the formula: 

𝑛𝑑 =  
𝐶𝑔

𝑒
. ∆𝑉𝐶𝑁𝑃   (4.2) 

where Cg is the gate capacitance, 
𝜀0𝜀𝑟

𝑡𝑜𝑥
⁄ , 𝛆o and 𝛆r permittivity of vacuum and relative 

permittivity of SiO2, tox is the SiO2 thickness. The field-effect mobility (µ) was obtained from the 

equation: 

𝜇 =  𝑔𝑚(
𝐿

𝑊𝑉𝑑𝑠𝐶𝑔
)   (4.3)                                                                                      

where gm is the transconductance, and the change in field-effect mobility (Δµ) was obtained from 

Δµ = µ(max)vac - µ(max)gas, where µ(max)vac is the maximum field-effect mobility in vacuum and 

µ(max)gas is the maximum field-effect mobility in the gas environment. For all transfer 

characteristics measurements, the gate voltage was swept from -40 V to +40 V. 
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    The schematics and Raman spectra of the 2 µm x 1 µm device obtained from mechanically 

exfoliated graphene on a 285 nm SiO2 substrate are shown in Figures 4.1a and 4.1b respectively. 

The experimental procedure is shown schematically in Figures 4.1c and 4.1d.  

4.3. Electrically Tunable Gas Adsorption Induced Doping and Scattering 

The variation of the conductivity response of the graphene sensor with time upon carbon 

dioxide adsorption was obtained at each tuning voltage as shown in Figures 4.2 a-e for Vt = 40 V, 

36 V, 0 V, -20 V, -40 V. The transfer characteristics measured immediately after each tuning 

experiment are shown in Figure 4.3. As shown in Figure 4.2 a-e the as-fabricated device was p-

doped after vacuum annealing. This is typical for graphene on SiO2 and is often attributed to the 

adsorption of organic residues from the lithographic process.23 In the following discussions, 

analysis of results obtained in-between the Vt experiments (IVt) i.e. Figures 4.2 and 4.3 and the 

white regions in Figures 4.4 a-b are referred to using the prefix IVt while those taken after the Vt 

experiments (AVt) were stopped i.e. the orange region in Figure 4.4 a-b are referred to with the 

prefix AVt.  
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Figure 4.2: Transfer characteristics plot for carbon dioxide adsorption on pristine graphene. (a) 40 V tuning voltage. 

(b) 36 V tuning voltage. (c) 0 V tuning voltage. (d) -20 V tuning voltage. (e) -40 V tuning voltage. 

As shown in Figures 4.4a and 4.2, the amount of IVt- and AVt- vdW hole doping induced by the 

adsorbed CO2 molecules decreased in the order: 40 V > 36 V > 0 V > -20 V > -40 V. This is 

consistent with previous reports in which p-doping decreased as the tuning voltage decreased due 
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to carbon dioxide acting as an acceptor at positive Vt and Vt =  0 while showing weak n-doping 

(donor properties) at negative tuning voltages,4 which decreased with time and gradually became 

p-doping. This vdW doping represents the residual vdW bonding-induced doping in the graphene-

molecule complex due to Vt modification of the graphene-molecule vdW bonding interactions. 

vdW doping is often used to probe the effect of Vt on the graphene-molecule vdW complex.4,20 

Interestingly, even after the Vt tuning experiment was completely stopped (after 56 minutes) and 

the transfer characteristics measured periodically (i.e. in intervals of 30 mins), the different Vt-

induced graphene-CO2 complexes still exhibited vdW doping characteristics unique to each Vt for 

up to 2 h (see Figure 4.4a, orange region), suggesting that the Vt-tuned graphene-molecule vdW 

complexes are not completely lost after the Vt is turned off or after a gate voltage sweep. In short, 

the Vt-induced graphene-molecule complexes ‘remember’ their bonding states i.e. they have a 

‘vdW bonding memory’. The observation of ‘vdW bonding memory’ is particularly useful in 

developing a method for the molecular identification of gas molecules based on their tunable 

charge-transfer characteristics4,26 and shows that the characteristics of the vdW complexes can be 

studied even after turning off the Vt. It is important to note that though the transfer characteristics 

were obtained by sweeping the gate voltage from -40 V to +40 V, the states induced by the negative 

tuning voltages (-40 V and -20 V) and the calculated doping concentration, will only be marginally 

altered (by the change in voltage polarity during this gate voltage sweep) as previously 

demonstrated.4 This was further confirmed by the observation of a tuning voltage-dependent ‘vdW 

bonding memory’ for the graphene-CO2 complexes, which lasted for several minutes, even for the 

negative tuning voltages, as discussed above (Figure 4.4a, orange region).  

