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Abstract 

Graphene and graphene-based materials are highly attractive for field effect transistor (FET) 

applications because of their elevated theoretical charge carrier mobility. Graphene FETs (GFETs) are 

studied for biosensing applications for their high sensitivity and fast detection times. However, beyond 

theory, the state-of-the-art GFETs have very low charge carrier mobilities and low ON and OFF current 

(ION/IOFF) ratios. The reduced electrical performance of the reported GFETs hinders their use for 

sensitive biosensor applications. In this work, a femtosecond laser beam was used to fabricate 

functional graphene-based materials and to tune their structure and electrical performance. It was found 

that the laser ablation process could transform two insulating two-dimensional (2D) materials, graphene 

oxide (GO) and hexagonal boron nitride (h-BN), into semiconductors with high ION/IOFF ratios and 

charge carrier mobilities. 

Two types of nanomaterials were fabricated using a laser ablation process. The first is B and N co-

doped reduced GO (rGO) nanoflakes, and the second is B and N co-doped GO (BN-GO) gels. The co-

doping concentration was controlled by changing the ratio between GO and h-BN in the precursor 

solutions. Greater B-doping concentrations were observed for the nanoflakes (1.8-4.1 at%) compared 

with the gels (0.5-1.3 at%). Similarly, greater nitrogen doping was observed for the nanoflakes (3.4-5.9 

at%) compared with the gels (0.3-1 at%). Increased B and N co-doping concentrations were found to 

reduce the sheet resistance of the nanoflakes. 

Back-gated FET devices made of the BN-GO gels revealed very high ION/IOFF ratios (~106) and 

electron and hole mobilities in the range of 3000-9000 cm2V-1s-1 and 2000-6000 cm2V-1s-1, respectively. 

Several electrical performance enhancement strategies were employed, and the best mobility and 

ION/IOFF ratio values achieved were 440,000±200,000 cm2V-1s-1 and 107, respectively. These values were 

obtained when the pulse duration of the laser ablation was reduced by 3 times to approximately 10 fs. 

These gels demonstrated good stability over a 2-year period. 

The BN-GO gels were used for several sensing and biosensing applications. For gas sensing, the BN-

GO gels were used as the receptor material in a membrane-type surface stress (MSS) sensor. It was 

found that the sensitivity of the sensor is enhanced for gels containing higher concentrations of B and 

N co-doping. Additionally, MSS using BN-GO gels demonstrated an improved limit of detection 

(LOD) for most tested compounds compared to other 2D receptors.  
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An FET with the BN-GO gel as top-channels were used for the biosensing of brain natriuretic peptide 

(BNP), a heart failure (HF) biomarker, and Coronavirus disease 2019 (COVID-19) synthetic proteins 

in buffer. The BN-GO gel channels were covalently functionalized with BNP or COVID-19 antibodies 

to selectively capture the desired analytes. It was found that real-time detection of BNP biomarker in 

buffer could be achieved in as little as 5 seconds with an LOD of 10 fM and a detection range of 10 fM 

ï 1 pM. The Dirac point monitoring of the same biosensor revealed an LOD of 10 aM within 2 minutes 

and a detection range of 10 aM ï 1 µM. The biosensor demonstrated great specificity and selectivity 

compared with K+ OH- ions and human epidermal growth factor receptor 2 (HER2) cancer biomarker 

protein. 

The BN-GO gel FET covalently functionalized with COVID-19 antibodies was used for COVID-19 

biosensing in buffer as a proof-of-concept by monitoring the shift in the Dirac point. The LOD and 

detection range were calculated as ~30 fg/mL and 0.01-100 pg/mL, respectively for COVID-19 protein 

in a 0.1x pH=7 buffer solution. The BNP and COVID-19 biosensors should be further investigated 

beyond the proof-of-concept stage. Additionally, other biomarker-bioreceptor pairs could also be 

investigated using the same BN-GO gel FET platform. Aptamers may be studied as a replacement for 

the antibody bioreceptors for improved sensitivity.  
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Chapter 1 

Introduction 

Heart disease and cancer are the two leading causes of death worldwide, responsible for more than 47% 

of overall causes of death (as of 2017) [1]. In recent years, another threat is causing a consistent rise in 

the number of deaths worldwide, i.e., Coronavirus disease 2019 (COVID-19) which claimed more than 

2.7 million lives over the span of one year [2]. Experts agree that one of the best methods to improve 

the disease outcome [3] and reduce the spread of viral diseases is through early detection [4]. While 

much progress has been done to achieve a better understanding of early detection and screening 

measures, the common practices still lack the required sensitivity for early detection [5] and take a long 

time [6]. 

Field effect transistors (FETs) are one of the most promising biosensor types investigated in recent 

years since they offer point-of-care applications, high sensitivity, fast detection times, and compatibility 

with complementary metal-oxide-semiconductor (CMOS) fabrication [7]. The ability to detect a 

disease in its early stages is directly related to the sensitivity of the biosensor and its limit of detection 

(LOD). In FETs, the detection sensitivity and LOD are dictated by the electrical performance of the 

device, namely the charge carrier mobility and the ratio between the ñONò and ñOFFò currents 

(ION/IOFF) of the channel [8]. In addition, researchers demonstrated that the feature size also affects the 

deviceôs sensitivity, with increased sensitivity reported for features in the nanometer scale [9]. For these 

reasons, a semiconductor nanomaterial with an increased charge carrier mobility and ION/IOFF ratio is 

highly desired for FET biosensors. 

Graphene is a two-dimensional (2D) nanomaterial with a superior theoretical charge carrier mobility 

above 200,000 cm2V-1s-1 [10]. However, it is a semi-metal with a zero bandgap which eliminates its use 

in FETs [11]. Several approaches have been made to overcome this obstacle, such as increasing the 

number of layers [12], adding quantum confinement [13], or introducing stress [7]. Alternatively, 

graphene-based materials, such as graphene oxide (GO), reduced graphene oxide (rGO) [14], doped 

graphene [15], and graphene-based hybrids [16] were also studied. The highest reported charge carrier 

mobility (µ=36,000 cm2V-1s-1) and ION/IOFF ratio (~108) were achieved for graphene-based structures 

involving graphene and hexagonal boron nitride (h-BN) hybrids/heterostructures [17], [18]. However, 

common fabrication techniques require the use of harsh chemicals and lengthy processes and do not 

allow large-scale fabrication [13]. Therefore, it is crucial to develop a fast and CMOS-compatible 

fabrication technique of a graphene-based FET (GFET) with superior electrical performance. With the 
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correct functionalization strategies [19], these GFETs could be used as biosensors for the early 

detection of numerous diseases.  

1.1 Objective of the thesis 

The objective of the thesis is to develop a graphene-based FET that would serve as a platform for ultra-

sensitive detection of various disease biomarkers. Several additional requirements are desired: 

¶ Fast fabrication process without the use of harsh chemicals. 

¶ High charge carrier mobilities and ION/IOFF ratio. 

¶ Good stability in room ambient conditions. 

¶ Compatible for CMOS and large-scale fabrication. 

¶ Compatible for different sensing and biosensing applications. 

In this regard, two main goals were set. First, the fabrication of a FET device with superior electrical 

performance, and second, the functionalization of the device with different bioreceptor (biological 

capturing) molecules for selective biosensing.   

1.1.1 FETs with superior electrical performance 

Several approaches have been made to tailor the electrical performance of the FETs while striving to 

fulfill the above objectives. First, non-hazardous materials (i.e., GO and h-BN) were used throughout 

the thesis. These materials were chosen since graphene and h-BN hybrids were demonstrated to possess 

extremely-high charge carrier mobilities and ION/IOFF ratios [17], [18] and increased stability in air [20]. 

GO is an oxygenated form of graphene with poor electrical conductivity, but reducing the oxygen 

content in GO could restore the electrical properties towards those of graphene [21]. Additionally, one 

milligram monolayer suspension of graphene costs $1100, almost 7000 times as much as one milligram 

of GO suspension [22].  

For the second approach, laser ablation was chosen as the material processing platform, since it 

allows fast fabrication times in room ambient conditions [23]. Additionally, it was demonstrated as a 

reliable tool to reduce the oxygen content in GO. Tailoring the electrical performance of the devices 

was achieved through changes to the laser ablation process and changes to the ratio between the 

precursors. Lastly, the device fabrication processes used throughout the thesis are compatible with 

CMOS fabrication techniques.  
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1.1.2 Different biosensing platforms 

A biosensor commonly has two key components: a bioreceptor and a transducer [19]. The bioreceptor 

is a biological molecule that can selectively recognize the target analyte in the sample and make a 

physical or chemical reaction with it. A transducer translates the recognition process into a measurable 

signal, i.e., an electrical signal in the case of a GFET. When the electrical signal is large enough to be 

measured, biosensing can occur. Therefore, it is theoretically possible to functionalize the GFET with 

different bioreceptors, as long as the recognition reaction between the analyte and the bioreceptor would 

generate a large enough electrical signal in the GFET.    

1.2 Thesis structure 

The thesis is divided into seven chapters. The organization and content of the thesis are as follows: 

Chapter 2 will discuss the state-of-the-art pristine graphene and graphene-based materials, their 

common fabrication techniques, and their demonstrated electrical performance. Then, the working 

principle of FET biosensors will  be presented. The biosensing performance of the state-of-the-art GFET 

will  be compared, and the dependence of the biosensing results on the electrical performance of the 

GFET will  be analyzed. Lastly, the challenges and opportunities the field is facing will  be discussed. 

Chapter 3 will present graphene-based materials fabricated by a simple and fast laser ablation 

technique in room ambient conditions. The compositional, structural, and electrical performance of the 

novel material will  be analyzed. Their feasibility in GFETs will  then be discussed. 

Chapter 4 will present improvements to the fabrication process discussed in Chapter 3 and present a 

GFET with superior electrical performance and increased stability in air. The deviceôs performance will  

then be compared to the state-of-the-art GFETs. 

Chapter 5 will present the biosensing performance of the GFET from Chapter 4 towards early 

detection of heart failure. The biosensing performance will  be compared to the state-of-the-art FET 

heart failure biosensors. 

Chapter 6 will present additional sensing capabilities of the graphene-based materials and the GFETs 

towards gas sensing and COVID-19 biosensing, respectively.  

Chapter 7 will conclude the thesis and present future avenues that could be further explored. 

Chapter 8 will list the publications in journals and conferences. 
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1.3 Contributions 

The laser ablation, characterization of materials, device fabrication, and result analysis were performed 

by I. Novodchuk. The electrical measurements throughout the thesis were performed in collaboration 

with M. Kayaharman. The gas sensing and MSS device fabrication and analysis described in Chapter 

6 were performed by Dr. K. Mistry. The 2D nanorods project described in Chapter 7 was performed in 

collaboration with Dr. K. Mistry and Dr. K. Ibrahim.     
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Chapter 2 

Graphene-based FET biosensors 

2.1 Introduction 

The structure of a GFET is similar to a metal-oxide-semiconductor FET (MOSFET) [24]. It is made up 

of a graphene-based channel between source and drain electrodes typically on a SiO2/Si substrate [25]. 

The gate electrode could either be on top of the channel (separated by an oxide layer) or through the 

substrate, referred to as back-gated [26]. While the type of gate has an effect on the power consumption 

and the controllability of the FET, with top-gated devices needing lower power and providing better 

control [5], the main factors that determine the electrical performance are the channel material and its 

contact with the other components [27]. The following sub-sections will  explore the state-of-the-art 

pristine graphene and graphene-based materials fabricated in recent years and their use in FET 

biosensor devices. The biosensing performance will  be analyzed based on the transducer material and 

the electrical performance of the device.  

2.1.1 Pristine graphene 

Pristine graphene is another name for graphene in its pure form, i.e., a hexagonal network of carbon 

atoms [28]. Common fabrication processes of graphene include exfoliation and cleavage of graphite, 

chemical vapor deposition (CVD), and graphene epitaxy [8]. Single to few-layers graphene (FLG) 

sheets can be separated from the bulk graphite structure by exfoliation and cleavage, due to the weak 

Van der Waals forces between neighboring graphene sheets in the graphite. In this method, an adhesive 

tape is used to extract graphene from the graphite and deposit it onto a substrate [29]. While this process 

enables the exfoliation of high-quality graphene sheets as big as ~0.5 mm and with a charge carrier 

mobility of up to 12,000 cm2V-1s-1 [29], it has several disadvantages. It is currently not possible to 

exfoliate graphene on a large-scale industrial level [13], it takes a long time, and the grapheneôs shape 

and location on the substrate cannot be controlled.  

In contrast, the CVD growth of graphene is compatible with the industry fabrication standards and 

could be fabricated over large areas [30]. However, the graphene is fabricated on a metal substrate and 

transferred to the desired substrate by ña complex transfer procedure where some of the stamp material 

remains as a contaminate on the graphene surface and reduces its charge carrier mobilityò [8]. Most 

reported CVD graphene have inferior charge carrier mobilities to exfoliated graphene, with the highest 
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values reaching 8,000 cm2V-1s-1 at room temperature [31]. Epitaxial growth of graphene could be 

produced at a high quality and over large-areas, but the high temperatures required are not compatible 

with the industry standards [13].   

Several of the highest reported charge carrier mobilities of the state-of-the-art graphene fabricated in 

the aforementioned methods are compared in Table 1 and Figure 1. As seen from the table and figure, 

the highest reported room temperature charge carrier mobilities were achieved for exfoliated graphene, 

while the lowest values were observed for epitaxial graphene. It is also important to mention that the 

reported ION/IOFF ratios were very low (4-13), as expected for pristine graphene [32]. Lastly, for all three 

fabrication methods, there is a notable reduction in the charge carrier mobility with increased channel 

areas, as demonstrated in Figure 1. This observation is a great obstacle in fabricating large-area GFETs 

and is believed to be a direct result of the increased number of grain boundaries with increasing channel 

area [33]. This obstacle will be further discussed and addressed in Chapters 3 and 4.  

Table 1 - A comparison between the room temperature electrical properties of the state-of-the-

art  pristine graphene fabricated by different methods. 

Fabrication 

method 

Charge carrier 

mobility  (cm2V-1s-1) 
I ON/I OFF Area (µm µm) Reference 

Exfoliation 

 

5700 ~13 100 1000 [34] 

40000 - 0.75 2 [35] 

10000 - 180 230 [36] 

CVD 

 

900 ~4 100 1000 [34] 

8000 ~7 180 230 [36] 

5400 ~5 250 250 [37] 

Epitaxial  

 

9000 - - [38] 

3200 - 100 600 [39] 

4700 - 5 5 [40] 

 While some astonishing progress has been made in increasing the quality and charge carrier mobility 

of pristine graphene, the low ION/IOFF ratios are a great obstacle to numerous applications, including 
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biosensing applications [32]. This is one leading reason why graphene-based materials have been 

receiving much attention in the last several years.  

 

Figure 1 - A comparison between the room temperature charge carrier mobilities of several of 

the top-performing state-of-the-art pristine graphene fabricated in different methods. 

2.1.2 Graphene-based materials 

As several obstacles in using pristine graphene for electronic applications such as the high fabrication 

costs [22] and the low ION/IOFF ratios [36] remain, alternative graphene-based materials are increasingly 

attracting research attention. These materials include GO and rGO which have the same carbon 

backbone structure as pristine graphene but with out-of-plane oxygen-based functional groups [41]. 

GO has high band gap (~5 eV) and is categorized as an insulator. Removing some of the oxygen 

functional groups restores the conductivity and structure of the GO towards that of graphene. The 

removal of some of the oxygen functional groups decreases the band gap and forms a semiconductor 

named rGO. Additional graphene-based materials include doped graphene [15], heterostructures [42], 

and graphene-based hybrids or composites [16]. In this sub-section, several of the top-performing state-

of-the-art graphene-based materials will be compared based on their electrical properties and 

fabrication method.   
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Table 2 - A comparison between the room temperature electrical properties of the state-of-the-

art  graphene-based materials. 

Material  
Fabrication 

method 

Charge carrier 

mobility (cm2V-

1s-1) 

I ON/I OFF 
Area 

(µm µm) 
Reference 

rGO  

 

Photothermal 

reduction 
0.17 111 70 500 [43] 

Hydrazine 

reduction 
~630 >500 200 2000 [44] 

Pulsed laser 

deposition 
1600 - - [45] 

Pulsed laser 

deposition 
5 - 100 100 [46] 

N-doped rGO Chemical 

reduction and 

doping 

5 ~1.5 20 20 [47] 

N-doped 

graphene 
CVD 520 - - [48] 

MoO3-doped 

graphene 

MoO3 flame 

doping 
2700 7.5 0.5 10 [49] 

MoS2/graphene 

heterostructure 
CVD 600 ~100 3 5 [42] 

h-BN/graphene 

heterostructure 

CVD and 

exfoliation 
100000 ~150 2 2 [50] 

CVD 18000 ~4 0.5 2 [51] 

Exfoliation 7000 ~20 1 10 [17] 

Graphene/Pt 

hybrid  
CVD 1200 ~3 10 100 [52] 

rGO/TiO 2 

composite 
Chemical 

reduction 
~4.5 ~2 4 200 [53] 

MEH -PPV1/PbS 

QDs2/ graphene 

hybrids 

- 180 ~5 100 2500 [54] 

 

 
1 MEH-PPV-poly [2-methoxy-5-(2 -́ ethylhexyloxy-p-phenylenevinylene)]. 
2 QD- quantum dot 
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As seen in Table 2, there are different types of graphene-based materials with a large divergence in 

electrical properties. To get a better overview of the top-performing graphene-based materials, the data 

in Table 2 was plotted in Figure 2. Figure 2a shows the dependence of the mobility (light fill) and the 

ION/IOFF ratio over the type of graphene-based material, while Figure 2b shows the mobility versus the 

ION/IOFF ratio for the different types of graphene-based materials. Ideally, the desired material would 

have both high mobility and ION/IOFF ratio, thus would be in the top right corner of Figure 2b. As seen 

from the figure, there is no clear candidate for an ideal type of graphene-based material, but the best 

performers are either from the rGO group or the heterostructure group, with h-BN/G heterostructures 

having the best overall electrical properties.  

