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Abstract

Graphene and graphebased materials are highly attractive for field effect transistor (FET)
applications because of thelevatedheoreticakcharge carrier mobility. Graphene FETs (GFETS) are
studied for biosensg applicationgor their high sensitivity and fast detection timeewever, leyond
theory, the statef-the-art GFETs have very low charge carrier molgtand low ON and OFF current
(lon/lorp) ratios. The reduced electrical performance of the repdB€HTs hinders theiuse for
sensitive biosensor applications this work, a femtosecond laser beam was used to fabricate
functional graphen&ased materials and to tune their structure and electrical perforritamas found

that the laser ablation press could transform two insulating telonensional (2D) materials, graphene
oxide (GO) and hexagonal boron nitrideBN), into semiconductors with higlun/lorr ratios and
charge carrier mobilities.

Two types of nanomaterials were fabricated usiteser ablation process. The first is B and N co
doped reduced GO (rGO) nanoflakand the second is B and N-doped GQBN-GO) gels. The co
doping concentration was controlled by changing the ratio leetv@&0 and BN in the precursor
solutions.GreaterB-dopingconcentrations were observed for the nanoflakes4IL&t%) compared
with the gelsQ.5-1.3 at%). Similarly, greatemitrogen doping was observed for the nanoflakes%3®4
at%) compared withhie gels Q.3-1 at%. Increased B and N edoping concentrations were found to

reduce the sheet resistance of the nanoflakes.

Backgated FET devices made of tB&-GO gels revealed very higlan/lorr ratios (~16) and
electron and hole mobilities in the gof30069000cn?V-1s? and2000-6000cm?V-1s?, respectively.
Several electrical performance enhancement strategies were employed, and the best mobility and
lon/lorrratio values achieved we#d0,000+200,000 cfir-ist and 10, respectively. These values were
obtainedwhen the pulse duration of the laser ablation was reduced by 3ttrapproximately 10 fs
Thesegels demonstrated good stabilityer a 2year period.

The BNGO gels were used for several sensing and bioseagpligations. For gas sensing, the-BN
GO gels were used as the receptor materialrirembrandaype surface stregd1SS) 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 usingBN-GO gelsdemonstratedgn improved limit of detection

(LOD) for most tested compoundsmpared to other 2D receptors.



An FET with the BNGO gel as toghannels were used for the biosensinigrafn natriuretic peptide
(BNP), aheartfailure (HF) biomarker, andCoronavirus disease 2019 (COVID) synthetic proteins
in buffer. The BNGO gel channels were covalently functionalized with BNP or COV8antibodies
to selectively capture the desired analytesias found thateattime detection of BNP biomarker in
buffercould be achieveih as little as 5 seconds with an LOD of 10 fM and a detection range of 10 fM
T 1 pM. The Dirac point monitoring of the same biosensor reveaddOD of 10 aM within 2 mines
and adetection rangef 10 aMi 1 uM. The biosensademonstrated greapecificity andselectivity
compared with KOH ions and hhmanepidermal growth factoreceptor 2 (HER2¢ancer biomarker

protein

TheBN-GO gel FET covalently functionalized wi@OVID-19 antibodies was used for COVII®
biosensing in buffer as a preof-concept bymonitoring the shift in thé®irac point The LOD and
detection range were calculated as ~30 fg/mL and D001pg/mL, respectively for COVHR9 protein
in a 0.1x pH=7 buffer solution.The BNP and COVIBEL9 biosensors should be further investigated
beyond the proebf-concept stage. Additionally, other biomarkeoreceptor pairs could also be
investigatedusing the same BIGO gel FET platformAptamers may bstudial asa replacement for
the antibody bioreceptofer improved sensitivity
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Chapter 1

l ntroducti on

Heartdisease andancerare the two leading causes of death worldwide, responsible for more than 47%
of overall causes of death (as of 20[17) In recent years, another threat is causing a consistent rise in
the number of deaths worldwide, i.e., Coronavirus disease 2019 (CO3)Iwhich claimed more than

2.7 million lives over the span aine yeaf2]. Experts agree that one of the best methods to improve
the disease outconjd] and reduce the spread of viral diseases is threagly detectiorj4]. While

much progress has been done to ach&wetter understanding of early detection and screening
measures, the common practices still lack the required sensitivitpifiy detectiofi5] and take a long

time [6].