Next, the properties of the graphene-CO2 vdW complex based on the vdW doping and 

mobility changes induced in the vdW complexes is investigated and the effects of these Vt-induced 
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interactions on the observed conductivity response discussed. For the 0 V, -20 V, and -40 V Vt 

vdW complexes, the device remained p-doped (in vacuum, during Vt tuning, and after gas 

injection). Hence, it is expected that the conductivity will increase progressively with time as the 

hole concentration increased, while it should decrease for the states where n-doping was observed. 

For the 0 V tuned complex, the hole concentration increased with time as evident in the increase 

in the vdW doping (Figure 4.4a). Hence, the conductivity progressively increased with time due 

to carrier accumulation and minimal gas adsorption induced scattering, suggesting that the 

conductivity response is doping dominated. However, for the -40 V tuning experiment, during the 

12.3- and 14.6-minute tuning experiments, a decrease in conductivity was observed as expected 

from electron-hole recombination due to n-doping in graphene, as evident in the vdW doping in 

Figure 4.4a. Thereafter, the overall conductivity increased from one tuning experiment to the next 

due to increasing p-doping (as evident in the vdW doping) but remained relatively stable over time 

during individual tuning experiments due to the high gas adsorption induced scattering in the vdW 

complex at negative Vt. This stable conductivity value observed was in contrast to the expected 

rising conductivity with time when vdW p-doping increased in doping dominated transport (as 

seen for 0 V, Figure 4.3c) and is attributed to gas adsorption induced scattering. 

Similar results to the -40 V tuning experiments were obtained for the -20 V tuning 

experiment. For the +40 V and +36 V tuning experiments, though the device remained p-doped in 

vacuum and after the Vt experiments, it was n-doped during the Vt experiment as the applied Vt 

moved the Fermi level of graphene into the conduction band. As seen in the vdW doping, hole 

concentration increased with time after Vt-application suggesting that the applied Vt increased the 

acceptor properties of the adsorbed CO2 molecules on graphene. Hence, the conductivity decreased 

with time as shown in  
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Figure 4.3: The conductivity (σ) vs time for CO2 adsorption on pristine graphene for various Vt. (a) Vt = 40 V (b) 

Vt = 36 V (c) Vt = 0 V (a) Vt = -20 V (e) Vt = -40 V. 

Figures 4.3a,b due to electron-hole recombination and gas adsorption induced scattering. Since 

both of these effects reduce the conductivity, it does not show saturation unlike in Vt = -40 V and 

-20 V vdW complexes (Figures 4.4d,e).  
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The effect of gas adsorption induced scattering on the observed AVt-Δµ was in the order: 40 V > 

-40 V > 36 V > 0 V ~ -20 V suggesting that gas adsorption induced scattering increases with Vt 

and is higher for +Vt. However, such a clear trend was not observed for the IVt-Δµ. Notably, the 

IVt-Δµ for 36 V was unexpectedly low suggesting that factors besides gas adsorption induced 

scattering are also influencing the observed IVt-Δµ. For Vt-experiments in graphene on SiO2 

devices, charge traps in the SiO2 layer typically result in trapping/de-trapping processes with a 

timescale of sub-nanoseconds to microseconds. Additionally, retention of charges for several 

minutes in deep traps after turning off the Vt also occurs.31 This charge retention by the traps after 

Vt experiments typically influence the observed field-effect mobility32,33 by altering the effective 

gate voltage experienced when a transfer characteristic measurement is done immediately after (as 

in our experiment), such that the +Vt and –Vt tuned complexes will be affected differently 

depending on whether the traps are acceptor-type or donor-type. The irregularity in IVt-Δµ may 

be attributed to this effect. Hence AVt-Δµ (i.e. the “NO Vt”, the orange region in Figure 4.4b) was 

used to ascertain the effect of gas adsorption induced scattering on the mobility since this region 

did not involve Vt experiments. Evidence of the synergistic effect of the Vt experiments and the 

traps is seen in the fact that unlike the IVt-Δµ, the AVt-Δµ is consistent with the expected gas 

adsorption induced scattering based on electron difference analysis as discussed below. It is 

important to note that these deep traps marginally affect the Dirac point of graphene as the 

tunneling barrier is large,31,33 hence the traps will have a negligible effect on the observed IVt-nd 

and AVt-nd. Notably, though the 0 V tuned complex has a higher hole concentration than the -40 