 

 

Figure 2 - A comparison between the electrical properties of the state-of-the-art graphene-based 

materials divided by group type. (a) Mobility (patterned) and ION/I OFF ratio (solid fill) for 

different graphene-based types. (b) Mobility vs. ION/I OFF ratio for differe nt graphene-based 

types.  

While GO and rGO materials can be cheaply produced [22], CVD fabrication of a wafer-scale h-BN 

is challenging [55]. For this reason, this thesis will  employ monolayer GO solution and h-BN 

nanopowder as the starting materials for a novel graphene-based material with the goal to improve both 

mobility and ION/IOFF ratio compared to the state-of-the-art. 
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2.2 State-of-the-art graphene-based FET biosensors 

2.2.1 Working principle 

In a GFET, a graphene-based channel is typically deposited between source and drain electrodes (S and 

D, respectively) on a doped silicon substrate separated by an oxide layer [8], as shown in Figure 3. A 

gate electrode is also needed for turning the device on and off by controlling the channelôs conductivity, 

thus achieving the field effect [42]. The gate electrode could either be from the substrate (back-gate), 

from the top of the channel (top-gate), or through a solution (solution-gated or electrolyte-gated) [56], 

as demonstrated in Figure 3a-c, respectively. The voltage between the source and drain electrodes (VDS) 

determines the direction of the current flow. A common drain current (Ids) versus gate voltage (VG) plot 

for GFET for a constant VDS is shown in Figure 4a (reproduced with permission from [8]. ©2019 

Elsevier). This plot is unique to GFET since depending on the VG, it can either be an n-type or p-type 

device. This ambipolar behavior is a direct result from the symmetry between the valence and 

conductance bands [13]. The critical transition voltage between these two regions is defined as the 

Dirac point where the ñOFFò current is achieved [57]. 

 

Figure 3 - A schematic of GFET working principle. (a) Back-gated (BG), (b) top-gated, and (c) 

solution-gated GFET. 

In a GFET biosensor, the graphene-based channel is the transducer material, but it cannot distinguish 

between the target biomolecule and other charged molecules in its surroundings. Therefore, the GFET 
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needs to be functionalized with a bioreceptor that would capture the target analyte from the sample 

environment [19].  As discussed in [8], when constant VDS and VG are applied, the Ids should be constant 

over time, as long as there is no change in the deviceôs environment (such as temperature, humidity, 

chemicals present, etc.). If charged target biomolecules are introduced and captured by the bioreceptors 

(after a time known as ñthe detection timeò), their charges will induce a change in the charge carrier 

concentration of the GFET channel to compensate for the additional charge. Consequently, the Ids would 

change proportionally, as shown in Figure 4b (reproduced with permission from [8]. ©2019 Elsevier). 

In the case of an n-type channel, an attachment of a negatively charged target biomolecule would 

decrease the current, and vice-versa for a positively charged target [58]. Additionally, according to 

equation 1, the current (Ids) is directly proportional to the magnitude of the electron mobility (А) in the 

case of an n-type GFET [8]:  

╘▀▼
▄▪А▪◌◄

╛
╥         

Where e is the electron charge, n is the electron concentration, w, t, and L are the channelôs width, 

thickness, and length, respectively, and V is the voltage. Thus, for the same device geometry, a channel 

with larger mobility will result in a larger sensing response. Figure 4c shows a different biosensing 

mechanism which is unique to GFETs. It is achieved by monitoring the change in the Dirac point, 

which is also a direct result from the change in the charge carrier concentration of the device.   

 

Figure 4 - Drain source current measurement (a) vs gate voltage and (b) vs time for graphene-

based FET biosensor. The current changes in response to target biomarker attachment. (c) 

Similarly, the current vs gate voltage plot shifts in response to target biomarker attachment. 

Note: the current in plot (a) and (c) is in log scale (reproduced with permission from [8]. ©2019 

Elsevier). 
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2.2.2 Bioreceptors 

Bioreceptors play a key role in the success of the biosensor since their choice determines whether the 

device could capture the wanted target biomolecule inside a complex sample [19]. The bioreceptor 

should be able to interact only with the target analyte while ñignoringò all the surrounding molecules 

[59]. Some of the most studied bioreceptors include antibodies, aptamers, and complementary DNA 

(or probe DNA), as seen in Figure 5 (reproduced with permission from [8]. ©2019 Elsevier). 

 

Figure 5 - Schematic mechanism of (a) a selective recognition reaction of an antibody with a 

target biomolecule in a bio-environment. (b) A recognition reaction of target DNA with cDNA 

resulting in a hybridization process. (c) An aptamer forming a three-dimensional (3D) structure 

and undergoing a recognition reaction with a target biomolecule (reproduced with permission 

from [8]. ©2019 Elsevier).  

Antibodies are proteins with a ñYò structure produced by the body when it is exposed to a foreign 

compound [26]. A single-stranded DNA (ssDNA or probe DNA) can be designed to make a selective 

hybridization reaction with a complementary target ssDNA or RNA. Similarly, aptamers, which are 

single-stranded small oligonucleotides can specifically bind to different analyte types [60]. They often 

go through a three-dimensional (3D) conformation change before they can be used as the analyte 

anchoring component. Antibodies provide better specificity compared with aptamers and ssDNA, 

which can make non-specific electrostatic interactions [26]. Nonetheless, antibodies are large 
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molecules (above 10 nm in size), much larger than aptamers (1-3 nm) and ssDNA (~3.5 nm) [61]. The 

size of the bioreceptor is a very important aspect of FET biosensors. Beyond a certain length, called 

ñthe Debye screening lengthò, the ions in the solution screen 63% of the recognition reaction between 

the biosensor and the target analyte, resulting in poor sensitivity [7]. The Debye screening length in 

blood is ~1.5 nm [62], therefore a minute bioreceptor is desired. 

Circumventing the Debye screening effect [8] could be achieved by changing the bioreceptor, taking 

only a fraction of the bioreceptor (like using a fragmented antibody [52]), reducing the ionic strength 

of the sampleôs solution [63], or making changes to the GFET channel such as inserting structural stress, 

adding a curved morphology [7], or adding a permeable layer [64]. The latter two strategies will  be 

explored in Chapters 5-6 of this thesis while reducing the ionic strength of the sampleôs solution will  

be explored in Chapter 6 of this thesis. 

2.2.3 Structure and biosensing performance 

This sub-section is aimed to examine the top performing GFET biosensors reported in recent years and 

to examine the challenges and opportunities the field faces today. Several aspects will  be examined in 

detail: the deviceôs structure and components, the LOD and the detection range, the detection medium, 

the target analyte, and the bioreceptor species, as seen in Table 3. Since the same GFET functionalized 

with different bioreceptors could theoretically be used to detect different biomarkers [8], this sub-

section will  not focus on a specific biomarker type.  

DNA detection is targeted for several reasons, such as understanding biological reactions [65], and 

for disease diagnosis, prognosis, and assisting physicians with treatment plans [8]. Wang and Jia [65] 

reported a high-quality liquid exfoliated graphene (LEG) functionalized with a probe DNA through a 

Glutaraldehyde (GA) linker for the detection of target DNA in a buffer solution. They demonstrated 

the ability to functionalize amine-terminated DNA to the GA linker. The reported LOD was 10 fM with 

a large detection range of 1 fM- 10 nM spreading over 6 orders of magnitude. However, the biosensorôs 

selectivity toward interfering species was not discussed. Gao et al. [66] used a GFET functionalized 

with an engineered hairpin probe DNA via 1-Pyrenebutanoic acid succinimidyl ester (PBASE) linker. 

The probe DNA enhanced target recycling and hybridization chain reaction which enhanced the sensing 

signal and the sensitivity of the device. They reported an LOD of 100 aM and a detection range of 100 

aM-10 pM. Lastly, Chen et al. [67] used a MoS2/graphene hybrid structure as the channel of their FET. 

The probe DNA was also functionalized through a PBASE linker, and the reported LOD and detection 

range were 100 aM and 100 aM-100 pM, respectively. They attributed their enhanced sensitivity to the 
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reduced Debye screening as a direct result of the hybrid structure. In addition, the authors reported 

enhanced selectivity by a factor of 0.5 and 24 compared to a single and 15-bases mismatched DNA, 

respectively.   

Dysregulation of RNA and micro-RNA (miRNA) has been linked to many different diseases [8]. 

Thus, monitoring their levels can be used for diagnostic purposes. Hwang et al. [7] reported a crumpled 

graphene (CG) FET with the ability to detect miRNA with an LOD of 20 aM and a detection range of 

20 aM-200 fM in serum and an LOD of 600 zM in buffer. They reported an astounding 10 orders of 

magnitude detection limit (600 zM-60 nM) in buffer. They attributed the enhanced sensitivity to the 

CG structure which increased the Debye screening length. Tian et al. [68] used a CVD-grown graphene 

FET functionalized with a probe DNA through a PBASE linker for the detection of RNA  with an LOD 

of 0.1 fM and a range of 0.1-1000 fM. They used a buffer with low ionic strength (0.1x) in order to 

increase the Debye screening length. In a different paper [69], the same group reported the ability to 

enhance the LOD and detection range by changing the bioreceptor to Peptide Nucleic Acid (PNA) to 

0.1 aM and 0.1 aM-1 pM, respectively. The group attributes the enhanced performance to the fact that 

unlike the probe DNA, the PNA is a neutral molecule thus reducing ionic interference compared to 

DNA. Additionally, the group demonstrated the deviceôs ability to detect 0.1 aM RNA in serum, which 

is a noteworthy result. 

Detection of small proteins could be very beneficial for disease diagnostics and prediction [70] or 

for food safety [71]. Yang et al. [70] used an FET with a graphene nanomesh (GNM) functionalized 

with an aptamer via a PBASE linker for the biosensing of human epidermal growth factor receptor 2 

(HER2) cancer biomarker protein in a buffer solution. They reported an LOD of 0.6 fM and a detection 

range of 0.0001-10 ng/mL. They also demonstrated the ability to fabricate a flexible GNM FET 

biosensor and demonstrated signal enhancement compared with a graphene FET. Yeh et al. [72] used 

an FET with a graphene channel functionalized with antibodies through a PBASE linker for the 

biosensing of chondroitin sulfate proteoglycan 4 (CSPG4) cancer biomarker protein in a buffer solution 

with an LOD of 0.01 fM and a detection range of 0.01 fM -1 pM. The group attributes their great 

sensitivity to the enhanced graphene quality and electrical performance by the addition of self-

assembled monolayers of Hexamethyldisilazane on the substrate surface. Lei et al. [73] used an rGO/Pt 

nanoparticles (NPs) hybrid to sense brain natriuretic peptide (BNP), a recognized heart failure (HF) 

protein, with a LOD and detection range of 100 fM and 0.1-1000 pM in buffer, respectively. They were 

also able to selectively detect 50-200 nM BNP concentrations in whole blood samples.    
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Around 500 million people have been infected by the hepatitis B (Hep-B) virus [74]. This virus can 

cause liver disease which has infected around one million people annually. For this reason, recent works 

have been published targeting Hep-B biosensing. Basu et al. [75] fabricated an rGO nanogrid structure 

using a nanoporous silicon oxide template. Their goal was to take advantage of the properties of 

graphene nanoribbons (GNRs) while keeping the fabrication process simple and avoiding rough edges 

and dangling bonds. They reported an LOD of 50 aM (but a narrow detection range) for a protein on 

the surface of Hep-B virus (Hep-B antigen). The bioreceptor used was a Hep-B antibody which was 

immobilized on the channel using N-(3-dimethylaminopropyl)-Nǋ-ethylcarbodiimide hydrochloride 

(EDC)-N-hydroxysuccinimide (NHS) linkers. In a different work [76] the group reported the ability to 

use the biosensor for Hep-B detection in serum with an LOD of 0.1 fM and a range of 0.1 fM-1 pM. 

Table 3 - State-of-the-art GFET biosensing platforms with enhanced LOD and detection range. 

Transducer Target  Bioreceptor LOD (fM)  Detection range Medium Ref. 

LEG/GA  DNA Probe DNA 10 1 fM- 10 nM Buffer [65] 

G3/PBASE DNA Probe DNA 0.1 100 aM-10 pM Buffer [66] 

MoS2/G hybrid  DNA Probe DNA 0.01 10 aM to 100 pM Buffer [67] 

G/PBASE RNA Probe DNA 0.1 0.1 fM-1 pM Buffer [68] 

CG/PBASE miRNA Probe DNA 0.02 20 aM-200 fM Biofluid [7] 

 0.0006 600 zM-60 nM Buffer 

G/PBASE RNA PNA 0.0001 0.1 aM-1 pM Buffer [69] 

GNM/PBASE HER2 Aptamer 0.6 0.0001-10 ng/mL Buffer [70] 

G/PBASE CSPG4 Antibodies 0.01 0.01 fM -1 pM Buffer [72] 

rGO/Pt NPs BNP Antibodies 100 100 fM-1 nM Buffer [73] 

5x107 50-200 nM Blood 

rGO nanogrid/ 

EDC-NHS 

Hep-B 

antigen 

Antibodies 0.05 50 aM-10 PM Buffer [75] 

G/PBASE SARS-

CoV-2 

spike 

Antibodies 1 fg/mL 1-1000 fg/mL Buffer [77] 

100 fg/mL 0.1-10 pg/mL Mucus 

G/DAN4 H2O2 Cytochrome c 100 100 fM-100 pM Buffer [78] 

 
3 G- graphene 
4 DAN- 1,5-diaminonaphthalene 
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In the past year, another virus has been the focus of many different biosensing platforms. This is the 

coronavirus 2 (SARS-CoV-2) which causes COVID-19, especially since the World Health 

Organization (WHO) has classified the COVID-19 outbreak as a pandemic [77]. GFET is one of the 

solutions researchers target for highly sensitive point-of-care biosensor applications. Seo et al. [77] 

reported a GFET biosensing device for detecting SARS-CoV-2 in clinical samples. The channel was 

functionalized with a specific antibody against SARS-CoV-2 spike protein through a PBASE linker. 

They reported an LOD of 1 fg/mL in phosphate-buffered saline and 100 fg/mL in clinical transport 

medium. The selectivity of the biosensor was also tested against Middle East respiratory syndrome 

coronavirus (MERS-CoV) with 6 times higher detection signal towards the target. 

Oxidative stress could be used to prognose many different diseases such as cancer and neurological 

disorders through monitoring the quantity of H2O2 molecules in bodily fluids [78]. Lee et al. 

demonstrated the ability to detect H2O2 in buffer with an LOD and detection range of 100 fM and 0.1-

100 pM, respectively, using a graphene FET functionalized with a Cytochrome c protein through a 1,5-

diaminonaphthalene linker. The device showed 10 times better LOD compared to the state-of-the-art 

with different FET transducers. The authors attributed the enhanced sensitivity to the increased surface 

charge from the Cytochrome c and H2O2 interaction.   

2.2.4 Biosensing performance dependence on the electrical performance 

In this sub-section, the biosensing performance of the state-of-the-art graphene-based biosensors 

discussed in the previous sub-section will  be analyzed in terms of their electrical performance (i.e., 

charge carrier mobility and ION/IOFF ratio), as summarized in Table 4. The expectation would be that 

FETs with higher mobilities and ION/IOFF ratios could in turn have better sensitivity and low LOD [8]. 

However, no discussion was found for the effect of the electrical properties over the detection range, 

which is also a very important performance parameter.  

As can be observed from Table 4, most of the state-of-the-art GFET biosensors exhibit extremely 

low LODs, as low as 0.6 aM, and high mobilities (mostly >1000 cm2V-1s-1). However, the ION/IOFF ratios 

are between 1-10, with three exceptions. An increased ION/IOFF ratio showed no clear effect over the 

LOD and the detection range. The effect of the charge carrier mobility on the biosensing performance 

can be seen in Figure 6.   
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Table 4 - The biosensing performance and the electrical properties of the state-of-the-art  GFET 

biosensors. 

Transducer Target  LOD (fM)  Detection range 

(orders of 

magnitude) 

Mobility ( cm2V-

1s-1) 

ION/IOFF Ref. 

LEG/GA  DNA 10 5 1200 ~6.7 [65] 

G/PBASE DNA 0.1 5 2700 360 [66] 

MoS2/G /PBASE DNA 0.01 7 ~4300 ~6 [67] 

G/PBASE RNA 0.1 4 ~833 ~1.3 [68] 

CG/PASE miRNA 0.0006 10 ~4150 ~3 [7] 

G/PBASE RNA 0.0001 7 ~2000 ~1.5 [69] 

GNM/PBASE HER2 0.6 5 ~17 1000 [70] 

G/PBASE CSPG4 0.01 5 ~2750 11 [72] 

rGO nanogrid/ 

EDC-NHS 

Hep-B 

antigen 

0.05 7 ~1300 ~900 [75] 

rGO/Pt NPs BNP 100 4 ~140 ~1.4 [73] 

G/DAN H2O2 100 3 ~3000 ~1 [78] 

 

 

Figure 6 - The effect of the charge carrier mobility on the (a) LOD and (b) detection range of the 

state-of-the-art GFET biosensors. 

As seen from Figure 6a, the LOD is enhanced with increasing charge carrier mobility for the same 

type of biosensor. Similarly, an increased mobility is associated with an increased detection range, as 
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seen in Figure 6b. These results confirm the demand for ultra-high charge carrier mobility materials. 

By roughly extrapolating the results, a GFET with a charge carrier mobility in the 105 cm2V-1s-1 range 

would be theoretically able to detect DNA, RNA, and proteins with an LOD as low as 1 yM, 10 yM, 

and 1 aM, respectively. To put that in perspective, the biosensors would be able to detect a single DNA 

strand in one liter of buffer solution. Similarly, the detection ranges could reach up to 11, 20, and 8 for 

DNA, RNA, and protein, respectively. It is important to note that the above results are for buffer 

solution and are not applicable to real physiological samples.  