Field dfect transistors (FETs3reone of the most promising biosensor types investigated in recent
years since they offer poiaf-care applications, high sensitivity, fast detection times, and compatibility
with complementarymetaloxide-semiconductor(CMOS) fabrication[7]. The ability to detect a
diseaseén its early stagess directly related to the sensitivity of the biosensor and its limit of detection
(LOD). In FETs,the detection sensitivity and LOD are dictatedthyelectrical performare of the
device, namely the charge <carrier mobility and
(lon/lorp) of the chann€]8]. In addition, researchers demonstrated that the feature size also a#ects th
deviceds sensitivity, with increased[9sFertheset i vi ty
reasons, @emiconductonanomaterial with an increased charge carrier mobility agltbkr ratio is

highly desiredor FET biosensors

Graphene is a twdimensional (2D) nanomaterial withsaperiortheoretical charge carrier mobility
above200,000 crivV-1s® [10]. However, itis a semimetal withazero bandgap which eliminates its use
in FETs[11]. Several approaches have been madevercome this obstacle, such as increasing the
number of layerg12], adding quantum confinemefi3], or introducing stres$7]. Alternatively,
graphenebased materialsuch agyraphene oxide (GO), reduced graphene oxide (f&4d) doped
graphendl15], and graphenbased hybrid§l6] were also studied he highestreported charge carrier
mobility (u=36,000cm?V-1st) andlon/loer ratio (~10°) were achieved for grapheiasedstructures
involving graphene and hexagonal boron nitrid&{) hybridsheterostructured 7], [18]. However,
common fabrication techniques require the use of harsh chemicals and lengthy processes and do not
allow largescale fabricatiorf13]. Therefore, it is crucial to develop a fast and CM&#patible

fabrication technique of a graphebased FETGFET)with superior electrical performancdé/ith the
1



correct functionalization strategi¢$9], these GFETs could be used l@esensorsfor the early
detectionof numerougliseases.

1.1 Objective of the thesis

The objective of the thesis is to develop a graptesed FET that wadi 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 anehll o ratio.

1
1
1 Good stabilityin room ambient conditions.
1

Compatible for CMOS and larggeale fabrication.

1 Compatible for differensensing antiosensing applications.

In this regardtwo main goals were set. First, the fabrication of a FET device with superior electrical
performance, and second, the functionalization of the device with different biore@eiptogical

capturing)molecules for selective biosensing.

1.1.1 FETs with superior electrical performance

Several approaches have been miadgilor the electrical performance of the FETs whitevistg to
fulfill the above objectivesFirst,northazardous materials (i.e., GO an@8N) were used throughout
the thesisThese materialwere chosen since graphene afi8Nhhybrids were demonstrated to possess
extremelyhigh charge carrier mobilities anshllorrratios[17], [18] and increased stability in 4R0].

GO is an oxygenated form of graphenih poor electrical conductivitybut reducing the oxygen
content in GQrouldrestore the electrical propertigsvards those ajrapheng21]. Additionally, one
milligram monolayer suspermi of grapheneosts$1100,almost 7000 times as much as one milligram
of GO suspensiofi22].

For the scondapproachlaser ablation was chosen th& material processing platfoymeince it
allows fast fabrication timeig room ambient condition@3]. Additionally, it was demonstrated as a
reliable tool to reduce the oxygen content in G@iloring the electrical performance of the devices
was achieved through changes to the laseriablgirocess and changes to the ratio between the
precursorsLastly, thedevicefabrication processes used throughout the thesis are compaitible

CMOS fabrication techniques.



1.1.2 Different biosensing platforms

A biosensor commonly has two key componentsioeeceptor and a transdudé&®]. The bioreceptor

is a biological moleculethat canselectivelyrecognize the target analyte in th@nple and make a
physical or chemical reaction with it. A transduttanslateshe recognition process into a measurable
signal i.e., an electrical signal in the case of a GRETen the electrical signal is large enough to be
measured, biosensing can occtherefore, 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

Thethesis is divided into seven chapters. The organizatiolhcontent of the thesis are as follows:

Chapter 2 willdiscuss thestateof-the-art pristine graphene and graphdvesed materialgheir
common fabrication techniques, and their dastiated electrical performance. Then, the working
principle of FET biosensorgill be presented. The biosensing performance aittieof-the-art GFET
will be compared, and the dependence of the biosensing results on the electrical performance of the
GFET will be analyzedL.astly, the challenges and opportunities the field is fagitigbe discussed.