V complex (Figure 4.4a), it exhibits lower gas adsorption induced scattering than the -40 V 

complex (Figure 4,4b,c) demonstrating that higher gas adsorption induced-doping does not always 

translate into higher gas adsorption induced scattering.  
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The competing role between doping and scattering is summarized in Figure 4.4c, in which 

the rate of change in conductivity per second, (Initial Conductivity (σi) – Final Conductivity 

(σf))/Time, which in this work is termed the scattering-doping index (Δσ) for each tuning 

experiment was plotted against time starting from the second tuning experiment (14.6 minutes), at 

which point the effects of gas adsorption induced scattering became more obvious. To calculate 

Δσ, the initial conductivity was taken as the mean of the first ten conductivity values, while the 

final conductivity value was taken as the mean of the last ten conductivity values, so that for Δσ 

values > 0  

 

Figure 4.4: Doping concentration and mobility response vs time for CO2 adsorption on graphene. (a) vdW doping 

concentration vs time for Vt = 40 V, 36 V, 0 V, -20 V, -40 V: white region = tuning voltage applied region i.e. the 

region with the conductivity shown in Figures 4.3a-e, orange region = no tuning voltage applied (vdW bonding 
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memory region). (b) Change in hole mobility vs time of pristine graphene exposed to CO2. (e) ∆σ, the scattering-

doping index, (
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦(𝜎𝑖)−𝐹𝑖𝑛𝑎𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦(𝜎𝑓)

𝑇𝑢𝑛𝑖𝑛𝑔 𝑇𝑖𝑚𝑒
) vs time for Vt = 40 V, 36 V, 0 V, -20 V, -40 V i.e. a 

summary of Figures 4.3a-e. For ∆σ > 0, scattering dominates the transport, while for ∆σ<0 doping dominates the 

transport.  

scattering dominates the transport, while for Δσ < 0 doping dominates the transport. This 

interpretation of Δσ is only applicable to the –Vt and Vt = 0 states since for the +Vt, both doping 

and scattering resulted in a decrease in the conductivity. To explain the observed doping and 

scattering trends discussed above, the effect of the tuning voltage on the graphene-CO2 molecule 

vdW bonding was examined via simulations. 

4.4. DFT Simulations on Graphene-CO2 vdW Bonding 

First-principles calculations were performed using the density functional theory (DFT) 

code34 based on a linear combination of numerical atomic orbitals and PseudoDojo 

pseudopotentials with medium basis set. Grimme DFT-D3 van der Waals corrections with three-

body energy term were included to account for the long-range van der Waals (vdW) interaction 

more accurately.35 In these simulations, the revised Perdew-Burke-Ernzerhof (revPBE) functional 

was used36 to obtain the best results for the interlayer distance and charge-transfer,35 with a 10 Å 

vacuum distance maintained in the non- periodic direction to avoid any spurious interactions with 

the adjacent supercell. The dimensions of the simulated graphene-CO2 supercell were 25 Å × 

14.766 Å × 17.0503 Å and a single molecule was adsorbed in the central region of the graphene. 

The k-points of 1 × 2 × 2 were used for the Brillouin zone integration. Initially, the configurations 

of the graphene – CO2 system were optimized under different electric fields by fully relaxing the 

atomic structures until the remaining residual force was smaller than 0.01 eV/Å. This optimized 

structure was supplemented with three-body energy term E(3) in DFT-D3 correction for a more 
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accurate evaluation of the vdW forces. Figure 4.5a shows the geometrically optimized graphene-

CO2 atomic structure under zero electric field. As the graphene was adsorbed on the SiO2 surface 

in the experiment, the graphene atoms during geometrical optimization was fixed and the CO2 

molecule was allowed to move. The electric field strength above the graphene surface was 

calculated for the corresponding experimental tuning voltage by finite element simulation resulting 

in an electric field strength of 0.15 and -0.15 V/Å for the applied tuning voltages of 40 and -40 V 

respectively. The binding energy of the CO2 molecule on graphene was calculated for the different 

electric fields and was defined as EBind = E(gra-mol) - (Egra+Emol), where Egra-mol is the total energy of 

the graphene - molecule system and Egra and Emol are the total energies of the graphene and the 

isolated CO2 molecule, respectively. The calculated binding energies were 290, 291, and 297 meV 

for the electric fields of 0.15, 0, and -0.15 V/Å, respectively. These binding energies indicate that: 

i) molecules are physisorbed onto the graphene surface, and ii) as binding energies are much higher 

than thermal energies, the vdW bonding states are not completely lost even after the Vt was turned 

off in the experiment, hence ‘vdW bonding memory’ was observed as discussed above. By nature, 

vdW interactions are weak and reversible. This is evident in the vdW bonding memory of the -40 