2.3 Challenges and opportunities   

In this section, the current challenges of the GFET biosensors will be discussed, and several approaches 

taken to address these challenges will  be presented. First, as seen in [8], the ION/IOFF ratio likely affects 

the LOD while not as dominant as the effect of the charge carrier mobility. Therefore, increasing the 

ION/IOFF ratio is desirable for an enhanced LOD. Nonetheless, only a handful of GFET reported in recent 

years have ratios beyond 1000. Yang et al. [70] introduced high density 3 nm holes in the graphene 

structure which increased the ION/IOFF ratio up to 1000. Deformation of graphene also increases the  

ION/IOFF ratio up to 1000 for bilayer graphene [79]. Chen et al. [44] used rGO as the channel material 

and reported an ION/IOFF ratio above 500. A heterostructure of graphene and MoS2 with an h-BN 

dielectric was shown to have an extremely high ION/IOFF ratio up to 108 [18]. Theoretically, increasing 

the channelôs charge carrier mobility and the band gap would increase the ION and decrease the IOFF, 

respectively [13].  

Second, the importance of increasing the charge carrier mobility of the GFET was already covered, 

however, only a handful of works showed values exceeding 2000 cm2V-1s-1 which is 2 orders of 

magnitude lower than the theoretical value [10]. Yeh et al. [72] were able to enhance the mobility to 

~2750 cm2V-1s-1 by using a Hexamethyldisilazane buffer layer between the graphene and the substrate. 

A different approach was to deform the graphene which increased its mobility  to ~4150 cm2V-1s-1 [7]. 

Tian et al. [67] used a heterostructure of graphene and MoS2 with a charge carrier mobility of ~4300 

cm2V-1s-1. 

Third, for the biosensor to be effective, the recognition reaction between the bioreceptor and the 

analyte must occur within the Debye screening length [7]. However, only a small number of the state-

of-the-art GFET used small bioreceptors, such as aptamers [70] or PNA (1.5-2.2 nm [80]) [69]. Other 

groups used different strategies to increase the Debye screening length, such as using buffers with low 
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ionic strength [7], [68]. However, future work should be done to show the usefulness of such biosensors 

in real physiological samples. Other strategies to increase the Debye screening length included the 

deformation of the graphene channel [7], using hybrid structures [67], or using a channel with a 

permeable layer [64]. 

Lastly, since graphene is a hydrophobic material [8], bioreceptors are commonly functionalized 

through linkers. The most used linker is PBASE [66], however some groups used GA [65], DAN [78], 

EDC-NHS [75], or NPs [73]. However, the linker adds to the total length of the bioreceptor, thus 

contributing to the Debye screening [8].   

2.4 Summary 

In conclusion, graphene and graphene-based materials show great promise for FET biosensors, due to 

their extremely high theoretical charge carrier mobility. However, the fabrication of GFETs with high 

mobility is challenging. In addition, the short Debye screening length and low ION/IOFF ratio in GFETs 

are also two important limiting factors for biosensing performance parameters, such as LOD and 

detection range. Analysis of the state-of-the-art GFET revealed enhanced mobility and ION/IOFF values 

for graphene heterostructures and rGO materials. 

GFETs biosensors reported in recent years were able to reach mobilities of up to ~4300 cm2V-1s-1 

and ION/IOFF ratios up to 1000. LODs as little as 0.6 aM and detection ranges of up to 10 orders of 

magnitude were also reported. Analysis of the electrical and biosensing performance revealed improved 

LOD and detection range for GFETs with higher charge carrier mobility. However, most results were 

reported for buffer solutions and not for real physiological samples.      

Several approaches were made for enhanced biosensing performance, with the most promising 

electrical enhancement results for heterostructures of graphene and h-BN or MoS2. Other successful 

strategies for increasing the Debye screening length included the addition of curved or permeable 

surfaces. Lastly, all the GFETs reported in recent years used some sort of linker for bioreceptor 

immobilization, thus increasing the overall bioreceptor length. Therefore, a graphene-based material 

that does not require a linker is attractive for further investigation. 
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Chapter 3 

B/N co-doped reduced graphene oxide nanoflakes solution 

3.1 Introduction 

Since 2004, when pristine graphene was first discovered by Novoselov and Geim [81], numerous 

graphene-based materials have been developed and listed into different categories, including zero-

dimensional (0D, such as QDs [23]), one-dimensional (1D, such as nanoribbons [82]), 2D (such as 

nanoflakes [83]), and 3D (such as graphene hybrids [84] and gels [85]). The common graphene-based 

structures divided into different categories are schematically presented in Figure 7. Specifically, the 

incorporation of boron and nitrogen in graphene-based materials has gained interest because of their 

ability to introduce a bandgap and enhance the semiconducting properties of graphene [86], reduce 

substrate effects, decrease noise, increase room temperature mobility [17], increase electrical 

conductivity [87], and increase the chemical reactivity [88]. As a result, structures such as hybrid 

structures [86], heterostructures [17], and co-doped structures [87] of graphene and BN have been 

increasingly reported.  

 

Figure 7 - Common graphene-based materials divided into structural categories. 

Numerous processes have been proposed for the incorporation of boron and nitrogen in graphene. 

Several of the reported processes include pyrolysis [89], CVD [88],[90], thermal treatment [91], 

thermal annealing [92], microwave-hydrothermal method [93], and submerged liquid plasma 

exfoliation [94]. Nonetheless, challenges such as controlling the doping concentration and doping sites, 

and preventing stacking of sheets, while making the process scalable, quick, and without using harsh 

chemicals still remain [95].  
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This chapter will present the fabrication process of a 2D B/N co-doped reduced graphene oxide 

nanoflakes solution from h-BN nanopowder and GO nanoflakes solution via a laser ablation process, 

as reported in [95]. This process allows a quick and controllable fabrication from non-hazardous 

precursor materials.   

3.2 Synthesis method 

A Ti:Sapphire regenerative amplifier, with an operating wavelength of 800 nm, pulse duration of 35 fs, 

and repetition rate of 1 kHz was used in all laser ablation processes. The extremely short pulse duration 

of the laser does not cause thermal heating in the material, since it is much shorter than ñthe electron-

phonon thermal processò [23]. Instead, it transfers the energy to the electrons, thus forming ionized 

atomic and molecular fragments by a process called ñCoulomb explosionò [96]. The laser beam was 

focused through a lens (f=50 mm) with the focal waist located approximately 2 mm below the 

air/solution interface, as schematically presented in Figure 8a (reproduced with permission from [95]. 

©2019 Elsevier). A 0.124 mg/ml solution of h-BN ultrafine powder (Graphene Supermarket) in 50:50 

DI water:ethanol was ablated by a focused (f=50mm) laser beam for 70 min at an average pulse power 

of 2 W, followed by centrifuge process to extract 0.05 mg/ml h-BN quantum dot (BNQD) solution, as 

presented in Figure 8 b and c, respectively. A 0.5 mg/ml GO solution in DI (Graphene Supermarket) 

was mixed with BNQD solution at different vol% (0%, 5%, 15%, and 30% BNQD) to form GO, 5%BN-

95%GO, 15%BN-85%GO, and 30%BN-70%GO, respectively. These solutions were ablated for 1 hour 

at an average pulse power of 1 W, and the ablated solutions were denoted as rGO, 5%BN-95%rGO, 

15%BN-85%rGO, and 30%BN-70%rGO, respectively (also referred to as BN-rGO in general).  

 

Figure 8 - (a) Schematics of the laser ablation setup (reproduced with permission from [95]. 

©2019 Elsevier). (b) and (c) digital images of BN and BNQD solutions (during and after laser 
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ablation), respectively. (d) and (e) digital images of GO and rGO solutions (during and after 

laser ablation), respectively. 

3.3 Characterization 

3.3.1 UV-Vis absorbance 

The most simple crude estimate of the reduction process of a GO solution is a visual examination of 

the solution color, where a light-brown GO solution changes to a dark-brown or black colored rGO 

solution [97], as can be evident from Figure 8d-e. While this estimate is a very effective indication of 

reduction, it is not a good indication of the chemistry and structure of the rGO nanoflakes. For this 

reason, often a combination of characterization techniques is used.  

 

Figure 9 - UV-Vis absorbance spectrum of GO and rGO solutions (reproduced with permission 

from [98]. ©2012 RSC). 

UV-Vis spectroscopy is commonly used to determine the degree of reduction and to estimate the 

bandgap of the material [41]. A common UV-Vis absorbance spectrum of GO and rGO solutions is 

presented in Figure 9 (reproduced with permission from [98]. ©2012 RSC). The absorbance plot 

contains two features of interest: a peak around 230 nm and a shoulder around 300 nm corresponding 

to ˊḯ * in-plane C-C transitions and nḯ * out-of-plane C=O transitions, respectively [98]. When 

reduction occurs, the nḯ * shoulder disappears, and the ˊḯ * absorption band shifts to higher 
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wavelengths, while the incorporation of B and N dopant atoms results in a shift towards lower 

wavelengths [95].  

Consequently, UV-Vis absorbance analysis using a UV-2501PC spectrometer (Shimadzu 

Corporation) of the BN-rGO solutions revealed [95]:  

1- the successful reduction of all solutions by the laser ablation process,  

2- increased reduction with increasing BN concentration,  

3- increased doping with increased BN concentration, and  

4- increased bandgap with increased BN concentration.   

3.3.2 Raman spectroscopy 

 

Figure 10 - Common Raman spectroscopy spectrum features of graphene-based materials 

(reproduced with permission from [100]. ©2009 Elsevier). 

Other than UV-Vis absorbance, Raman spectroscopy is an additional qualitative characterization 

technique used for graphene analysis [99]. Graphene-based materials have several common features in 

the Raman spectrum, denoted as D, G, and Gô (or 2D) peaks, as shown in Figure 10 (reproduced with 

permission from [100]. ©2009 Elsevier). The G band (at ~1580 cm-1 for 513 laser excitation) 

corresponds to the bond stretching of all sp2 C-C atoms [101], while the D band (at ~1350 cm-1 for 513 

laser excitation) corresponds to sp2 atoms breathing mode [102] and the Gô band (at ~2700 cm-1 for 513 
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laser excitation) corresponds to structural phonons. Lastly, the less common Dô band (at ~1620 cm-1 

for 513 laser excitation) corresponds to randomly distributed impurities. 

Table 5 ï A summary of the effect of graphene structural and electrical changes over the 

Raman spectrum. 

 Increased intensity Decreased intensity Upshift Downshift  

G band - Longer sp2 domains 

[103]. 

- Increase in number 

of layers [104]. 

- Decrease in number 

of layers [104]. 

- Intrinsic h 

and e doping 

[101].  

- Longer sp2 

domains 

[105]. 

 

- Shorter sp2 domains 

[105]. 

- Compressive stress / 

different lattice constants 

[106]. 

- Increased extrinsic doping 

[104],[107]. 

D band - Increased disorder 

[101]. 

- More defects [108]. 

- Decreased disorder 

[101]. 

- More oxygen 

functional 

groups [105]. 

- Less oxygen functional 

groups [105]. 

Gô band - Decreased e 

concentration [104]. 

- Increased e 

concentration [104]. 

- Increased e 

doping [104]. 

- Increased h doping [104]. 

- Increased compression 

strain  [104]. 

D/G ratio - Increased disorder 

[101]. 

- Decrease in number 

of layers [104]. 

- Decrease in the 

average interdefect 

distance [101]. 

- Restored 

conjugation [109]. 

- Increased doping 

[107].  

- Increase in number 

of layers [104]. 

- Increase in the 

average interdefect 

distance [101]. 

- - 

Gô/G ratio - Increased n-type 

doping [95]. 

- Decrease in number 

of layers [104]. 

- Increased p-type 

doping [95]. 

- Increase in number 

of layers [104]. 

- - 

 

Table 5 Summarizes the effect of changes to the graphene structure and electrical properties over the 

Raman spectrum, namely the bandôs locations and intensities. For the purpose of this thesis, the band 
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intensity refers to the integrated peak intensity [104] and does not refer to the value at the band peak. 

An improved sp2 structure would be reflected by an upshift in G band and an increase in its intensity 

[105],[103], and a decrease in ID/IG (intensity ratios between D and G bands, respectively) [109]. 

Similarly, an increase in the average interdefect distance [101] would be reflected by a decrease in 

ID/IG, and increased disorder and defect density would be reflected by an increase in D band intensity 

[101]. An increase in the number of graphene layers would result in an increased G band intensity and 

a decrease in ID/IG [104]. An increase in compression stress would result in a downshift in the G [106] 

and Gô [104] bands. Lastly, doping would have different effects over the spectrum. An increase in 

intrinsic and extrinsic doping would translate to a G band upshift [101] and downshift [104],[107], 

respectively, while the type of doping could be monitored by the Gô band intensity and shift direction 

[104]. 

A series of thin film were drop-casted onto a Si substrate from the GO, rGO, and BN-rGO solutions 

and dried overnight at room ambient. The analysis of the Raman spectra of the thin films is presented 

in Table 6 (reproduced with permission from [95]. ©2019 Elsevier). 

Table 6 - D, G, and 2D Raman peak position and ID/I G and I2D/I G intensity ratios of drop-casted 

GO, rGO and BN-rGO nanoflakes. The excitation wavelength and incident laser power were 

fixed at 632.8 nm and 10.55 mW/cm2. Reproduced with permission from [95]. ©2019 Elsevier. 

 
D (cm-1) G (cm-1) 2D (cm-1) I D/I G I 2D/I G 

30%BN-70%rGO 1331 1581 2641 2.17 0.041 

15%BN-85%rGO 1332 1579 2671 2.41 0.043 

5%BN-95%rGO 1337 1585 2676 2.17 0.055 

rGO 1338 1585 2673 2.13 0.06 

GO 1341 1586 2676 1.78 0.043 

 

Based on Table 5 and Table 6, the laser ablated BN-rGO thin films (deposited on Si substrates) were 

analyzed using a Horiba HR800 Spectrometer equipped with a 532 nm excitation source, and the results 

revealed [95]:  

(1) reduction of GO to rGO by femtosecond laser irradiation,  

(2) formation of defect sites (e.g., vacancies and radicals) reducing the average interdefect distance,  
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(3) increased stress with increasing BN vol%, and stress relaxation for 30%BN-70%rGO, and  

(4) increased p-type doping with increased BN vol%. 

3.3.3 XPS spectroscopy 

X-ray photo-electron spectroscopy (XPS) is a useful tool for quantitative composition analysis of a 

graphene-based thin film [110]. The XPS analysis of C1s, B1s, and N1s bands of GO, rGO, and BN-

rGO nanoflakes are presented in Figure 11 and Figure 12, respectively (reproduced with permission 

from [95]. ©2019 Elsevier). 

 

Figure 11 - C1s XPS spectrum and at% of each molecular bond in (a) rGO, (b) 5%BN-

95%rGO, (c) 15%BN-85rGO, and (d) 30%BN-70%rGO thin films.  Reproduced with 

permission from [95]. ©2019 Elsevier. 

As seen in Table 7, Figure 11, and Figure 12, the XPS analysis of C1s, N1s, and B1s transitions in 

the GO, rGO, and BN-rGO samples has revealed [95]:  

(1) reduction of GO to rGO by femtosecond laser irradiation (the amount of C-O bonds decreased by 

33.3 at% from GO to rGO, whilst the amount of C=O and COOH bonds increased by 14 at%, and 10.6 

at%, respectively),  
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Figure 12 - N1s XPS spectrum and at% of each molecular bond in (a) 5%BN-95%rGO, (b) 

15%BN-85rGO, and (c) 30%BN-70%rGO thin films.  B1s XPS spectrum and at% of each 

molecular bond in (d) 5%BN-95%rGO, (e) 15%BN-85rGO, and (f) 30%BN-70%rGO thin 

films. Reproduced with permission from [95]. ©2019 Elsevier. 

(2) increased reduction with an increasing BN vol% in the solutions,  

(3) Pyridinic N is more energetically favorable than Pyrrolic N for increased BN vol% samples,  
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(4) BC3 is more prominent than BC2O for increased BN vol% samples, and  

(5) formation of sp3 CN bonds for high BN concentrations (30 vol%). 

Table 7 - XPS composition analysis of GO, rGO, and BN-rGO samples. 

Transition  Bond type 

Composition (at%) 

GO rGO 5%BN-95%rGO 15%BN-85%rGO 30%BN-70%rGO 

C1s 

C-C 38.8 47.5 59.7 50.1 54 

C=O 56 22.7 16.1 6.2 8.5 

COOH 3.5 14.1 10.8 6.3 4.6 

C-O 1.7 15.7 8.9 9 8.2 

C-N sp2 
0 0 

4.5 21.5 18.2 

C-N sp3 0 0 6.4 

N1s 

C-N-B 

0 0 

57.9 66 50.5 

Pyrrolic N 28.6 28 16.1 

Pyridinic N 13.5 6 33.4 

B1s 

B-N 

0 0 

13.1 23.9 15.4 

B-C3 32.7 45.8 71.9 

B-C2O 54.2 30.3 12.7 

 

Additionally, an XPS survey (using Thermo ESCALAB 250 with an unmonochromatic AlKa X-ray 

source and incident energy of 1486.6 eV) revealed that increasing BN concentration in the precursor 

solution translated into higher doping percentages. From 0 at% N in GO and rGO, the N doping 

increased to 1.8 at%, 3.1 at%, and 4.1 at% for 5%BN-95%rGO, 15%BN-85%rGO, and 30%BN-

70%rGO, respectively. Similarly, 0 at% B in GO and rGO increased to 3.4 at%, 4.1 at%, and 5.9 at% 

B-doping for 5%BN-95%rGO, 15%BN-85%rGO, and 30%BN-70%rGO, respectively, confirming the 

dominance of p-type doping observed by the Raman spectrum analysis.  

The XPS results revealed several advantages to the laser ablation fabrication method. First, the ability 

to co-dope the GO nanoflakes while simultaneously reducing them to rGO in a relatively quick process. 

Second, the ability to control the doping amount, while avoiding the use of harsh chemicals. Finally, 

while it is common for the GO nanoflake size to decrease during the reduction process [111], the 
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nanoflake sizes remained well above 1 µm for all BN-rGO samples (2.3-2.7 µm on average compared 

with an average GO nanoflake size of 3.2 µm).  

Several groups reported the ability to simultaneously reduce GO and co-dope it with B and N atoms. 

Mannan et al. [112] reported the ability to produce B and N co-doped rGO from GO and 

tris(dimethylamino)borane via a hydrothermal synthesis process, however, the process demanded 

elevated temperatures of 200-400 ºC for 2-4 hours and drying at 60 ºC overnight, producing B and N 

doping of up to 2.3 at% and 4.12 at%, respectively. In a different work, Umrao et al. [87] reported the 

fabrication of B and N co-doped rGO from ammonia (which is highly toxic), boric acid , and GO 

solutions via a microwave-assisted process. The group reported a relatively long fabrication process 

(>8 hr at 60-80 ºC), producing B and N doping of up to 1.03 at% and 0.5 at%, respectively. Lastly, 

Kang et al. [111] heated a GO solution mixed with ammonia borane at 80 °C for 6 h to form B and N 

co-doped rGO, with B and N doping of up to 2.3 at% and 0.8 at%, respectively, and a nanoflake size 

below 1 µm.  

3.3.4 HRTEM 

 

Figure 13 - HRTEM image of 30%BN-70%rGO, indicating the regions containing a BNQD and 

rGO nanoflake. The d spacing measured from line 1 and 2 was 0.185nm and 0.215nm, 

corresponding to (102) plane in rGO and (001) plane in h-BN, respectively. Reproduced with 

permission from [95]. ©2019 Elsevier. 
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High-resolution transmission electron microscopy (HRTEM) studies of BN-rGO are challenging for 

several reasons. First, observing GO requires very high electron beam acceleration voltages (above 50 

kV) which quickly degrade the sample [113]. Second, GO contains many surface contaminants 

(compared to graphene) which ñmask the atomic structureò, making it difficult to observe the sp2 

structure. Lastly, B, C, and N are neighboring atoms in the periodic table, which means they have very 

similar atom sizes. While these similarities make B and N very compatible as dopant atoms in graphene 

[114], it hinders the ability to observe the dopants in the graphene structure. In addition, distinguishing 

between BN and graphene structures could also be very challenging, since the lattice mismatch is a 

mere ~1.7% [51]. 

With the above characterization obstacles in mind, HRTEM analysis of the BN-rGO samples was 

still used to characterize BN domains from rGO domains (due to the high order of the BN atoms), as 

seen in Figure 13 (reproduced with permission from [95]. ©2019 Elsevier). The HRTEM analysis 

revealed that the BN domains were approximately circular with a diameter of ~5 nm and a plane 

direction of (001), while the plane direction of the rGO was (102). 

3.3.5 Other characterization 

Optic microscope, which offers a non-destructive characterization, was recognized as a very helpful 

tool to qualitatively analyze the thickness, size, and shape of graphene-based materials. It can be 

achieved when the graphene is deposited on a Si substrate with a specific oxide thickness (285-300 nm) 

[115]. In addition, it was discovered that a GO monolayer offers a lower contrast compared to an rGO 

monolayer, providing an additional indication of a successful reduction [116]. As seen in Figure 14, 

there is a clear difference in contrast between the GO (a-b) and the rGO and BN-rGO (c and d, 

respectively) samples. This difference could either mean a change in nanoflake thickness or a reduction 

of the GO [116]. AFM analysis revealed no change in nanoflake thickness following the laser ablation 

process [95], confirming a successful GO reduction by the laser ablation process, as was discussed in 

the previous sub-sections.  
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Figure 14 - Optic microscope image of graphene-based nanoflakes on 285-nm-thick silicon 

dioxide/ Si substrates with a 5 µm scale. GO (a) without and (b) with dashed-line indication. (c) 

rGO and (d) BN-rGO. 

3.3.6 Device fabrication 

3.3.7 Thin films deposition experiments 

The preferred method of deposition that was chosen in this thesis was drop-casting, since spin-coating 

requires solutions with high viscosity [117]. First, a series of 285-nm-thick SiO2/p-Si substrates were 

cleaned in an ultrasonic bath using Acetone, IPA, and DI water, followed by air drying, and an APTES 

treatment [118]. The APTES treatment was shown to enhance the wettability (and the spreading) of the 

graphene-based solutions on the substrates, as was measured by the change in contact angle from ~67° 

to ~52° prior and post APTES treatment, respectively.  

3.3.7.1 Drop-casted films from diluted solutions 

The graphene-based solutions (GO and 30%BN-70%rGO) were diluted using DI water to the following 

concentrations: 0.5, 0.25, 0.15, 0.1, and 0.05 g/L. The solutions were left in an ultrasonic bath for 1 hr 

and drop-casted onto the APTES-treated substrates and left to dry overnight at room temperature. 

The samples were studied using Raman spectroscopy to understand the short-term (within several 

days) effect of the dilution on the oxygen content of the films. The results are presented in Figure 15 

and Table 8. As can be observed, the ratio between the D and G peaks slightly changes for the GO 

samples, but within a 2% error (the average ratio is 1.21±0.023). Similarly, the ratio between the D and 

G peaks of the 30%BN-70%rGO samples changed within a 0.5% error (the average ratio is 1.36±0.006). 

Moreover, as indicated by the dashed lines in Figure 15, there is no D or G peak shift for both GO and 

30%BN-70%rGO samples. Based on the Raman spectra analysis, it was concluded that the oxygen 

content in the films was not affected by the dilution of the GO solution.  
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Figure 15 - Raman spectra of (a) GO and (b) 30%BN-70%rGO thin film deposited from 

different concentration solutions. 

Table 8 - Analysis of Raman spectra of GO thin film deposited from different concentration 

solutions. 

GO 30%BN-70% rGO 

concentration 

(g/L) 
I D (a.u.) I G (a.u.) I D/I G 

concentration 

(g/L) 
I D (a.u.) I G (a.u.) I D/I G 

0.5 1.0 0.85 1.19 0.15 0.976 0.713 1.37 

0.25 0.99 0.80 1.24 0.1 0.966 0.7144 1.35 

0.15 0.99 0.81 1.23 0.04 0.994 0.732 1.36 

0.1 0.98 0.80 1.23 0.035 0.996 0.734 1.36 

0.05 0.98 0.82 1.19 0.03 0.986 0.727 1.36 

 

 A series of thin films were deposited onto cleaned substrates (as discussed earlier), and the thickness 

of each sample was evaluated using a Dektak profilometer. The film profile and thickness dependence 

on the solution concentration for GO and 30%BN-70%rGO are presented in Figure 16 a and b, 

respectively. Equations 2 and 3 show the dependence of the drop-casted film thickness (t) on the GO 

and 30%BN-70%rGO solution concentration (C), with an R-square fit of 0.976 and 0.98, respectively. 

Theoretically, when C is approaching 0, the thickness will not approach 0, but rather would approach 

0 when the concentration approaches 0.0307 and 0.03 for GO and 30%BN-70%rGO solutions, 

respectively. This phenomenon could be explained by the formation of a thick outer ring (or coffee-
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ring [119]) for drop-casted samples, as seen in Figure 16a. At low concentrations, instead of a 

continuous film, the graphene-based nanoflakes would form non-continuous structures, as shown in 

Figure 16c. In practice, the lowest thickness (~80 nm) of a continuous film was observed for 0.05 g/L 

GO, however, at that thickness, the material should behave as a bulk graphite oxide and not as the 

desired few-layer GO [100].      

ὸ ρςσȢφὰὲὅ τσσȢς     ς 

ὸ Ϸ Ϸ ρχσȢχὰὲὅ Ϸ Ϸ φπυȢς     σ 

 

 

Figure 16 - (a) Optic microscope image of a drop-casted GO film. The substrate, continuous GO 

film, and ñcoffee-ringò [119] are indicated in the image. (b) Drop-casted film thickness 

dependence on the GO and 30%BN-70%rGO solution concentration. (c) Optic microscope 

image of a drop-casted non-continuous film from 0.03 g/L GO solution.  

3.3.7.2 Controlling film thickness by plasma etching 

A series of drop-casted rGO and BN-rGO were exposed to O2 plasma etching (10 SCCM, 100 mTorr, 

50 W, 25 °C) with the goal to create an ultra-thin large-area graphene-based layer onto a SiO2/Si 

substrate. This route was chosen based on previous works which found the ability to create few-layer 

graphene from graphite [120]. Bobadilla et al. [121] found that the etch rate of graphene at 200 mTorr 

and 50 W was 1 atomic layer per second (~18 nm/min), while Hung et al. [122] found that the plasma 

etch rate of GO was 0.25 nm/min (although the plasma etching parameters were not stated). Park et al. 

[123] found that the plasma etch rate of hexagonal BN was 0.4 nm/min (200 mTorr, 80 W). Profilometer 
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measurements of the film thickness of the samples at times 0, 8, 10, and 12 min revealed the oxygen 

plasma etch rate of the rGO and the BN-rGO films was 6 ± 1 nm/sec. The increased rate compared to 

that of graphene could be partially because of the increased interlayer distance [124]. 

While thickness control could be achieved following a simple plasma etching process, few points 

should be kept in mind. First, the plasma etch rate is enhanced at the film edges, and the length of the 

film is also reduced with increased etching times (at a rate of 66 ± 23 µm/min). Other groups [125], 

[126], have also demonstrated a selective etch of graphene edges over the basal plane. Second, it was 

found that oxygen plasma degrades the electrical properties of graphene [127]. Exposure to oxygen 

plasma reduces the graphene mobility by 96% and degrades the graphene structure to a ñmore 

amorphous carbon phaseò. In conclusion, plasma etching is not a favorable route for an ultra-thin large-

area graphene-based film deposition for electrical devices.  

3.3.8 Device fabrication process 

3.3.8.1 Batch 1 (B1) device fabrication 

The first batch (B1) of graphene-based devices were fabricated using the following process. A series 

of 285-nm-thick SiO2/p-Si substrates were cleaned in an ultrasonic bath using Acetone, IPA, and DI 

water, followed by air drying, and an APTES treatment [118]. The undiluted GO, rGO, and BN-rGO 

solutions were drop-casted onto the APTES-treated substrates and left to dry overnight at room 

temperature. 100 nm PMMA and 1,300 nm Ma-N 1410 were spin-coated onto the graphene-based 

surface, then post-baked at 100 °C for 90 sec, as schematically shown in Figure 17. Then, the samples 

were exposed using UV lithography through a Cr-coated glass mask, followed by Ma-D 533/S 

development, O2 plasma etching (200 W, 300 mTorr, 40 sccm, 25 °C) and lift-off in Acetone. 100 nm 

PMMA and 1,300 nm Ma-N 1410 were spin-coated onto the samples, then post-baked at 100 °C for 90 

sec. Then, the samples were exposed using UV lithography through a second Cr-coated glass mask, 

followed by Ma-D 533/S development, O2 plasma etching. 20 nm Ti and 100 nm Au films were 

deposited using e-beam evaporator (Intlvac Nanochrome II-UHV), followed by a lift-off process in 

Acetone. The final devices could be observed in Figure 18, where a single 4 cm2 substrate contains 15 

individual devices.  
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Figure 17 - Schematic diagram of GO, rGO, and BN-rGO B1 device fabrication process. 

 

 

Figure 18 - Batch 1 (B1) graphene-based devices. (a) Digital image, (b) optic microscope image 

(scale is 100 µm), and (c) a schematic of a single device. 

3.3.8.2 Batch 2 (B2) device fabrication 

The second batch (B2) of graphene-based devices were fabricated using the following process. A series 

of 285-nm-thick SiO2/p-Si substrates were cleaned in an ultrasonic bath using Acetone, IPA, and DI 

water, followed by air drying, and an APTES treatment [118]. 100 µL of the GO, rGO, and BN-rGO 

solutions (0.1 mg/mL) were drop-casted onto the APTES-treated substrates and left to dry overnight at 

room temperature, as shown in Figure 19a. 30 nm Ti and 80 nm Au films were deposited through a 

shadow mask using an e-beam evaporator (Intlvac Nanochrome II-UHV), as shown in Figure 19b-c. 



 

 36 

An optic microscope image of the B2 samples revealed clean-cut lines, as shown in Figure 19d. As 

seen from Figure 18 and Figure 19, the channel widths and lengths were changed from 450 µm and 1.2 

mm (for B1) to 2.5 mm and 0.5 or 0.7 mm (for B2), respectively. 

 

 

Figure 19 - Batch 2 (B2) device fabrication. Digital image of (a) graphene-based thin film on an 

APTES-treated SiO2/Si substrate, (b) Au/Ti deposition through a shadow mask, and (c) the B2 

device. (d) Optic microscope image of the B2 device (scale bar is 100 µm). 

3.3.9 Electrical performance 

The B1 and B2 samples were assessed using a 2400 Keithley source measuring unit (SMU) connected 

to a probe station. The sheet resistance results for B1 devices were 30, 9.4, and 2.8 Gohm/sq for rGO, 

5%BN-95%rGO, and 30%BN-70%rGO, respectively. These values are consistent with GO sheet 

resistance [128], either meaning that the laser ablation process kept the materials in their classification 

as insulators or that the fabrication process deteriorated the electrical properties of the materials. Further 

discussion would be given in the next sub-section. In contrast, electrical measurements of the B2 

devices revealed much lower sheet resistance values in the range of 0.5-2 Mohm/sq for the rGO and 

BN-rGO films, and 11-16 Gohm/sq for the GO films, as presented in Figure 20. 
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From Figure 20a, the conductivity of the films was enhanced following the laser ablation treatment, 

and the B/N co-doping enhanced the electrical performance of the films (as seen from the 30%BN-

70%rGO sample). Figure 20b supports the previous observation and confirms that the laser ablation 

process decreases the sheet resistance of the GO by approximately 10,000. Furthermore, the addition 

of B/N atoms in the form of co-doping revealed a slight decrease in the sheet resistance, especially for 

the samples with a channel length of L=0.5 mm. For these samples, the sheet resistance reduced from 

2 Mohm/sq for rGO to 0.85, 0.77, and 0.46 Mohm/sq for 5%BN-95%rGO, 15%BN-85%rGO, and 

30%BN-70%rGO, respectively. Lastly, the sheet resistance measurements reveal that the channel 

length affects the measurement, where longer channels (L= 0.7 mm compared to 0.5 mm) show 

increased sheet resistance. This phenomenon can be explained by the fact that longer channel lengths 

mean a larger number of boundaries between flakes. It was found [33] that the electrical mobility and 

resistivity are different inside the flake or in the boundary between flakes. Thus, it is possible to think 

of these channels as a composite material containing x volume fraction of flakes and 1-x volume 

fraction of boundaries. 

  

Figure 20 - The electrical characterization measurements of B1 devices. (a) I-V plots for devices 

with 0.7 mm channel length, and (b) sheet resistance measurements for different channel length 

(L) devices. 

3.3.10 Issues and conclusions 

In conclusion, the device fabrication process has an effect over the electrical properties of the graphene-

based channels. When the thin films were exposed to the fabrication process of B1 devices (discussed 

in sub-section 3.3.8.1), the electrical properties of the graphene-based devices were deteriorated. This 

could be explained by the fact that oxygen plasma etching of graphene degrades its crystalline structure 
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and deteriorates its electrical performance [127]. Moreover, studies revealed that the photoresist itself 

leaves a residue on the surface of graphene, which reduces its electrical conductivity [25].  

While using the fabrication process of B2 devices (discussed in sub-section 3.3.8.2) solves both these 

issues (does not use plasma etching and photoresist), the electrical performance was revealed to depend 

on the channel length of the device, where shorter channel lengths revealed lower sheet resistance. This 

difference could be understood when considering that each graphene-based nanoflake is only a few 

micrometers long [95], meaning that devices with longer channel length have more grain boundaries 

which were shown to increase the sheet resistance of graphene-based films [33]. 

3.4 Summary 

In conclusion, laser ablation is a useful tool for GO reduction and B/N co-doping from non-hazardous 

precursor GO and h-BN solutions. Control over the doping concentration can be easily achieved by 

controlling the ratio of the two precursor solutions, where 5 vol% BN and 95 vol% GO produced the 

lowest co-doping (1.8 at% B and 3.4 at% N) and the 30 vol% BN and 70 vol% GO produced the highest 

co-doping (4.1 at% B and 5.9 at% N). While the aforementioned method allows a quick process that 

prevents re-stacking of the mono- to few-layer nanoflakes, it does not allow control over the doping 

sites.  

Several efforts were made to fabricate continuous ultra-thin films from the rGO and BN-rGO 

solutions, but the lowest experimental thickness was much larger (~80 nm for drop-casted films and 

~100 nm for plasma etched films) than the cut-off for few-layer rGO (~10 nm). This difficulty hinders 

the use of these solutions for large-area graphene-based applications but does not affect their use for 

micro-scale FET devices.    

Electrical measurements of rGO and BN-rGO thin films revealed an approximate 10,000 times 

decrease in sheet resistance compared to GO thin films. In addition, samples with higher co-doping 

percentages revealed lower sheet resistance compared to rGO thin film for samples with 0.5 mm 

channel length. Lastly, the channel length has an effect over the sheet resistance, where longer channel 

length devices have higher sheet resistance (as a result from a larger number of grain boundaries).    
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Chapter 4 

B/N co-doped GO gel 

4.1 Introduction 

Ultra-thin films of large-area graphene-based materials are highly desired for many transistor 

applications, however, the fabrication price and complexity increase proportionally with the single 

crystal graphene area [129]. On the other hand, using a large-area film of small graphene nanoflakes, 

while less costly, introduces many grain boundaries that affect the electrical performance of the device 

[33]. Recently, a new category of 3D graphene-based materials appeared: gels, hydrogels, foams, 

nanomeshes, etc. (as seen in Figure 7). There are several advantages with these types of materials, 

including ñmulti-dimensional conductivity, low mass transport resistance, abundant hierarchically 

porous architectures, large surface area, and excellent mechanical/chemical stabilityò [85]. These 

properties make 3D graphene-based materials attractive for large-area applications. In addition, 3D 

graphene-based materials should theoretically have fewer grain boundaries compared with the same 

film of 2D graphene-nanosheets.  

This chapter explores the properties of a 3D graphene-based gel fabricated by laser ablation, as was 

reported in [130]. This process allows for a quick and controllable fabrication from non-hazardous 

precursor materials, as discussed in Chapter 3. The main properties are divided into material 

composition, morphology, and electrical performance. The reproducibility of the gel, enhancement 

strategies, and the stability in ambient conditions over time are also covered. 

4.2 Synthesis method 

The synthesis method described in section 3.2 was changed to allow the fabrication of a GO gel while 

simultaneously doping it with boron and nitrogen atoms. Two fabrication processes were performed. A 

Ti:Sapphire regenerative amplifier, with an operating wavelength of 800 nm, pulse duration of 35 fs, 

and repetition rate of 1 kHz was used in all laser ablation processes. The laser beam was focused through 

a lens (f=50 mm), and the focal waist was set at the air/solution interface. During the irradiation process, 

the solutions were stirred continuously by a magnetic stirrer to ensure homogeneity.  