V complex after 146 minutes as AVt-nd became similar to the -20 V AVt-nd. A similar trend was 

observed after 146 minutes in the AVt-Δµ (Figure 4.4c). This suggests that the -40 V has the least 

favorable interaction of the Vt-complexes.  
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Table 1. Electric field modulated charge-transfer and molecular re-orientation of CO2 

molecule adsorbed on graphene 

  Distance from Graphene Surface   

Electric 

field 

[V/m] 

Tuning 

voltage 

[V] 

Carbon 

[Å] 

Oxygen 1 [Å] Oxygen 2 

[Å] 

Angle [𝜽] Excess 

charge 

 on CO2 

(e) 

- 0.30 -80 V 3.0257 2.9935 3.0245 180.46 0.005 

- 0.15 -40 V 3.0207 3.0207 3.0264 179.72 0.001 

0.00 0 V 3.0517 3.0598 3.0652 178.95 -0.003 

0.15 40 V 3.0126 3.0311 3.0321 178.16 -0.010 

0.30 80 V 3.0121 3.0371 3.0418 177.35 -0.015 

 

    Table 1 shows the electric fields, the corresponding tuning voltages, the carbon of CO2 and the 

oxygen of CO2 adsorption distances from graphene, O=C=O bond angle, and the excess charge on 

the CO2 molecule (i.e. charge-transfer) after interaction with graphene. CO2 acted as a donor for 

negative electric fields and an acceptor for zero- and positive electric fields, which are consistent 

with the experimental results for the different tuning voltages (Figure 4.4a). In the case of the 

negative electric field, the CO2 molecule moved closer to the graphene surface compared to the 

zero electric field, but farther away from the graphene surface when compared to the positive 

electric field. Moreover, as the negative electric field strength increased, the oxygen atoms of the 

CO2 molecule moved closer to the graphene surface, while an increase in the positive electric field 

resulted in the oxygen atoms of the CO2 molecule moving farther away from the graphene surface 

compared to the carbon of the CO2 molecule. 
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Figure 4.5: (a) The geometrically optimized graphene-CO2 atomic structure under zero electric field. Visualization 

of the electron difference density at an iso-value of 8 × 10−4 electron/Å3 for a CO2 molecule adsorbed on the 

graphene surface at different tuning voltages of (b) 0.15 V/Å (i.e. Vt = 40 V), (c) 0.0 V/Å (i.e. Vt = 0 V), (d) -0.15 V/ 

Å (i.e. Vt = -40 V). Red regions = electron-rich regions, purple regions = electron-deficient regions. 
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These distances are consistent with an increase in the O=C=O bond angle from the highest positive 

electric field strength to the negative electric field strength as shown in Table 1. Since, the closer 

the scattering centers in the CO2 molecule (i.e. the carbon and oxygen atoms of CO2) move toward 

the graphene sheet, the higher the scattering potential experienced on the graphene surface and the 

stronger the scattering becomes, these results indicate that scattering due to the CO2 molecule will 

be minimum for zero electric field as CO2 molecule is far from the graphene surface and maximum 

for the positive electric field as CO2 molecule moves closer to graphene.  For the negative electric 

field, scattering will be lower than the positive electric field, but higher than the zero electric field 

as the CO2 molecule is situated in between the positive and negative electric field positions. These 

effects were visualized using the electron difference density plot shown in Figures 4.5b-d for Vt = 

40 V (0.15 V/Å), 0 V (0 V/Å), and  -40 V (-0.15 V/Å) respectively. The electron difference density 

of graphene - CO2 vdW complex is defined as ρAd = 𝜌𝐶𝑂2+𝐺𝑟𝑎 - 𝜌𝐶𝑂2
 - 𝜌𝐺𝑟𝑎, where 𝜌𝐶𝑂2+𝐺𝑟𝑎, 𝜌𝐺𝑟𝑎, 

and 𝜌𝐶𝑂2
   are the electron densities of the graphene - CO2 vdW complex, the pristine graphene, 

and an isolated CO2 molecule respectively for the given electric fields. The red regions in the plot 

are the electron-rich regions, while the purple regions are the electron-deficient regions. At electric 

fields of 0.15 V/Å and -0.15 V/Å, the electron difference density is more delocalized compared to 

the 0 V/Å tuning voltage, furthermore, for 0.15 V/Å, the electron difference density around the 

CO2 is much closer to the graphene surface compared to the -0.15 V/Å, suggesting that scattering 

will be in the order: 0.15 V/Å > -0.15 V/Å > 0 V/Å i.e. 40 V > -40 V > 0 V which agrees with the 

experimental results for AVt-Δµ as discussed earlier.  