In the first process, the goal was to make two different gels, GO and h-BN, by following a similar 

fabrication process reported in [95]. For this purpose, precursor solutions were used containing 6.5 ml 

of each of the following: 
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- 6.2 mg/ml h-BN suspension in 50:50 ethanol:DI water.  

- 6.2 mg/ml GO in DI water.  

- Three BN-GO solutions with the same BN:GO ratios as in Chapter 3 (5%, 15%, and 30%). 

All precursor solutions spent 1 hr in an ultrasonic bath for suspension. Each solution was irradiated 

for 60 min at a 2 W beam power. The beam waist was adjusted during irradiation to compensate for the 

rapid evaporation of the solution. After 60 min of irradiation, the h-BN solution changed color from 

white to grey and its volume reduced to 3 ml. However, the solution did not become noticeably more 

viscous, suggesting no gel formation [131]. All solutions containing GO had a considerable increase in 

viscosity and volume reduction to ~3.5 ml. Post irradiation the solutions were denoted as GGO, G1, G2, 

G3, and GBN, corresponding to irradiated GO, 5%BN-95%GO, 15%BN-85%GO, 30%BN-70%GO, and 

h-BN, respectively. 

In the second process, 6.5 ml of 1.24 mg/ml h-BN solution in 50:50 ethanol:DI water was irradiated 

for 55 min at room ambient with 2W beam power. The irradiated solution was then centrifuged for 15 

min at 3000 RPM, and only the upper portion was extracted, with a measured concentration of 1±0.05 

mg/ml. Four solutions were prepared by mixing the ablated BN solution and the GO solution at different 

volume percentages: 0 vol% BN and 100 vol% GO, 2 vol% BN and 98 vol% GO, 5 vol% BN and 95 

vol% GO, and 15 vol% BN and 85 vol% GO. 6.5 ml of each solution was irradiated for 50 min in a 

similar setup as the BN solution, but with 1W beam power. During the laser ablation process, the 

solutions' viscosity increased until it resembled the consistency of gels. The fabricated gels containing 

0 vol% BN, 2 vol% BN, 5 vol% BN and 15 vol% BN were denoted as S0, S1, S2, and S3, respectively, 

or BN-GO gels in general.  

4.3 Characterization 

4.3.1 UV-Vis absorbance 

The first measurement used to identify the effect of the laser irradiation over the various solutions was 

UV-Vis absorbance, because it is a simple and non-destructive analysis method. It can shed light on 

the change in oxidation levels and possible doping [95]. The UV-Vis measurements for all produced 

gels are presented in Figure 21 (reproduced with permission from [130]. ©2019 Elsevier). The GGO and 

G1-G3 samples exhibited an increase in the nḯ * shoulder and no apparent shift in ˊ ḯ * compared with 

the precursor GO. In addition, an increase in the peak around 200 nm with increasing h-BN 
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concentration was observed. These observations indicate that the GGO and G1-G3 became gels due to 

the laser ablation process [131] and suggested no B and N doping [95].  

In contrast, the S0-S3 samples revealed both gel formation and increased doping with increased h-BN 

concentration [130]. Thus, samples S0-S3 were chosen for further investigation. It is also important to 

note that the GGO and G1-G3 gels were much more viscous than S0-S3, which complicates the deposition 

of ultrathin layers, as discussed in the next sub-section. 

 

Figure 21 - UV-Vis absorbance spectra of (a) S0-S3 (reproduced with permission from [130]. 

©2019 Elsevier) and (b) GGO and G1-G3 compared with precursor GO solution. The arrow in (b) 

represents increasing h-BN concentrations. 

4.3.2 Optical and profilometer analysis 

Both gel types were deposited onto a SiO2/Si substrate using spin-coating to study the spin-coating 

parameters' effect over the continuity and thickness of the film. Each spin-coating experiment had two 

10-second steps. For the GGO and G1-G3 samples, the first step had a speed of 1000 RPM, and the second 

step had a speed that changed between experiments to include 4000, 5000, and 6000 RPM. A ramp-up 

speed of 300 RPM was used in all experiments. For S0-S3 gels, the first step had a speed of 500 RPM, 

and the second step had a speed that changed between experiments to include 2200, 2500, and 2800 

RPM. All samples were placed on a 95 ºC hot plate for 2 min post-deposition. The quality of the films 

was studied using optical microscopy and a Dektak profilometer.  

For each film, the thinnest part was examined under an optical microscope and by a profilometer, as 

seen in Figure 22a-b. The film thickness plotted against the spin-coating speed in the second step, as 

seen in Figure 22c-d. As can be observed from Figure 22a-b, the gels are homogenous and continuous. 
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Compared with Figure 14a-b, the nanoflake size increased from ~ 5 µm for precursor GO up to 30 µm 

after the gel formation (as indicated by an arrow in Figure 22b). This observation suggests the growth 

in GO nanoflakes size, reducing the overall grain boundaries in the gel film compared to a precursor 

GO film. When exploring the effect of the second-step spin-coating speed over the film thickness and 

homogeneous area, it is found that both decrease with increasing speed, as seen in Figure 22c-d. The 

highest spin-coating rate for the GGO sample reached 6000 RPM, which was the highest available speed 

in the spin-coater, gave a film thickness of 35±20 nm. The highest second-step spin-coating speed for 

the S0 sample that provided a continuous film was 2800 RPM, which gave a film thickness of 25±15 

nm. Considering S0-S3 samples were easier to deposit as an ultra-thin layer and were expected to be 

doped with B and N atoms (as discussed in section 4.2), these samples were further studied using 

various microscopy and spectroscopy tools, as will be discussed in the coming sub-sections (sections 

4.3.3-4.3.4). 

 

Figure 22 - (a) and (b) are optic microscopy images of GGO and S0 with a second-step spin coating 

speed of 5000 and 2500, respectively. (c) and (d) are the dependence of the film thickness and 

homogeneous area over the spin-coating speed in the second step for GGO and S0, respectively. 

It was later found that small tweaks to the deposition process could increase the homogeneity of the 

area up to 4.3 ± 0.3 mm2 for an S0 thin film thickness of ~50 nm. The spin-coating process was as 
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follows: first, the substrate spends 5 minutes on a 200 ºC hot plate. Second, the gel was dropped onto 

the surface at room temperatures and rests for 3 seconds. Then, the samples were spun at a speed of 

500 RPM with 200 RPM ramp-up speed for 10 seconds and then another 2800 RPM with a ramp-up at 

a speed of 300 RPM for 10 seconds.  

4.3.3 XPS and Raman spectroscopy 

This sub-section discusses the compositional analysis of the S0-S3, as was discussed in detail in [130]. 

A series of thin films were drop-casted onto SiO2/Si substrates for Raman and XPS analysis (using a 

Horiba HR800 Spectrometer equipped with a 532 nm excitation source and Thermo ESCALAB 250 

with an unmonochromatic AlKa X-ray source and incident energy of 1486.6 eV, respectively). Analysis 

of the Raman and XPS results are summarized in Table 9 (reused with permission from [130]. ©2019 

Elsevier) and Table 10, respectively. 

Table 9 - Raman spectroscopy analysis of thin films made of S0-S3 gels (reused with permission 

from [130]. ©2019 Elsevier). 

  D (cm-1) G (cm-1) I D I G I D/I G 2D (cm-1) IGô IGô/I G 

GO  1345 1587.4 106.5 78.4 1.36 2708.6 50.2 0.64 

S0 1347 1592.6 97.3 76.5 1.27 2693.90 42 0.55 

S1 1347.8 1591.9 94.6 72.8 1.30 2692.3 44.3 0.61 

S2 1347.2 1590.7 96.3 73.1 1.32 2695.9 36.1 0.49 

S3 1346.7 1590.6 102.6 71.4 1.44 2691.6 33.2 0.46 

 

From Table 9 and Table 5, after the laser ablation process, the gels had: (1) restored conjugation, (2) 

shortening of sp2 domain lengths due to doping and vacancy, (3) increased dopant concentration, and 

(4) increased p-type doping with increasing h-BN concentration in the precursor [130]. These 

observations confirm the UV-Vis absorbance analysis since it affirms that the gels were doped but 

could not confirm the gel formation. For this reason, and to better understand the doping concentrations 

and doping sites, the films were also studied by XPS. 

The XPS analysis is summarized in Table 10 and Figure 23 (reused with permission from [130]. 

©2019 Elsevier). As seen from the table, there is an increased conjugation post-laser treatment as 

observed from the increase in C-C bonds concentration (by 1.3-3.5 at%). The high concentration of C-

O-C bonds confirm the gel formation post-laser ablation, which act as "bridges" that connect different 
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nanoflakes to a 3D network [131]. Interestingly, the atomic percentage of O-C=O bonds increased from 

3.5 at% for GO to 10.2-12.9 at% for the S0-S3 gels. These bonds can be thereafter used for bioreceptor 

immobilization [132].  

 

Figure 23 ï XPS spectrum analysis of C1s (left column), N1s (center column), and B1s (right 

column) of S1-S3 gels. Reused with permission from [130]. ©2019 Elsevier. 

From Table 10 and Figure 23, "N doping was increased from 0.5 at% in S1 and S2 to 1.3 at% in S3. 

B doping was gradually increased from 0.3 at% to 0.5 at%, and to 1 at% in S1-S3, respectively. The 

total B/N co-doping percentage was calculated as 0.8 at% in S1, 1 at% in S2, and 2.3 at% in S3, 

suggesting that control over the doping percentage and types can be gained by controlling the vol% of 

BN in the precursor solution" [130]. The dominant N dopant was Pyridinic N and Pyrrolic N for S1 and 

S2-S3 samples, respectively, while the dominant B dopant was through a substitutional site (according 

to the B-C3 bond concentrations). 
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Table 10 - XPS analysis of GO and S0-S3 thin films.  

Transition  Bond type 

Composition (at%) 

GO S0 S1 S2 S3 

C1s 

C-C 38.8 41 42.3 41.8 40.1 

C-O-C 56 46 47.5 45.4 45.8 

O-C=O 3.5 12.9 10.2 12.8 10.2 

C-O 1.7 0 0 0 0 

C-N sp2 0 0 0 0 0.6 

N1s 

C-N-B 

0 0 

80.8 49.7 11.4 

Pyrrolic N 2 50.3 88.6 

Pyridinic N 17.2 0 0 

B1s 

B-N 

0 0 

30.1 35.6 27.2 

B-C3 65.1 53.2 61.1 

B-C2O 4.7 11.2 11.7 

4.3.4 Additional characterization 

Figure 24 demonstrates the 3D structure of the BN-GO gel (reused with permission from [130]. ©2019 

Elsevier). As seen from the image, the gel structure is beyond 10 µm in length, a large increase from 

the nanoflake size of the precursor GO. Figure 25a-c demonstrates the SEM images of rGO nanoflakes, 

S1 3D structure, and S0 thin film morphology, respectively. As seen from the figure, the 2D structure 

of the ~2 µm long rGO nanoflake becomes a 3D ~16 µm long structure. It is also evident from Figure 

25c that the film has curved surfaces. Figure 25d presents a schematic of the S1-S3 chemical structure, 

based on the optical, AFM, XPS analysis, and the electrical measurements in Section 4.4. The 

nanoflakes are connected by C-O-C ñbridgesò to form a B and N co-doped GO gel structure. This 

ñbridgesò are providing interflake conduction pathways, thus, effectively reducing some of the grain 

boundaries compared with a "non-gel" structure. 
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Figure 24 - AFM image of the 3D structure of the BN-GO gel (reused with permission from 

[130]. ©2019 Elsevier). 

 

Figure 25 - SEM image of (a) rGO nanoflakes, (b) S1 3D structure, (c) S0 film, and (d) schematic 

3D structure of BN-GO gels. 
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The reduction in grain boundaries and increase in chemical reactivity following the incorporation of 

B and N atoms into the gel structure was confirmed by measuring the contact angle of a DI water droplet 

on the gels' surface. S0-S3 were deposited onto a Si substrate and left to dry at room temperature 

overnight. A 50 µm DI water droplet was drop-casted onto each gel, and the samples were photographed 

using an iPhone camera, as seen in Figure 26 (reused with permission from [130]. ©2019 Elsevier). As 

may be observed from the figure, the contact angle decreased with increased B and N doping, 

confirming the increased chemical reactivity of the gels [133].  

 

Figure 26 - Contact angle measurements of S0-S3 gels using DI water droplets on the gel's surfaces 

(reused with permission from [130]. ©2019 Elsevier). 

4.4 Device fabrication and electrical properties 

Two different device types were fabricated. The first type had top-electrodes, where the electrodes were 

deposited onto the graphene channel without a gate electrode. The second type had bottom-electrodes, 

where the source, drain, and gate electrodes were pre-patterned before the deposition of the S0-S3 gels.  

4.4.1 Top-electrode devices 

Approximately 2x2cm2 p-doped silicon substrates with a 285nm oxide layer were cleaned in an 

ultrasonic bath in Acetone, IPA, and DI water, followed by air drying. The BN-GO gels were spin-

coated onto the clean SiO2/Si substrates in the method previously described. Source, drain, and back-

gate Au(50 nm)/Ti(30 nm) electrodes were deposited on the substrates through a shadow mask using 

an Intlvac Nanochrome IIðUHV system. The back-gate electrode had contact with the p-doped Si 

from the side, as discussed in [130]. A schematic of the top-electrode FET device with the BN-GO gels 

as the channel material can be seen in Figure 27a.   
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The top-gated device's sheet resistance was measured using a 2400 Keithley SMU connected to a 

probe station. It was found that the back-gate electrode had minimal control over a voltage range of -

5-5 V, suggesting that the lack of sample cleaning between the gel deposition and the electrodes 

deposition is responsible for a poor gate contact. The average sheet resistivity (ɟs) was calculated based 

on 7 measurements for each gel, as presented in Figure 27b. As seen in the figure, the sheet resistivity 

reduced from more than 107 kɋ/sq for precursor GO to ~3000 kɋ/sq for S0 gel, confirming the restored 

conjugation of the gel, and may suggest less grain boundaries [33]. It may also be observed that the 

sheet resistivity further decreases with increased doping, down to ~11 kɋ/sq for S3 gel.  

The sheet resistivity results of the gels were fitted with equation 4, which gave an R2 value of 0.983, 

as presented in the inset of Figure 27b. C in equation 4 represents the total B and N doping:  

” ρςσψψωὩ ȾȢ        τ 

It is clear from equation 4 that the sheet resistivity saturates at 12 kɋ/sq for total doping values larger 

than 3 at%. Whilst these values are in-line with values found for rGO [134], they are ~10 times larger 

than those observed for N-doped graphene [48], and ~100 times larger than pristine graphene [38]. 

 

Figure 27 - (a) A schematic configuration of the top-electrode FET device with BN-GO gel as the 

channel material. (b) Average sheet resistivity of precursor GO and S0-S3 gels as measured from 

top-electrode devices. The inset is an exponential decay fit.  
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4.4.2 Bottom-electrode devices 

Approximately 2x2cm2 p-doped silicon substrates with a 285nm oxide layer were cleaned in an 

ultrasonic bath in Acetone, IPA, and DI water, followed by air drying. Source, drain, and back-gate 

Au(50 nm)/Ti(30 nm) electrodes were deposited on the substrates through a shadow mask using an 

Intlvac Nanochrome IIðUHV system. The samples were then cleaned in an ultrasonic bath in Acetone 

and IPA, followed by nitrogen drying. The gels were spin-coated onto the channels following two-step 

spin-coating. First, the samples are spun at a speed of 500 RPM with 300 RPM ramp-up speed for 10 

seconds and then another 2850 RPM with a ramp-up at a rate of 300 RPM for 10 seconds. Any gel 

between the source and gate or drain and gate electrodes was removed with a tweezer. The difference 

between the top-electrode and bottom-electrode devices can be seen in Figure 28a.  

 

Figure 28 - (a) An optic microscope image of S1 gel with top and bottom source and drain 

electrodes. The channel length is 80 µm in both devices. (b) The I d-Vd plots of top and bottom-

electrode devices (gate voltage=0 V). 

The electrical characterization was obtained using two Keithley 2400 SMUs. One SMU was used to 

supply a back-gate voltage, while the second SMU supplied the drain voltage and measured the drain 

current. The source was grounded. A laptop controlled and synchronized the two SMUs through serial 

ports and recorded their measurements. All measurements were performed at room temperature. 

The Id-Vd plots of top and bottom-electrode devices with no gate are presented in Figure 28b. As 

seen from the figure, the current of the bottom-electrode device is approximately 1000 times larger than 
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that of the top-electrode device (Id =2.9 µA) for the same applied drain voltage. In addition, the bottom-

electrode devices exhibited good gate control in the range of -4-4 V (Figure 29a-b). The Id-Vg of the 

BN-GO gels were plotted for different drain voltages. The graphs showed good repeatability when 

plotted from -2 V to 2 V (referred to as up sweep) or from 2 V to -2 V (referred to as down sweep). The 

gels exhibited a repeatable Id-Vd plot when measured 50 days apart [130].  

 

Figure 29 - (a) Drain current vs gate voltage characteristics of the BN-GO gels for a constant 

drain voltage of -0.1 V. (b) Drain current vs gate voltage characteristics of S2 gel for a sweep in 

drain voltage. (c) The electrical behavior of S2 gels fabricated at different times (reused with 

permission from [130]. ©2019 Elsevier). 

Several electrical performance parameters were extracted from the graphs: the ON and OFF currents, 

the ON/OFF current ratios, and the electron and hole mobilities. The ON current is defined as the largest 

drain current the device can reach, while the OFF current is the current at the Dirac point [57]. The 

electron and hole mobilities can be extracted from equation 6, where µ is the mobility, gm is the 

transconductance, Cox is the SiO2 capacitance, and W and L are the channel width and length, 

respectively. The extracted values are summarized in Table 11 (reused with permission from [130]. 

©2019 Elsevier). 

‘
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Table 11 - The electron and hole mobilities and the ION/I OFF ratios of the S0-S3 gels (reused with 

permission from [130]. ©2019 Elsevier). 