 Furthermore, the number of adsorbed CO2 molecules on graphene (Figure 4.6) at three tuning 

voltages (40 V, 0 V, and -40 V) is calculated using the formula: 
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𝑁 =  
𝑛𝑑 . 2 × 10−8

𝑄
 

where 𝑛𝑑 is the vdW doping concentration from Figure 4.4a, 𝑄 is the estimated charge-transfer for 

one adsorbed molecule from DFT calculations (Table 1), and 2 × 10−8 is a conversion factor from 

cm-2 to the actual device dimension (L = 2 µm, W = 1 µm).  

 

Figure 4.6: Estimated number of adsorbed CO2 molecules on pristine graphene. 

In this equation, it is arbitrarily assumed that at each tuning voltage, each adsorbed molecule has 

the same charge-transfer and for all tuning voltage experiments, the device has the same number 

of adsorption sites. The result shows that the number of adsorbed molecules per second (188 

molecules for 40 V, 171 molecules for 0 V, and 256 molecules for -40 V) are of similar order for 

the three tuning voltages, confirming that the graphene-CO2 vdW bonding as described above, not 

the difference in the number of adsorbed molecules, is the major factor responsible for the 

scattering and doping trends observed in the experimental results. 
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4.5. Summary 

It is shown that adsorption induced scattering in the graphene channel does not always 

increase with the doping concentration or the number of adsorbed molecules, but is controlled by 

the graphene-molecule vdW bonding, which is electrically tunable. Using an applied tuning 

voltage to vary the nature of the graphene-gas vdW bonding, the conductivity measurements, 

changes in field-effect mobility, and DFT simulations show that doping dominated transport is 

observed at Vt = 0 V, while scattering increased when a tuning voltage was applied i.e. at Vt ≠ 0 

V. The gas adsorption induced scattering was also evident in the decrease in field-effect mobility 

with time. Using DFT simulations for CO2 adsorption on pristine graphene, the observed scattering 

trend was shown to depend on the nature of the graphene-CO2 vdW bonding, which was evident 

in the smaller graphene sheet distance from the scattering centers in the CO2 molecule (i.e. the 

carbon and oxygen atoms of CO2) upon Vt application, as well as the Vt-dependent charge re-

distribution and delocalization in the graphene-gas molecule vdW complex as shown in the 

electron difference density plots. 

Consequently, our results show that tuning voltage application generally results in stronger 

scattering due to the increased interaction between the adsorbed gas molecules and graphene, such 

that charge localization and higher graphene-gas adsorption distance reduces gas adsorption 

induced scattering. Furthermore, after turning off the Vt, the tuning voltage induced graphene-CO2 

vdW complexes ‘remembered’ their respective Vt-induced vdW bonding states (i.e. possessed a 

‘vdW bonding memory’) by maintaining distinct Vt-dependent doping levels for several minutes. 

This effect was attributed to the high binding energies associated with these bonding states. This 
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‘vdW bonding memory’ is particularly useful in developing a method for the identification of gas 

molecules based on their tunable charge-transfer.4,26 
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Chapter 5 

Charge Neutrality Point Disparity for Molecular 

Identification: Proof-of-Concept 

In chapter 2, the prospect for molecular identification based on the electrically tunable 

charge-transfer of graphene-gas molecule van der Waals (vdW) complexes was introduced. To 

this end, it was demonstrated in Chapter 4 that adsorbed gases on graphene possess a vdW bonding 

memory which is crucial for achieving charge-transfer based molecular identification as it ensures 

that the electrically tunable charge-transfer can be experimentally measured after turning off the 

Vt.  

Consequently, in this chapter, a charge-transfer based molecular identification technique, 

‘Charge Neutrality Point Disparity’ (CNPD) method for the empirical characterization of adsorbed 

molecules on graphene is demonstrated.  

5.1. CNPD Method: Experimental Procedure  

After the steps described in chapter 3 for measurements in dry air and atmospheric air, a 

specified tuning voltage was applied for a specific time after which the transfer characteristic was 

measured. Then a tuning voltage of opposite polarity (but equal magnitude) was applied for the 

same time, and the transfer characteristic measured again. This was repeated several times while 

keeping the order of tuning voltage application the same and the time lag between successive 

transfer characteristics and tuning voltage experiments to the barest minimum (< 10 seconds). For 

all CNPD results presented in this work, -Vt was always applied before +Vt and the gate voltage 

was always swept from -40 V to + 40 V during transfer characteristics measurement. The 

difference in the CNP positions between successive measurements was calculated. This value, 
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hereafter referred to as the CNPD value was found to be distinct for different gas environments 

and alike for ambience of similar composition. Results in this chapter are for both the a-CF-GFET 

and pristine graphene. When results for pristine graphene are presented, this will be clearly stated, 

hence except otherwise stated the presented results will be for a-CF-GFET. 