Channel S0 S1 S2 S3 

Sample # 1 2 3 1 2 3 4 5 1 2 3 4 1 2 3 4 5 

µe (cm2/Vs) 1.

7 

0.

8 

3.

8 

103

9 

187

1 

483

3 

404

8 

509

5 

758

3 

1013

1 

1181

2 

521

0 

534

0 

32

2 

229

3 

535

0 

548

8 

µh (cm2/Vs) 4.

1 

0.

2 

5.

2 

503 482 272

9 

346

5 

263

2 

320

6 

8165 5885 262

6 

284

4 

40

1 

210

5 

155

3 

329

7 

I ON/IOFF 

(E+03) 

2 1 21 1 1 144

8 

227 195 113

6 

104 2274 368 0.2 31 315 151 243 

 

 

Figure 30 - The electrical properties of the S0-S3 gel FETs at room temperature. (a) The drain 

current vs back gate voltage for a constant (-0.1 V) drain voltage measured for S0-S3 gel FETs. 

(b) The average electron and hole mobilities and ION/I OFF ratios (in the inset) of the S0-S3 gel FETs 

(reused with permission from [130]. ©2019 Elsevier).  

Figure 30a presents the Id-Vg for a constant Vd=-0.1 V of the S0-S3 gels (reused with permission from 

[130]. ©2019 Elsevier). As seen from the figure, the ON current is identical (~100 µA) for the doped 

gels, while much lower (~0.3 µA) for the S0 gel. In contrast, the OFF current was lowest for the S0 and 

S2 gels. Figure 30b presents the average electron and hole mobilities and ION/IOFF ratios (in the inset) of 

the S0-S3 gel FETs, as calculated from Table 11 (reused with permission from [130]. ©2019 Elsevier). 

As may be observed, the S0 gel exhibits the lowest mobilities and ION/IOFF ratio, while the S2 gel exhibits 

the highest. The electron, hole, and ION/IOFF ratio of S2 were calculated as 9000 ± 3000 cm2/Vs and 6000 

± 2600 cm2/Vs, and ~106, respectively. S1 and S3 gels exhibited slightly worse mobilities and ION/IOFF 
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ratios compared to S2 gel, suggesting that the improvement of the electrical properties saturates for 

approximately 1 at% of total dopants, and then further introduction of dopants increases scattering and 

reduces the electrical performance [135].   

Table 12 - The room-temperature electrical properties of the state-of-the-art graphene-based 

FETs. 

Graphene type Fabrication process 
Mobility 

(cm2/VS) 
ION/IOFF Substrate 

Length 

(µm) 
Ref. 

Pristine 

graphene 

Exfoliated multilayer  6,000 - SiO2/Si 5 [136] 

Exfoliated  5700 ~13 h-BN/ SiO2/Si 1000 [34] 

Exfoliated  40,000 - h-BN/ SiO2/Si 2 [35] 

LEG 1200 ~6.7 SiO2 3000 [65] 

CVD  1,700-3,500 ~100 h-BN/ SiO2/Si 160 [137] 

Monolayer CVD  3,300 ~7.5 SiO2/Si 290 [138] 

CVD  450 ~7 Al 2O3/ SiO2/Si 30 [139] 

single-crystalline monolayer 

CVD  
12,000 - h-BN/ SiO2/Si ~1 [140] 

single-crystalline monolayer 

CVD 
13,500 ~100 h-BN ~6 [141] 

MOCVD-grown  100 100 SiO2/Si 0.1 [142] 

CVD  900 ~4 h-BN/ SiO2/Si 1000 [34] 

CVD  5400 ~5 Quartz 250 [37] 

CVD  ~3000 ~1 SiO2/Si 50 [78] 

CVD  ~2750 11 SiO2/Si 2 [72] 

CVD  845 - 
Si3N4/ poly-Si/ 

p-Si 
100,000 [143] 

Transfer- free CVD  4,820 - Glass 40,000 [144] 

Monolayer CVD  1,695 3.5 SiO2/Si 250 [145] 

CVD  2700 360 SiO2/Si 150000 [66] 

LPCVD  ~2000 ~1.5 SiO2 100 [69] 

CVD  ~17 1000 
polyethylene 

terephthalate 
2 [70] 

Epitaxial  3200 - SiC 600 [39] 

Epitaxial  4700 - SiC 5 [40] 

rGO 
Photothermal rGO 0.17 111 

Polyethylene 

terephthalate 
500 [43] 

Hydrazine rGO ~630 >500 SiO2/Si 2000 [44] 
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Pulsed laser rGO 5 - SiO2/Si 100 [46] 

rGO ~1300 ~900 SiO2/Si 60 [75] 

Doped 

graphene 

5.6 at% N-doped  12 ~2 SiO2/Si 40 [146] 

3.4 at% N-doped  630 ~1400 SiO2/Si 450 [147] 

7.49 at% N-doped  1.3 

~4 SiO2/Si 20 [47] 

9.69 at% N-doped  0.9 

MoO3-doped  2700 7.5 SiO2/Si 10 [49] 

Heterostructure 

MoS2/graphene  600 ~100 SiO2 5 [42] 

h-BN/graphene  100000 ~150 SiO2 2 [50] 

h-BN/graphene  18000 ~4 SiO2 2 [51] 

h-BN/graphene  7000 ~20 SiO2/Si 10 [17] 

h-BN/MoS2/graphene ~1 106 SiO2/Si 5 [18] 

Hybrid  

Graphene/Pt  1200 ~3 SiO2/Si 100 [52] 

rGO/TiO2 composite ~4.5 ~2 SiO2/Si 200 [53] 

Hydrazine rGO/Pt NPs ~140 ~1.4 SiO2/Si 60 [73] 

MEH-PPV/PbS QDs/ 

graphene  
180 ~5 SiO2/Si 2500 [54] 

MoS2/graphene  ~4300 ~6 SiO2/Si 10000 [67] 

Gel BN-GO gel 9000 106 SiO2/Si 100 
This 

work 

 

The room-temperature electrical properties of the gels were compared to the state-of-the-art 

graphene-based materials, as summarized in Table 12. As seen from the table, the electrical 

performance depends on the channel length, fabrication process, and substrate material. The charge 

carrier mobility of pristine graphene covers a wide range of ~17-40,000 cm2/Vs, with the largest 

mobility reported for an h-BN/SiO2/Si substrate [35], which has reduced charge scattering compared to 

a SiO2/Si substrate. While the largest mobilities overall were observed for heterostructure graphene 

with a range of 1-100,000 cm2/Vs, recorded for short channel lengths of 2-10 µm. Doped graphene and 

rGO structures have low mobility ranges of 0.9-630 cm2/Vs, 0.17-1,300 cm2/Vs, respectively, while 
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hybrid structures have moderate to high mobilities of 4.5-4,300 cm2/Vs. The ION/IOFF ratios for all 

graphene-based materials stretch over 1.5-1,400, with a single exception of 106 [18]. However, the 

same device gave very low mobility at room temperature, reaching only 630 cm2/Vs.  

Figure 31 visually presents the data summarized in Table 12. In Figure 31a, the reported mobilities 

are plotted against the ION/IOFF ratios. As previously mentioned, the preferred device would have both 

as high as possible; therefore, should appear in the top right corner of the graph. However, from the 

graph and Table 12, it seems that there is a tradeoff between the mobility and the ION/IOFF ratio. For 

example, when the mobility is high (18,000 cm2/Vs) [51], the ION/IOFF ratio is low (~4). In contrast, the 

BN-GO gel discussed in this thesis showed high mobility and extremely high ION/IOFF ratio and is the 

only device in the top-right corner of the graph. 

Figure 31b-c presents the mobility and the ION/IOFF ratio versus the channel length of the devices in 

Table 12. Theoretically, an increased channel length will translate to increased charge scattering from 

the grain boundaries, resulting in reduced electrical performance [130]. This effect, however, is only 

apparent in Figure 31b, where the mobility reduces by more than an order of magnitude when the 

channel length increases from 1-2 µm to 10 µm. For short channel length, a single graphene nanoflake 

can cover the length of the channel. When increasing the channel length above the average length of 

the nanoflake, inter-flake boundaries scatter the charge carriers thus reducing the overall mobility [33]. 

It is also interesting to note that the BN-GO gel was comparable to short-channel pristine graphene and 

graphene heterostructures, all fabricated in a more costly manner (as discussed in Chapters 2-3). 

 

Figure 31 - The room-temperature electrical performance of BN-GO gel FETs compared to the 

state-of-the-art graphene-based FETs. (a) Mobility vs I ON/I OFF, (b) mobility vs channel length, 

and (c) I ON/I OFF vs channel length. 
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4.5 Reproducibility and stability 

Reproducibility and stability are two critical measures of a successful fabrication process and device 

performance [148]. In order to investigate the repeatability, the S2 gel was fabricated from scratch on a 

different occasion following the same fabrication process discussed above. An FET device with the gel 

as a top channel was deposited using spin-coating and measure using an SMU device. The electrical 

behavior was compared to the original S2 gel, demonstrating similar currents over the same voltage 

range as for the original gel (Figure 29c). 

The air-stability of the gels was measured over a 30-day, 50-day, and 2 years periods, as seen in 

Figure 32. Over a 50-day period, the electrical behavior is roughly the same with an ON current, OFF 

current, and ION/IOFF ratio within a 20-100 µA, 0.1-0.2 nA, and 200,000-500,000 range, respectively. 

After a 2-year period, the ON and OFF current values are reduced to ~2 µA and ~0.01 nA, respectively, 

while the ION/IOFF ratio remains 200,000. This observation indicates that the deterioration rate in the ON 

current is approximately 0.14% per day. In addition, the Dirac peak shifts to negative values, suggesting 

increased p-type doping which is expected to stem from the oxidation of the gels [46].  

 

Figure 32 - The electrical stability of S1 FET measured 30 and 50 days apart and after 2 years. 

Vds=-0.1 V for all measurements. 
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Shin et al. [149] demonstrated improved air stability of their graphene FET by inserting a 

fluoropolymer layer between the graphene and the SiO2/Si substrate. However, their deviceôs stability 

was measured over a short 3-week period with the ON current reducing from 450 to 400 µA, and the 

long-term stability is unclear. Xu et al. [148] demonstrated a continuous reduction in the ON current 

from 420 nA to 340 nA and in the ION/IOFF ratio from ~4.2 to ~3.4 in a 41-day interval. Peng et al. 

demonstrated the improved air-stability of an rGO FET during a 3-day period when an rGO and 

octadecyltrichlorosilane (OTS) heterostructure is used. Without the OTS, the ON current degradation 

rate is estimated as 7.5% per day, while the rGO-OTS heterostructure has a degradation rate of ~5.6% 

per day. Compared with these reports, the gels discussed in this thesis have enhanced air-stability over 

a more extended time and demonstrated no noticeable degradation for 50 days.  

4.6 Device enhancement strategies 

4.6.1 Electrical performance for increased laser ablation intensity 

Gel S2 was reproduced with the same fabrication process discussed but for at least three times shorter 

pulse duration (~10 fs). Since the beamôs energy was kept constant, the shorter pulse durations 

translated to higher laser ablation intensities [150]. The electrical properties, chemical structure, and 

morphology of the ñnewò S2 gels were reported in [151]. As was reported, the ON and OFF currents 

and the ION/IOFF increased to 20 mA, 0.6 nA, and ~107. ñIn addition, the charge carrier mobilities were 

calculated as 440,000±200,000 cm2V-1s-1 and 8,700 cm2V-1s-1 for holes and electrons, respectively. This 

observation was a great increase from the values observed for the ñoldò gel of 5,000Ñ2,500 cm2V-1s-1 

and 8,700±3,000 cm2V-1s-1 for holes and electrons, respectivelyò [151]. The difference in electrical 

properties may stem from the higher laser ablation intensity, which in turn can break more bonds in the 

same process duration [150]. 

The XPS analysis of the ñnewò gel is presented in Figure 33 (reused with permission from [151]. 

©2021 Elsevier) revealed approximately 2 at% more C-C bonds than the old gel, indicating a restored 

conjugation in the ñnewò gel [33]. In addition, the N-dopants were attached in the pyridinic locations 

(21.7 at% of the N 1s peak) and the C-N-B locations, while the B-dopants were through the 

substitutional site (with a B-C bond giving 4.4 at% of the B 1s peak). In the ñoldò gels, some N-doping 

was through pyrrolic sites, which cause more scattering compared to pyridinic sites [152]. The reduced 

structural defects and restored conjugation in the ñnewò gel are expected to increase the charge carrier 

mobility compared to the ñoldò gel.  
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Figure 33 - XPS analysis of (a) C1s, (b) N1s, and (c) B1s peaks of the "new" gel. Reused with 

permission from [151]. ©2021 Elsevier. 

The stability of the ñnewò gel was studied over a 1-year period, as presented in Figure 34. The ñnewò 

gel shows the degradation of hole mobility and an increase in electron mobility over time. The ION/IOFF 

ratio remains ~107. The charge carrier mobilities after a 6-month storage were calculated as 

8,800±3,500 cm2V-1s-1 and 10,000±2,500 cm2V-1s-1 for holes and electrons, respectively [151]. 

Interestingly, the Dirac point does not seem to be affected by the exposure to air, as was the case for 

the ñoldò gel. 

 

Figure 34 - The air-stability of the "new" S 2 gel over a 1-year period.  
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4.6.2 Changing the volume fraction in the precursor solution 

Figure 30b demonstrated the charge carrier mobility versus the total doping of the BN-GO gel. It was 

found, that out of the four concentrations used, that of S2 showed the best mobility values. However, it 

does not mean that the volume fraction used in the precursor materials (5 vol% h-BN and 95 vol% GO) 

is the optimal one. Therefore, another gel was fabricated using the same fabrication process discussed 

earlier for the ñnewò S2 gel, but for different volume fractions of the precursor materials, i.e., 10 vol% 

h-BN and 90 vol% GO. This gel was denoted as S10%. 

XPS analysis of the C 1s and the N 1s peaks of the S10% gel is presented in Figure 35a and b, 

respectively. The XPS analysis of the C 1s peak in Figure 35a has revealed the same C-C concentration 

as ñnewò S2 gel (46.3 at%), and a slightly higher O-C=O concentration (10.3 at% compared to 9.9 at%). 

The XPS analysis of peak N 1s in Figure 35b revealed 6.3 at% more Pyridinic N and 3.2 at% Pyrrolic 

N than in the ñnewò S2 gel. The XPS analysis of peak B 1s showed no B-type doping, and all the B 

atoms stayed connected to nitrogen atoms. A survey spectrum revealed only 0.5 at% of N-doping in 

the sample. 

 

Figure 35 - XPS analysis of the (a) C 1s and (b) N 1s peaks of the S10% gel. 

Since the bonds in the C 1s peak are similar between the ñnewò S2 and the S10% gels, it is hypothesized 

that the gel formation and the restoration of the C-C bonds are directly related to the intensity of the 

laser ablation process. This hypothesis should be explored further in future experiments. It is unclear, 

however, why there was no B doping in the S10% gel. 
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The electrical performance of the S10% gel was studied and compared to the ñnewò S2 gel, as seen in 

Figure 36a. Curiously, the plot for the S10% gel is different than all the other gels and has much higher 

hole mobility compared to electron mobility. The major difference between the S10% gel and the other 

gels is that there is no B-doping, so further investigation should concentrate on discovering whether 

this is the reason for the asymmetry. The hole and electron mobilities were calculated as 1500 cm2V-1s-

1 and 250 cm2V-1s-1, respectively. The ratio between the ON and OFF currents is also ~107.  

 

Figure 36 ï (a) I d-Vg plots of the "new" S2 and the S10% gels (Vd=-0.05 V). (b) the calculated 

mobilities vs the total doping (reused with permission from [130]. ©2019 Elsevier).  

The hole and electron mobilities of the S10% gel were added to the plot in Figure 30b, as seen in 

Figure 36b (reused with permission from [130]. ©2019 Elsevier). Although the aim was to produce a 

gel with a total doping concentration of approximately 1.5 at%, the actual doping concentration was 

0.5 at%, and the mobility values are in line with previously reported results. 

4.6.3 Decreasing the channel length 

Scattering from grain boundaries drastically reduces the mobility of a GFET device [33]. Therefore, 

devices with longer channels demonstrate reduced charge carrier mobilities [130]. It was hypothesized 

that reducing the channel length of the gel devices to values below 100 µm would enhance the 

mobilities further. The same experiment was repeated as described before, but this time a catôs hair was 

used as the shadow mask since its diameter is lower than 50 µm [153]. The optical microscopy image 

of the BN-GO gel FET produced using a cat hair shadow mask is demonstrated in Figure 37a. As seen 

from the image, the channel length is approximately 25 µm, four times shorter than the channels 
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discussed above. However, the surface of the cat hair is not smooth, resulting in rough edges in the 

electrodes. 

The mobilities of the ñnewò S2 and the S10% gels of the 25-µm-long channels were compared to those 

of the 100-µm-long channels, as seen in Figure 37b. Contrary to expected, the mobility values were 

lower for the shorter channels. The unexpected results could be due to high contact resistance caused 

by the rough edges of the electrodes. 

 

Figure 37 - (a) Optic microscopy image of a bottom-electrode FET with a 25 µm channel length. 

(b) The mobility dependence on the channel length for two types of gels. 

4.6.4 Adding a h-BN buffer layer 

Numerous works demonstrated the ñsubstrate-effectò which causes deterioration in the electrical 

properties of graphene-based materials deposited on a SiO2/Si substrate [8]. Therefore, one 

enhancement strategy was to incorporate an h-BN thin layer onto the substrate. In this regard, a 0.1 mL 

of 1.24 mg/mL h-BN in 50:50 DI water:ethanol was drop-casted onto a SiO2/Si substrate and let set 

overnight before the patterning of the source, drain, and gate electrodes. The thickness of the non-

contentious h-BN layer was measured using a profilometer (Dektak) as 25±7 nm. A bottom-electrode 

device with S2 gel as the channel material was fabricated in the same manner described above, but for 

the h-BN/SiO2/Si substrate.  