 

Figure 5.1: Experimental schematic for the CNPD method (left) and definition of the CNPD value for consecutive -

Vt and +Vt transfer characteristics measurements (right).  

The CNP was obtained by fitting the measured source-drain resistance (Rtot) of the device to the 

model:1  

𝑅𝑡𝑜𝑡 =  𝑅𝑐 +  𝑅𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =  𝑅𝑐 +  
𝑁𝑠𝑞

𝑛𝑡𝑜𝑡𝑒𝜇
    (5.1) 

where Rc is the contact resistance, Rchannel = device channel resistance, Nsq denotes the number of 

squares of the gated area (L/W), e is the electronic charge and µ is the mobility. 𝑛𝑡𝑜𝑡 =
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 √𝑛𝑜
2 +  𝑛[𝑉𝑇𝐺

∗ ]2 where no is the intrinsic carrier concentration of graphene at the charge neutrality 

point and 𝑛[𝑉𝑇𝐺
∗ ] is the gate-induced carrier concentration away from the charge neutrality point 

i.e. 𝑉𝑇𝐺
∗  =  𝑉𝑇𝐺 −  𝑉𝑇𝐺,𝐷𝑖𝑟𝑎𝑐. 𝑉𝑇𝐺

∗  is related to the quantum capacitance, gate capacitance (Cox) and 

𝑉𝑇𝐺 thus:  

𝑉𝑇𝐺 −  𝑉𝑇𝐺,𝐷𝑖𝑟𝑎𝑐  =  
𝑒𝑛

𝐶𝑜𝑥
+

ℏ𝑣𝐹√𝜋𝑛 

𝑒
    (5.1) 

where ℏ = reduced planck constant, vF = Fermi velocity, and n carrier concentration.  

The charge neutrality point is the gate voltage with the maximum resistance in the modeled data. 

A sample of the model fit to the raw data is shown in Figure 5.2 below. 

 

Figure 5.2: Model fitting to the experimental data. The model fitting was performed using 50 data points around the 

CNP. The total transfer characteristics had 161 data points.  
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5.2. Dependence of CNPD Values on Applied Electric Field 

First, the dependence of the CNPD value on the applied tuning voltage (Figure 5.3a) was 

investigated by exposing a single 200 nm x 200 nm device to 200 ppb ammonia in dry air at room 

temperature and tuning voltages of ∓20 𝑉,  ∓30 𝑉, ∓40 𝑉 separately.  

 

Figure 5.3: CNPD tuning voltage dependence and reversibility. (a) Dependence of the CNPD value on the tuning 

time. Error bars represent the standard deviation in the data set. (b) Dependence of the CNPD value on the applied 

tuning voltage. (c) Reversibility of the Vt-induced van der Waals complexes with changing Vt (-40 V, 0 V, and +40 
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V) for 84 ppm ammonia in dry air, tuning time = 5 mins. Labels show the order of Vt application from 1st to 9th 

measurement with the respective applied Vt in the x-axis and the corresponding CNP position after Vt application in 

the y-axis.  

The resulting CNPD value decreased with decreasing tuning voltage (Figure 5.3a). For 84 ppm 

ammonia in dry air at a Vt of ∓40 𝑉(Figure 5.3b), the obtained CNPD values also decreased with 

tuning time confirming that the CNPD value is electric-field induced as less tuning voltage 

application implies a smaller difference between the ∓Vt induced graphene-molecule vdW 

complex bonding states. Since the measured CNPD values depend on both the applied Vt and 

tuning time, the same tuning voltage (∓40 𝑉), tuning time (1 minute) were used for all comparative 

analysis in this work, except otherwise stated. It is important to note that the Vt induced states have 

a van der Waals bonding memory (as demonstrated in chapter 4), and so are not completely lost 

immediately after turning off the Vt,
2 however as shown in Figure 5.3c the electrically induced 

graphene-molecule van der Waals complex can also be switched between different Vt induced 

states in real-time. This is important as it enables the quick measurement of the Vt-induced vdW 

bonding characteristics in real-time. 