The electrical performance of the S2 gel FET device with the h-BN/SiO2/Si substrate was compared 

to that of the S2 gel FET device with a SiO2/Si substrate, as seen in Figure 38. As seen from the figure, 

the ON and OFF currents, the ION/IOFF ratio, and the Dirac point do not change between the different 

devices, while the hole mobility is slightly enhanced for the device with the h-BN/SiO2/Si substrate, as 
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seen from the steeper left side of the plot. Interestingly, this device demonstrates a completely 

symmetrical Id-Vg plot, which could stem from the fact that the h-BN layer reduces scattering from the 

dangling bonds present in the SiO2 [8]. While some improvement is observed, it is unclear whether the 

extra fabrication step is worth the slight enhancement in mobility. 

 

Figure 38 - The Id-Vg electrical performances of S2 gel FET with an h-BN/SiO2/Si substrate 

compared to a SiO2/Si substrate. 

4.7 Summary 

In conclusion, the state-of-the-art graphene-based materials demonstrate lower mobility than predicted 

by theory. The mobility decreases exponentially when increasing the channel length of the device as a 

direct result of increased charge carrier scattering from the grain boundaries. The BN-GO gels 

discussed in this chapter were fabricated using a simple laser ablation method that transformed 

inexpensive insulating 2D materials in a solution into a 3D gel structure. The laser ablation process 

restored the conjugation and co-doped the gels with boron and nitrogen up to 2.3 at%. An FET with the 

gel as the top channel demonstrated a charge carrier mobility comparable to short-channel pristine 

graphene, and an ION/IOFF ratio 1000 times higher than the state-of-the-art, with a single exception. The 

improved electrical performance was attributed to the restored conjugation and the reduced number of 

grain boundaries due to the gel formation.  
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The gels also demonstrated good stability over a 2-year period and good repeatability. Lastly, the 

electrical properties of the gels could be further enhanced by controlling the pulse duration during the 

laser ablation process, reaching the theoretical values of pristine graphene (µ= 440,000 ± 200,000 

cm2V-1s-1). Two additional enhancement experiments were performed with an increased volume 

fraction of h-BN precursor and for reduced channel length, however, fabrication issues reduced the 

electrical performance. These avenues should be further explored in future experiments. Lastly, an S2 

gel FET device with an h-BN buffer layer between the gel and the SiO2/Si substrate demonstrated some 

hole mobility enhancement. The gels could be used in FET devices that require high mobility and a 

high ION/IOFF ratio, such as electrical sensors and biosensors. 
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Chapter 5 

GFET heart failure biosensor with enhanced biosensing 

performance 

5.1 Introduction 

HF and cardiovascular diseases are the number one cause of death in the world, affecting more than 26 

million people per year [154]. While it is possible to detect HF using current protocols, the process is 

time-consuming and usually involves multiple tests. Considering that HF can be treated and prevented 

when discovered early, many researchers targeted the fabrication of HF biosensors with faster results 

and improved LODs. While several groups reported an LOD of 2 fg/mL for an electrochemical 

biosensor [155] or an LOD of 1 aM for an optical biosensor [156], they take 30-60 min and donôt allow 

real-time monitoring. For these reasons, some groups focused on FETs for HF biosensing, since they 

are compatible with point-of-care, fast, and sensitive detection [77]. However, the state-of-the-art FETs 

targeting HF biomarkers show low LODs and narrow detection ranges. 

Since the detection capability of an FET biosensor was shown to be directly correlated to the 

electrical performance (see Chapter 2), it is hypothesized that an FET with enhanced electrical 

performance would allow improved LOD and longer detection ranges. To test this hypothesis, the 

ñnewò S2 gel discussed in the previous chapter was chosen as the channel material in an FET biosensor 

targeting BNP, since it had the highest charge carrier mobility compared to the rest of the produced 

gels. BNP was chosen as the biomarker since it is a well-documented HF biomarker, and its affinity 

towards the 50E1 antibody was previously reported [6].    

This chapter will discuss a proof-of-concept FET biosensor with a BN-GO gel channel targeting 

BNP, as was reported in [151]. This biosensor offers 4 orders of magnitude improvement in LOD (10 

aM) and a long detection range that stretches over 11 orders of magnitude. It also shows good selectivity 

and specificity and a short detection time of 2 min.  

5.2 Fabrication process and equipment 

All electrical and biosensing measurements in this chapter were performed using a probe station setup 

connected to a software-controlled source measure unit (KEYSIGHT B2900A Series). The ñnewò S2 

gel discussed in Chapter 4 was deposited as a top channel in the same process covered in that chapter. 

The biosensing experiments were performed 6 months past the fabrication date of the gel. BNP 
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antibodies (50E1 with pI = 6.6-7.2) were diluted in a pH=7 buffer solution (VWR) to a 1 nM 

concentration. 5 µL droplets were dropped onto the BN-GO gel channels and left at 4 ęC for 48 hr, 

similar to a previously reported method [157].  

The immobilization of the antibodies was confirmed by the shift of the Dirac point in the Id-Vg plot, 

similar to observations made elsewhere [73]. After immobilization, the Dirac point downshifted by 

approximately 30 mV, confirming that the antibodies were negatively charged. To confirm a strong 

immobilization of antibodies, the device went through three consecutive rinsing rounds. In each rinsing 

round, 10 µL droplets of buffer solution were pipetted on and off the device 5 times.    

The BNP biomarker was serially diluted to multiple concentrations (1 aM- 1 µM) in a pH=7 buffer 

solution. Similarly, K+ and OH- solution and HER2 solution in buffer were also diluted to multiple 

concentrations (1 aM- 1µM) for selectivity experiments. All solutions were mixed for 30 seconds at a 

setting of 7 using a Vortex mixer (Fisherbrand) for homogeneity. 

5.3 Characterization of the biosensor 

5.3.1 Antibody immobilization 

One of the obstacles in using pristine graphene for FET biosensors is their low chemical reactivity [88], 

which makes antibody functionalization unfavorable. To overcome this barrier, often a linker is used 

to physically bind to the graphene through ˊ-ˊ stacking and to covalently bind to the amine groups of 

the antibody [158]. Nonetheless, the linker increases the bioreceptor size, which is unfavorable for 

Debye screening considerations [8]. Other groups [132] used the carboxylic groups present in rGO and 

GO for direct immobilization. However, since the immobilization is directly on the graphene, it is 

expected to increase the charge scattering and reduce charge carrier mobility.  

On this premises, it was hypothesized that the immobilization of the antibodies onto the BN-GO gel 

could be achieved through the functional groups of the gel, namely the carboxyl functional groups. The 

XPS analysis of the gel revealed that the C 1s peak is composed of COOH bonds in a concentration of 

9.9 at%, much larger than the concentration in the precursor GO (3.5 at%). The increased concentration 

is a direct result of the laser ablation process [95].  

After the channels were covered by the antibody solution for 48 hr at 4ęC, a large change in the Id-

Vg plots was observed, as seen in Figure 39a (reused with permission from [151]. ©2021 Elsevier). 

First, the Dirac point shifted by ~-30 mV, confirming the attachment of the negatively charged 
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antibodies. ñSecond, a large change in the ON and OFF currents was observed after immobilization of 

antibodies, suggesting the attachment was through covalent bonds, since this type of attachment tends 

to scatter charges and decrease the current of GFETs. Lastly, an additional minimum point appeared at 

Vg~0 V, further confirming the attachment of the charged antibodiesò [151]. 

The biosensing in GFET is monitored through the shift in the Dirac point or through the change in 

current when the biomarker is added to the device. Therefore, the buffer should have a minimal effect 

over the Id-Vg plot of the device. To test the buffer effect over the device, a 3 µL buffer was dropped 

onto the antibody-functionalized and non-functionalized gels, as seen in Figure 39a and b, respectively 

(reused with permission from [151]. ©2021 Elsevier). As seen from the figures, the buffer solution had 

almost no effect over the Id-Vg plots. This means that any Dirac shift or current change resulting from 

the addition of a BNP solution in buffer would be solely from the BNP.  

Next, the nature of the antibody functionalization was tested by subjecting the device to three 

consecutive rinsing cycles. The Id-Vg was plotted after antibody functionalization, and after one and 

three rounds of rinsing, as seen in Figure 39c (reused with permission from [151]. ©2021 Elsevier). 

The minimal change to the plots confirmed that the antibodies had attached through covalent bonds 

because physical bonds can be easily detached by rinsing the device in buffer [159].  

 

Figure 39 - The change in the Id-Vg plots of BN-GO gel FET after (a) antibody-immobilization 

and buffer solution deposition and (b) buffer solution deposition. (c) The change in Id-Vg plots 

after one and three washing cycles (the inset is an enlargement of the plot). Reused with 

permission from [151]. ©2021 Elsevier 

5.3.2 Real-time biosensing 

Point-of-care applications favor biosensors that offer real-time monitoring [7] which is one of the 

advantages that FET biosensors offer. The real-time BNP biosensing was monitored through the change 
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in the deviceôs current (for constant drain and back gate voltages of -0.05 V and -0.6 V, respectively) 

as a response to the addition of increasing concentrations of BNP in pH=7 buffer. Specifically, a 2.5 

µL droplet of BNP solution with increasing concentrations was dropped onto the antibody-

functionalized BN-GO gel channel approximately every 50 seconds. 

As seen from Figure 40a, the real-time biosensing is not reliable for low BNP concentrations. While 

there is some change in current in response to the addition of BNP solution, even for concentrations as 

low as 10 aM, the current is unstable. This instability may stem from the fact that the high currents 

(~100 µA) contribute to joule heating [160]. On the other hand, when looking at higher concentrations 

of BNP solution (Figure 40b), the current is more stable. The detection time is as low as 5 seconds, but 

the LOD and detection range is very low (10 fM and 10 fM-1 pM, respectively).   

 

Figure 40 - Real-time BNP biosensing results. Figure (b) was reused with permission from [151]. 

©2021 Elsevier 

The selectivity of the biosensor was measured against a solution containing different concentrations 

of K+ OH- ions. The biosensing experiment was performed in the same manner, but for increasing 

concentrations of K+ OH- ions instead of BNP. These ions were chosen since they are small charged 

ions present in blood [161]. It was found that the biosensorôs current changed by ~3 nA in response to 

K+ OH- ions with 1 fM- 1 µM concentration range. This current change is within the error range of the 

measurement [151]. Biosensing performance can be compared using a sensitivity parameter, defined 

as the biosensing response divided by the initial value (the current for the buffer). In real-time 

biosensing, it is defined using equation 7: 
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In the case of BNP, the sensitivity for 10 fM was found to be ~0.4%, while the sensitivity for 1 µM 

K+ OH- was calculated as 0.01%. Meaning, that real-time detection of BNP is 40 times more sensitive 

compared to high concentrations of K+ OH-.   

5.3.3 Biosensing through Dirac point monitoring 

Graphene is a unique material that has symmetrical electron and hole conductance curves [57]. 

Therefore, it allows a different type of biosensing than conventional FETs, i.e., the monitoring of the 

Dirac point. For the Dirac point change monitoring, a 2.5 µL droplet of BNP solution with increasing 

concentrations was dropped onto the channel, and the Id-Vg (at a constant drain voltage of -0.05V) was 

plotted after a 2-minute incubation period. Between measurements, the channel was rinsed with buffer 

solution, and the measurement was repeated with a higher concentration of BNP. The Dirac point of 

the buffer solution was taken as the reference. 

Figure 41a (adopted with permission from [151]) shows the Dirac shift response to increasing BNP 

concentration introduced to the antibody-functionalized channel. As seen from the figure, the Dirac 

point of the buffer solution was at -0.3 V. The Dirac point shifted to higher voltages for increasing 

concentrations of BNP in buffer. The lowest shift of approximately 25 mV was observed for 10 aM 

BNP, so this concentration was determined as the LOD of the biosensor.  

To determine the detection range that the biosensor offers, it is customary to plot the biosensing 

response versus the logarithmic value of the biomarker concentration [162]. The detection range is 

determined as the range of biomarker concentration for which the biosensing response has a linear 

dependence. From Figure 41b (adapted with permission from [151]) it was found that the detection 

range of this biosensor stretches over 11 orders of magnitude, i.e., 10 aM-1 µM, with an R-square value 

of 0.936. The incredible LOD and long detection ranges are expected to be a direct result of the high 

charge carrier mobility and ION/IOFF ratio of the BN-GO gel FET. However, none of this would be 

possible unless the Debye layer was increased, since the expected Debye layer for the buffer used is ~1 

nm, and the length of the antibody is ~10 nm [61].  
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Figure 41 ï (a) BNP biosensing through Dirac point monitoring of a BN-GO gel FET biosensor. 

(b) The detection range of the biosensor. Adapted with permission from [151]. 

The increase in the Debye screening length is expected to stem from several reasons. First, the 3D 

structure of the BN-GO gel is a non-flat structure [151], and it was previously reported [7] that curved 

structures could be used to increase the Debye screening length. Second, it is expected that the 3D 

structure has some pores [131], and it has been shown that permeable layers increase the Debye 

screening length [64].   

The biosensing performance was compared to all state-of-the-art FET biosensors targeting HF 

biomarkers [151]. The best biosensing performance was achieved by Lei et al. [73] who reported an 

LOD of 100 fM for an rGO/Pt NPs hybrid. Alas, their detection range was 100 fM- 1 nM in buffer and 

50-200 nM in blood, and their detection time was 30 min. In comparison, the biosensor discussed here 

has a x10000 times improved LOD and a much larger detection range. In addition, it has a very short 

detection time of 2 min.  

In Chapter 2, the LOD and the detection range for the state-of-the-art GFET biosensors targeting 

small proteins were plotted against the charge carrier mobility of the GFET (Figure 6 a and b, 

respectively). Extrapolating the trends of these plots, it was found that the LOD and detection range 

would be 1 aM and 8 orders of magnitude, respectively, for a GFET with a mobility of 105 cm2V-1s-1. 

The BNP biosensor used in this work was added to the two plots in Figure 6, as presented in Figure 42. 

As seen from Figure 42a, the result achieved in this thesis is in line with other reported protein 

biosensors. 
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Figure 42 - The (a) LOD and (b) detection range vs the charge carrier mobility of the BN-GO gel 

FET BNP biosensor compared with the state-of-the-art GFET biosensors targeting small 

proteins. 

Since no blocking agent was used to block any biomarker from attaching directly to the BN-GO gel, 

specificity experiments were also performed. For this purpose, 2.5 µL of BNP solution with increasing 

concentrations was dropped onto the bare BN-GO channel, and a drain current vs gate voltage plot was 

obtained after 2 minutes. The biosensing response was monitored by the Dirac point change in response 

to increasing BNP concentrations. The Dirac point had not shifted when the BNP was introduced to the 

channel up to a concentration of 1 nM. It was also found that the ON and OFF currents were not affected 

by the addition of the BNP. It is hypothesized that the BNP, which is a small positively charged 

molecule, needs more time to attach to the channel. It is suggested to examine this point in future 

experiments.  

The selectivity of the BNP biosensor was measured against HER2 [151]. The Dirac point shifted by 

3 mV in response to 1 ng/mL HER2 and did not shift further for an additional 1 µg/mL, a concentration 

70 times higher than the normal level in blood. The 3 mV shift is within the noise range. The sensitivity 

of both devices was calculated using equation 8: 
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The sensitivity in equation 8 is the shift in Dirac voltage for the addition of biomarker from that of 

the buffer, divided by the Dirac voltage when only a buffer is present. The sensitivity for 1 ng/mL 
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HER2 was calculated as 1.1 % while the sensitivity for the 10 aM BNP (the biosensorôs LOD) was 

almost 10 times higher (10%).  

5.4 Future work 

While the biosensing results achieved for the BN-GO gel FET targeting BNP are impressive, they were 

attained for a small number of devices (6 in total). It is therefore advised to perform more experiments 

to measure the repeatability and stability of the device. Second, several samples did not have antibody 

functionalization, even though the functionalization process was the same for all samples (these 

samples were not included in this work). Thus, it is advisable to find a functionalization process that 

would enhance the reaction between the amine groups in the antibodies and the carboxyl groups in the 

BN-GO gel. One suggestion may be to shake the device during the incubation process.  

The selectivity of the device was only measured against HER2 protein and K+ OH- ions. However, 

real samples are much more complex and could have many interfering molecules [19]. So, it is 

suggested to measure the deviceôs selectivity against a larger number of charged biomolecules or using 

a more complex medium, such as blood. In addition, the measurements should be repeated with a 

blocking agent that would reduce any unwanted reactions with the BN-GO gel [132]. Lastly, a further 

improvement in sensitivity may be achieved by replacing antibodies with aptamers. 

5.5 Summary 

In conclusion, a BN-GO gel FET covalently functionalized with BNP antibodies was tested as a BNP 

biosensor in a pH=7 buffer solution. Real-time measurements were able to give a detection in as little 

as 5 seconds, however, had a high LOD of 10 fM and a low detection range of 10 fM ï 1 pM. The 

selectivity of the device was measured against K+ OH- ions, demonstrating 40 times higher sensitivity 

towards BNP. The biosensor was also monitored through changes to the Dirac point in response to the 

addition of BNP in buffer. The biosensor was able to detect BNP with an LOD of 10 aM within 2 

minutes. It also had a superior detection range stretching over 11 orders of magnitude (10 aM ï 1 µM). 

The biosensor showed minimal response towards non-specific interactions, and 10 times improved 

selectivity towards BNP than HER2.  While these results show a great improvement compared with the 

state-of-the-art FET biosensors targeting BNP, it is meant here only as a proof of concept, and future 

experiments should target detection in more complex matrices.  
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Chapter 6 

Other sensors using BN-GO gels  

6.1 Introduction 

Graphene and graphene-based materials have been studied as the transducer materials in FET 

biosensors targeting a large array of biomarkers [7], [70] , as was discussed in Chapter 2. In addition, 

they were also used in many other sensing and biosensing platforms including gas sensors [163], and 

optical and electrochemical sensors and biosensors [164]. Gas sensors could be used for environmental 

monitoring [163] or for disease diagnosis, in the form of a breathalyzer [165]. Graphene-based materials 

are attractive for gas sensing since they have a high surface area and can be easily functionalized to 

adsorb gases [163]. They are attractive for electrochemical biosensing platforms because of their high 

electrocatalytic activity [164]. In optical biosensors such as surface plasmon resonance, they are useful 

for signal enhancement.  