5.3. CNPD Values in Various Gas Environments 

To ascertain the applicability of the CNPD method for characterizing various 

environments, the CNPD value of a pristine CVD graphene device exposed to acetone/N2 and 

ammonia/N2 at ppb concentrations was measured (Figure 5.4a) showing two distinct mean CNPD 

value ranges of 2.86 – 3.27 V for acetone and 3.32 – 4.59 V, successfully differentiating both 

environments. The higher CNPD value for ammonia can be attributed to the larger polarity of 

ammonia facilitating more graphene-gas interaction.  
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Figure 5.4: CNPD dependence on the gas environment. (a) Variation of CNPD value for ammonia and acetone using 

pristine graphene. (b) Variation of the CNPD value for ammonia in atmospheric/dry air using the a-CF-GFET device. 

(c) Dependence of the CNPD value of the a-CF-GFET device to various gas environments. (d) Variation of the CNPD 

value at 110oC for three separate experiments (i-iii below) for sequential addition of (i) 1 ppm NH3 (red bar) and 1 

ppm acetone to atmospheric air (green bar), (ii) 1 ppm acetone (blue bar) and 1 ppm NH3 to atmospheric air (cyan 

bar) (iii) 10000 ppm acetone (violet bar) and 1 ppm NH3 (yellow bar) to atmospheric air. Error bars represent the 

standard deviation in the data set. 

The 200 x 200 nm a-CF-GFET sensor was also used to characterize 1 ppb, 2 ppb, 5 ppb, 

and 84 ppm of ammonia in atmospheric and dry air (Figure 5.4b) showing a mean CNPD value 

range of 3.47 – 4.79 V in dry air which increased to 6.00 – 6.97 V in atmospheric air. The 
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specificity of the CNPD values to various gas environments makes it a useful index in improving 

the performance of machine learning algorithms in e-nose single graphene sensors as gas specific 

signals hugely improve the accuracy of the machine learning models while reducing the number 

of dimensions needed for model training.3 

 

Figure 5.5: CNPD of the a-CF-GFET device in vacuum, nitrogen, and air. (a) Individual CNPD values for the different 

iterations. (b) Mean CNPD from (a). The error bar represents the standard deviation in the data set. 

The CNPD value gradually increased with the polarity of the environment on exposure to various 

typical gas sensing environments: nitrogen, oxygen, dry air, and atmospheric air, (Figure 5.4c) 

with smaller CNPD values for relatively inert environments (nitrogen, oxygen, dry air) and larger 

CNPD for atmospheric air. 
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The higher CNPD in more oxidizing environments (Figures 5.4 b,c) can be attributed to the fact 

that the CNPD is charge-transfer based and so will be more sensitive to gas adsorption in more 

polar environments. The CNPD value response to periodic changes in atmospheric air at 110 oC 

to mixtures of air/ammonia/acetone is shown in Figure 5.4d. Before the CNPD measurement, the 

gas was exposed to UV light for 1 minute to improve the acetone response.4 The CNPD increased 

with the introduction of ammonia and decreased with acetone which agrees with the generally 

higher CNPD values obtained for the pristine graphene-ammonia complex compared to the pristine 

graphene-acetone complex (Figures 5.4a,b). Besides the gas molecules introduced into the 

chamber, adsorbed molecules on graphene from the device fabrication steps as well as the activated 

carbon on the graphene channel have a small contribution to the CNPD (as shown in Figures 5.5 

a,b) where a residual CNPD was observed in vacuum for a 300 nm x 1 µm device measured at 110 

oC (tuning time = 2 minutes, Vt = (∓40 𝑉). 

5.4. Summary 

Following the demonstration of the vdW bonding memory of graphene-molecule 

complexes in chapter 4,2 the reversible switching between the –Vt and + Vt van der Waals bonding 

states in real-time is shown in this chapter. Consequently, a proof-of-concept (the CNPD method) 

for characterizing adsorbates on the graphene channel is demonstrated. The CNPD method which 

is based on the signature Vt induced charge-transfer of adsorbates on the graphene channel 

measures the difference in the CNP of the Vt-tuned graphene-molecule vdW complexes at opposite 

Vt polarities. The CNPD values are shown to be electrically tunable, increasing with the applied 

Vt and tuning time. The specificity of the CNPD value to individual gas environments makes it a 

good index for e-nose sensing using a single graphene sensor as signal specificity to adsorbate has 

been shown to improve the performance of machine learning e-nose algorithms. 
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Chapter 6 