This chapter will discuss the BN-GO gel in a gas sensor published in [165]. The sensor type is 

categorized as a piezoresistive nanomechanical membrane-type surface stress sensor (MSS). This 

sensor was tested against different types of volatile organic compounds (VOCs). VOCs in breath were 

associated with diseases such as diabetes, liver and lung disorders, and some cancers. In addition, 

efforts in using the BN-GO gel FET discussed in Chapter 5 as a COVID-19 biosensor would also be 

covered. The biosensing medium was studied, and it was found that a pH=7 buffer gives an LOD of 10 

fg/mL with a narrow detection range of 10 fg/mL-1 pg/mL. However, unlike the PCR methods used in 

clinical tests of COVID-19 [77], this biosensor gives an almost immediate detection, thus attractive for 

further development.   

6.2 BN-GO gel receptors in an MSS VOC sensor 

6.2.1 Background and experimental 

The working principle of the MSS sensor was reported elsewhere [166]. In short, a circular membrane 

with a 0.3 mm diameter coated with 300 pL of the BN-GO gels by an inkjet sputtering system is 

subjected to different VOCs. The gases penetrate the thin gel film and adsorb onto the active adsorption 

sites and induce the film to ñswellò. Consequently, the membrane deflects which strains the four 

piezoresistors connected to it, resulting in voltage change (measured by Wheatstone bridge circuit). 
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The data were recorded at the bridge voltage of ī0.5 V and a sampling rate of 10 Hz. Unlike the FET 

biosensor in Chapter 5, the gels served as the receptor rather than the transducer materials. 

Nitrogen gas was bubbled into the analytes to produce vapors which were carried into an enclosed 

environment containing the sensor. The analytes included water, ethanol, hexanol, hexanal, heptane, 

methylcyclohexane, toluene, ethyl acetate, and acetone. Each analyte was tested for 10 ON/OFF cycles 

of 10 seconds each for varying vapor pressures of 2%, 5%, and 10%.   

The motivation behind using graphene-based materials in gas sensors is due to their large surface 

area [163]. However, since pristine graphene is a chemically inert material, it needs to be functionalized 

or doped to increase its chemical reactivity. Nonetheless, it was shown that some functionalization and 

doping reduces the conductivity of graphene [73], [47] which would reduce the signal and the 

sensitivity of a resistive sensor. The MSS structure circumvents this problem [165], and the BN-GO 

gel has been shown to have good chemical reactivity [130]. Since chemical reactivity is very important 

in the receptor material, only S2 and S3 gels were used in these experiments.  

6.2.2 Results and discussion 

Table 13 - The estimated sensitivities in ɛV/ppm for S2 and S3 gels MSS for different VOCs 

(dapted with permission from [165]. ©2020 Wiley). 

 

 

 

 

 

 

 

 

 

 

Analyte S2 gel S3 gel 

Water 0.49±0.01 0.53±0.01 

Ethanol 0.01±0.03 0.1±0.03 

Hexanol 14.49±0.01 16.85±0.01 

Hexanal 0.079±0.01 0.75±0.02 

Heptane 0.02±0.01 0.16±0.04 

Methylcyclohexane 0.38±0.01 0.36±0.06 

Toluene 0.82±0.01 0.82±0.02 

Ethyl Acetate 0.14±0.05 0.16±0.01 

Acetone 0.04±0.02 0.05±0.02 
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The estimated sensitivities for S2 and S3 gels MSS for different VOCs are summarized in Table 13 

(adapted with permission from [165]. ©2020 Wiley). As seen from the table, the sensitivity of the 

sensor is enhanced when using an S3 receptor compared with the S2 receptor for all analytes with two 

exceptions. The enhanced sensitivity of the S3 gel is contributed to the increased concentration of boron 

[167] and nitrogen [168] atoms compared with the S2 gel, as discussed in Chapter 4. The largest effect 

on the sensitivity was observed for Ethanol, where the sensitivity increased from 0.01±0.03 ɛV/ppm to 

0.1±0.03 ɛV/ppm. Similarly, Hexanal also showed a great improvement in sensitivity from 0.079±0.01 

ɛV/ppm to 0.75±0.02 ɛV/ppm. The lowest effect on the sensitivity was observed for Toluene, where it 

stayed constant at ~0.82 ɛV/ppm.   

The LOD was calculated and compared with different 2D materials receptors, such as GO gel, MoS2, 

and WS2. It was found that the S3 gel enhances the LOD for water (0.084 ppm) by 3-11 times and the 

LOD for Hexanol (0.001 ppm) by 7-52 times compared to the other receptors. The LOD for Heptane, 

Ethyl Acetate, and Acetone were also enhanced for S3 gel compared with the other receptor types tested. 

For Heptane, the LOD was 0.091 ppm with an enhancement of 1-2 times. For Ethyl Acetate, the LOD 

was 0.16 ppm with an enhancement of 7-30 times. Lastly, the LOD of Acetone (1.24 ppm) was 

enhanced by 2-8 times. Interestingly, for Toluene and Hexanal, the best LOD was observed for the S2 

gel (0.028 ppm and 0.032 ppm, respectively). With a single exception being Ethanol, the LODs were 

enhanced for all VOCs when either S2 or S3 gels were used as the receptors. 

6.2.3 Summary 

In conclusion, BN-GO gels were used as the receptor materials in an MSS sensor targeting a large array 

of gases including VOC gases. The sensitivity and the LOD of these sensors were tested for each gas 

and compared to other receptors consisting of 2D materials. It was found that the sensitivity of the 

sensor is enhanced for S3 gel compared with S2 gel, most likely due to its higher boron and nitrogen 

concentrations and improved chemical reactivity. In addition, it was found that sensors using BN-GO 

gels as the receptor material had improved LODs compared with other 2D materials receptors such as 

GO gel, MoS2, and WS2. Overall, the BN-GO MSS sensor showed the lowest LOD of 0.001 ppm and 

the highest sensitivity of 16.85±0.01 ɛV/ppm for Hexanol. This work demonstrates the ability of the 

BN-GO gels to be used as receptor materials in gas sensor applications. 
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6.3 BN-GO gel FET COVID-19 biosensor 

6.3.1 Introduction 

In the past year, a virus has been the focus of many different biosensing platforms. This is the 

coronavirus 2 (SARS-CoV-2) which causes the COVID-19 which became vastly studied, especially 

since the World Health Organization (WHO) has classified the COVID-19 outbreak as a pandemic 

[77]. GFET is one of the solutions researchers target for highly sensitive point-of-care biosensor 

applications. In April 2020, Seo et al. [77] reported a GFET biosensing device for detecting SARS-

CoV-2 in clinical samples. The channel was CVD-grown graphene functionalized with a specific 

antibody against SARS-CoV-2 spike protein through a PBASE linker. They reported an LOD of 1 

fg/mL in phosphate-buffered saline and 100 fg/mL in clinical transport medium. The selectivity of the 

biosensor was tested against Middle East respiratory syndrome coronavirus (MERS-CoV) with 6 times 

higher detection signal towards the target. Lastly, the detection range stretched over 3 orders of 

magnitude. The charge carrier mobility and the ION/IOFF ratio were calculated as ~125 cm2V-1s-1 and 1.5, 

respectively.  

Considering that the BN-GO gel FETs discussed in this thesis demonstrate considerably improved 

electrical performance than that reported by Seo et al. [77], the COVID-19 biosensing performance 

could be improved. On this premises, a series of experiments targeting the detection of a synthetic 

SARS-CoV-2 spike protein in different buffer mediums with a ñnewò S2 gel FET were executed. The 

incubation period with the corresponding antibody solution was also tested, as well as different channel 

lengths and substrate. 

6.3.2 Experimental 

All electrical and biosensing measurements in this sub-section were performed using a probe station 

setup connected to a software-controlled source measure unit (KEYSIGHT B2900A Series). The ñnewò 

S2 gel discussed in Chapter 4 was deposited as a top channel in the same process covered in that chapter. 

The biosensing experiments were performed 9-12 months past the fabrication date of the gel. SARS-

CoV-2 (2019-nCoV) nucleoprotein antibodies (recombinant monoclonal antibody expressed from 

HEK293 cells of rabbits) were purchased from Sino Biological (~50 kDa) and diluted in a pH=7 buffer 

solution or 0.1x phosphate-buffered saline (PBS; pH 7.4) to a 10 µg/mL concentration. 5 µL droplets 

were dropped onto the BN-GO channels and left at 4 ęC for 24, 48, or 72 hours, similar to a previously 
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reported method [157]. A single sample was also incubated for 24 hr in 3 µL of 10 mM ethanolamine 

solution at 4 ęC.  

The immobilization of the antibodies was confirmed by the shift of the Dirac point in the Id-Vg plot, 

similar to observations made elsewhere [73]. To confirm a strong immobilization of antibodies, one 

device went through seven consecutive rinsing rounds. In each rinsing round, 10 µL droplets of buffer 

solution were pipetted on and off the device 5 times. 

The COVID-19 biomarker was serially diluted to multiple concentrations (1 ag/mL- 1 µg/mL) in a 

buffer solution (1x and 0.1x pH=7 buffer or 0.1x and 0.01x PBS). All solutions were mixed by pipetting 

100 µL of the solution in and out of the vials 10 times each. 3 µL of COVID-19 solution was dropped 

onto the channel and an Id-Vg curve was plotted every minute for 3-5 times. Then, the device was 

continuously rinsed by the buffer solution, and another COVID-19 solution with an increased 

concentration was dropped on top, and so on until reaching the most concentrated solution. 

6.3.3 Results and discussion 

6.3.3.1 Antibody immobilization and incubation times 

The BN-GO gel channel incubation time in the antibody solution was studied to find optimal incubation 

times. For a pH=7 buffer (VWR) two samples were incubated for 24 hours in the antibody solution at 

4 ęC, while two other samples were incubated for 48 hours at the same conditions. It was found that 

incubation for 24 hr is not enough for functionalization with only one of the samples demonstrating 

some functionalization, while the 48 hr incubation time gave a 100 % success rate in antibody 

functionalization, as seen in Figure 43c-d and a-b, respectively. The sample in Figure 43a (denoted as 

100_10.1) demonstrated a large reduction in the ON current (from ~100 µA to ~1 µA) and 

approximately a -30 mV shift in the Dirac point, all consistent with antibody functionalization  [73]. 

Similarly, the sample in Figure 43b (denoted as 100_9.1) demonstrated a reduction in the ON current 

(from ~100 µA to ~10 µA) and approximately a -30 mV shift in the Dirac point. In contrast, the samples 

in Figure 43c and d showed no Dirac point shift, while the sample in Figure 43d showed some decrease 

in the charge carrier mobility, confirming some attachment of antibodies to the channel. 
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Figure 43 - Antibody functionalization for (a) -(b) 48 hr and (c)-(d) 24 hr incubation time, as seen 

from the change in the Id-Vg plots. The antibodies were in a pH=7 buffer solution. 

After antibody immobilization measurements, 3 µL of pH=7 buffer solution was dropped onto the 

channel and the Id-Vg was plotted after 3 minutes. The results are seen in Figure 43a-d. As seen from 

the figures, the buffer solution had no effect over the unfunctionalized sample, and little effect over the 

slightly functionalized sample in Figure 43c and d, respectively. The Dirac point in Figure 43a shifted 

by approximately -55 mV when the sample was introduced with buffer, while the passivated sample in 

Figure 43b shifted by only -12 mV. 

To test the functionalization strength of the antibodies to the BN-GO gel channel, the same sample 

went through seven washing cycles [151], as demonstrated in Figure 44. As seen from the figure, the 

buffer had a slight effect over the Dirac point, which downshifted by 26 mV. After the first four washing 

cycles, the Dirac point stayed approximately unchanged, but after the fifth washing cycle, the Dirac 

point upshifted by ~200 mV, indicating detachment of the antibodies. Since the antibodies were only 

detached from the channel after vigorous rinsing, it is deduced that their attachment was through 

covalent bonds via the amine groups in the antibodies and the carboxyl groups in the BN-GO gel [151].   
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Figure 44 - Antibody attachment strength monitored by the Id-Vg plots after seven consecutive 

washing cycles. The inset is an enlargement of the Dirac points. 

Five additional samples were incubated in 5 µL of antibodies in 0.1x PBS solution (10 µg/mL) at 4 

ęC for 72 hours. One of the samples was the S1 gel sample that was measured after two years (Chapter 

4, section 4.5). Another sample used an h-BN/SiO2/Si substrate, as discussed in chapter 4. Out of the 

five samples, three demonstrated the characteristic Id-Vg plot changes confirming the antibody 

functionalization, so the success rate was determined as 60 %. The devices that demonstrated the 

characteristic changes in the Id-Vg plot in response to the antibody functionalization are presented in 

Figure 45. In Figure 45a, a ñnewò S2 gel FET device was used, and the Dirac point downshifted by ~65 

mV in response to the antibody functionalization. Similarly, in Figure 45b the same gel was used but 

there was an additional h-BN buffer layer between the gel and the substrate. The Dirac point 

downshifted by ~260 mV in response to the antibody functionalization. Lastly, in Figure 45c, a two-

year-old S1 gel FET device was used, and the Dirac point downshifted by ~300 mV in response to the 

antibody functionalization.  
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Figure 45 - Antibody functionalization for 72 hr incubation time, as seen from the change in the 

I d-Vg plots. ñNewò S2 gel on (a) a SiO2/Si substrate and (b) an h-BN/SiO2/Si substrate. (c) A two-

year-old S1 gel FET. The antibodies were in a 0.1x PBS buffer solution. 

PBS was deposited onto the channels and the Id-Vg curves were plotted after a 2-minute incubation 

time. The devices in Figure 45a and c showed a large shift in the Dirac point as a result of the 0.1x and 

0.01x PBS addition, respectively, while the Id-Vg plot in Figure 45b demonstrated minimal reaction to 

the addition of 0.1x PBS. It is unfavorable for the device to have a Dirac point shift response to the 

buffer solution since the device is expected to only react to the analyte. The use of a PBS buffer is 

therefore unfavorable for the BN-GO gel FET COVID-19 biosensor.  

6.3.3.2 COVID-19 biosensing results 

This sub-section will present all the COVID-19 biosensing results achieved by the different BN-GO 

gel FET configurations. The results would be divided by the biosensing medium, i.e., the 1x and 0.1x 

pH=7 buffer and the 0.1x and 0.01x PBS. As was discussed earlier, out of the four devices tested using 

the 1x pH=7 buffer, two devices demonstrated antibody functionalization and another device 

demonstrated partial functionalization. These three devices, however, showed no Dirac shift in response 

to the addition of COVID-19 up to a concentration of 100 ng/mL, as seen from Figure 46a-b. The 

inability to sense the COVID-19 protein could stem from one of two reasons. The first is that the 

antibody-protein pair is incompatible, and the second is that the protein capture is beyond the Debye 

screening length [7].  

Two experiments were performed to discover which of the two is the culprit. The first experiment 

was performed by Dr. D. Eleftheriosô lab in Mt. Sinai Hospital, where they performed an enzyme-

linked immuno-sorbent assay (ELISA) test to measure the reaction between the antibody and the 

COVID-19 protein used in this work [169]. It was found that compared to two other non-specific 

antibodies from a mouse source (purchased from PT and Abcam), the signal for 1-100 ng of the 
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COVID-19 protein and antibody pair used in this work was 2-400 times larger (depending on the 

COVID-19 amount). Thus, the antibody-protein pair was confirmed as specific.   

 

Figure 46 - COVID -19 biosensing in 1x pH=7 buffer by BN-GO gel FET, as observed from the 

Dirac point monitoring  of the I d-Vg plots. The insets are enlargements of the Dirac points. 

In the second experiment, the 1x pH=7 buffer was diluted with DI water to a 0.1x concentration. The 

dilution was performed in order to reduce the ionic strength of the solution which in turn, increases the 

Debye screening length [63]. The same two samples (100_9.1 and 100_10.1 stored at 4 ęC) were washed 

with the diluted buffer and measured one month later using COVID-19 solutions in 0.1x pH=7 buffer. 

The Dirac point monitoring of the biosensor as a response to increasing concentrations of COVID-19 

protein for sample 100_10.1 (one month after antibody functionalization) is presented in Figure 47a.   

 

Figure 47 - (a) The Dirac point monitoring of the biosensor as a response to increasing 

concentrations of COVID-19 protein for sample 100_10.1 one month after fabrication. (b) The 

shift in Dirac point for different COVID -19 protein concentrations. 
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The Dirac point of the buffer solution was taken as the reference point, and any additional shift 

caused by the introduction of COVID-19 protein in buffer is caused by the proteinôs charge. The shift 

in the Dirac point in response to increasing concentrations of the COVID-19 protein is presented in 

Figure 47b. As seen from the figure, the LOD is observed at ~30 fg/mL, as calculated by three times 

the measurement noise [7]. The detection range is 0.01-100 pg/mL, as observed from the approximately 

linear region in Figure 47b. Beyond 100 pg/mL the detection signal (Dirac point shift) saturates. These 

results are encouraging for further investigation since the devices were a month-old and used. 

PBS is a recognized buffer solution [7], so the next set of experiments was performed using 0.1x and 

0.01x PBS solutions. The biosensing results are presented in Figure 48. The Dirac shift results for all 

PBS solutions were unstable, so the shift was calculated as the average shift of 2-3 measurements after 

a 2-4 minute incubation. In Figure 48a, the limit of detection was calculated as ~3 fg/mL (as three times 

the noise [7]). However, the detection range was only 3-100 fg/mL. In contrast, the biosensing results 

for 0.01x PBS buffer presented in Figure 48b were observed for concentrations as little as 10 ag/mL, 

but the shift was unreliable and within ~1.5 times the noise. In addition, the Id-Vg plots were highly 

unstable and unreliable. It is thus deduced that either the PBS buffer is incompatible or that a passivation 

layer should be used. 

 

Figure 48 - Dirac point shift in response to the increasing concentrations of COVID-19 protein in 

(a) 0.1x and (b) 0.01x PBS buffer. 

The sample using the h-BN buffer layer demonstrated a very small Dirac shift in response to the 

addition of 1, 10, and 100 pg/mL of 4±3 mV, 10±5 mV, and 13 mV, respectively. These results are 

within the 3x(noise) range, and therefore are unreliable. The stabling effect of the h-BN over the 