Conclusions and prospects 

In this work, a facile and scalable technique for fabricating highly sensitive and selectivity 

activated carbon functionalized graphene-based ammonia gas sensors with room temperature 

sensitivity of 500 parts per trillion in atmospheric air and a response time of 3 seconds is 

demonstrated. (Chapter 3). The ammonia sensitivity and selectivity of the fabricated device makes 

it suitable for applications in clinical and environmental sensors. Additionally, it is shown that the 

electrically tunable charge-transfer of adsorbed gases on graphene exhibits a van der Waals 

bonding memory with carrier scattering dependent on the graphene-gas adsorption distance 

(Chapter 4). Finally, a proof-of-concept, CNPD method for characterizing various gas 

environments using both the pristine CVD graphene and activated carbon functionalized graphene 

is demonstrated (Chapter 5). In this chapter, the prospects for this work is discussed.  

First, preliminary research results on the effect of temperature and pressure on the obtained 

CNPD transfer characteristics (Figures 6a-d) are presented. 

6.1. Procedure for Temperature and Pressure Dependence of the CNPD 

Reversibility 

First, the a-CF-CFET device was recovered and left at the desired measurement temperature. Next 

the transfer characteristics in vacuum was observed, and thereafter, the desired gas or air was 

introduced into the chamber and the transfer characteristics measured again. For measurements in 

atmospheric air, the pressure in the chamber was reduced to about 600 Torr, and the transfer 

characteristics measured (for gases in air, the desired concentration of gas was introduced into the 
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chamber now and the transfer characteristics measured again). Thereafter, (for all gas 

environments) the chamber was left for 5 minutes without any measurement, and the transfer 

characteristics measured after this 5 minutes wait. Next, the gases were exposed to UV light for 1 

minute, and the transfer characteristics measured again. Then the CNPD measurement i.e. 

alternative ∓Vt and transfer characteristics measurement was done as described in chapter 5.   

6.2. CNPD Reversibility: Preliminary Results 

As shown in Figures 6a-d, at high temperature (~110 oC) and atmospheric pressure, the -

40 V and +40 V states of the graphene-molecule vdW complexes become easily reversible (Figure 

6d) while at lower pressure the Vt-induced vdW complexes became less reversible (Figure 6a-c).  

 

Figure 6.1: Pressure dependence of CNPD transfer characteristics in pure nitrogen. (a) 150 Torr (b) 450 Torr (c) 600 

Torr (d) 730 Torr. 
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Furthermore, this temperature and pressure dependence of the CNPD reversibility was 

independent of the gas showing a similar trend in nitrogen (Figure 6.1), acetone/nitrogen (Figure 

6.2), and atmospheric air (Figure 6.3a-c). As shown in Figure 6.3b, at room temperature and high 

pressure (730 Torr), this reversibility could not be achieved. Hence, for easy reversibility in the 

CNPD transfer characteristics, high temperature (110 oC) and pressure (730 Torr) are required. 

Additionally, the reversibility is affected by the presence or absence of a wait time of about 5 

minutes (Figure 6.3a,c) in which the gases were left undisturbed in the chamber as described in 

the experimental section. Though the reasons for the above observations are not very clear, it may 

be attributed to the high kinetic energy of the gases at higher temperatures and pressures resulting 

in easy reversibility of the vdW bonding interaction upon Vt application. Additionally, at 110 oC 

degrees, the effect of p-doping due to adsorbed water is reduced resulting in less changes in the 

CNP and transfer characteristics of the device. Consequently, a quasi-equilibrium distribution of 

adsorbed gases on graphene is readily formed at high pressure and temperature. Further, 

investigation on the pressure and temperature dependence of the CNPD reversibility to clarify the 

molecular dynamic effects involved is needed. Additionally, the measured CNPD values could be 

fit into different isotherms to provide better insight on the pressure and temperature dependence 

of the CNPD.  
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Figure 6.2: Pressure dependence of CNPD transfer characteristics at 110 oC for Acetone/N2. (a) 450 Torr, (b) 600 

Torr, (c) 730 Torr. 
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Figure 6.3: Pressure dependence of CNPD transfer characteristics for atmospheric air. (a) 110 oC with 5 minutes wait, 

(b) room temperature without 5 minutes wait (c) 110 oC without 5 minutes wait. 

Furthermore, the effect of annealing temperature, device size, and annealing environment 

on the porosity distribution and gas selectivity should be studied to better understand the properties 

of the a-CF-GFET sensor. Finally, the application of the CNPD values in machine learning 

algorithms for the molecular identification of various gases is needed to ascertain the effectiveness 

of the gas-specific CNPD signature values for pattern recognition of adsorbed gases. 
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