Chapter 3will present graphenbased materials fabricated by a simple and fast laser ablation
technique in room ambient conditions. The compositionai¢cttral, and electrical performance of the

novel materialvill be analyzedTheir feasibility in GFETswill then be discussed.

Chapter 4 will present improvements to the fabrication process discussed in Grapdpresent a
GFET with superior electricplerformancend increased stabilityinaifhed e vi ce 6s wilker f or ma
thenbe compared to thetateof-the-art GFETSs.

Chapter 5 will present the biosensing performance of the GFET from Chapter 4 towards early
detection of heart failurélhe biosensingoerformancewill be compared to thstateof-the-art FET

heart failure biosensors.

Chapter 6 will present additional sensing capabilities of the gragiesesl materials and the GFETs

towards gas sensing and COVID 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.



1.3 Contributions

The laser ablation, characterization of materials, device fabricatioiresis analysisvere performed

by I. Novodchuk. The electrical measurements throughout the thesis were performed in collaboration
with M. Kayaharman. The gas sensemgd MSS device fabricaticemd analysislescribed in Chapter

6 wereperformed by Dr. K. MistryThe 2D nanorodgrojectdescribed in Chapter 7 was performed in

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



Chapter
Graph-basé&dEDi osensor s

2.1 Introduction

The structure oA GFET is similar to a metaidxide-semiconductor FET (MOSFET24]. It is made up

of a graphendased channel between source and drain electrodes typically ogi%i SiDstrat¢25].

The gate electrode coutdther beon top of the channel (separated by an oxide layer) or through the
substrate, referred to as kegated26]. While the type of gate has an effectthe power consumption

and the controllability of the FET, with tegated devicesneeding 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 componerfg&¥]. The following subsectionswill explorethe stateof-the-art

pristine graphene and graphdmesed materials fabricated in recent years and their use in FET
biosensodevices.The biosensing performaneéll be analyzed basexh the transducer material and

the electrical performance of the device.

2.1.1 Pristine graphene

Pristine graphene is another nafoegrapheneri 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 depd®n (CVD), and graphene epitax$]. Single to fewlayers graphene (FLG)
sheets can be separated from the bulk graphite structure by exfoliation and cleavage, dueahk the
Van der Waals forcdsetween neighboringraphene sheetsthegraphite In this method, an adhesive
tape is used textractgraphene from thgraphiteand deposit onto a substraf®9]. While this process
enables thexfoliation of high-quality graphene sheets as big as ~®H and with a charge carrier
mobility of up to 12,000 cAv!s! [29], it has several disadvantagesisitcurrently not possible to
exfoliate graphene on a largeale industrial levdll3], it takes a long timeand the graphefeshape

and location on the substratannot be controlled

In contrastthe CVD growth of graphene is compatibhdth the industry fabrication standards and
could be fabricated over largeead30]. However, the graphene is fabricated on a metal subatrdte
transferred to t lkcenpldxgandferppotdure whHere someadf the stamp ntatarial
remains as a contaminate on the graph[@nstsurfac

reported CVD graphene have inferior charge carrier mobilitiesfadi@#ed graphene, with the highest



values reaching,000 cniV-is? at roomtemperatureg31]. Epitaxial growth of graphene could be
producedat a high quality and over larggeas, but the high temperatures required are not compatible
with the industry standard$3].

Several of the highest reported charge carrier mobibfitisestateof-the-artgraphene fabricated in
the aforementioned methods are comparethinie 1l andFigurel. 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 amiprtmention that the
reported dn/loreratios were very low (4.3),asexpected for pristine graphef82]. Lastly, for all three
fabricationmethodsthere is a notable reduction in the charge carrier mobility with increased channel
areasas demonstrated Figurel. This observation is a great obstaaoléabricating largearea GFETs
and is believed to be a direct resflthe 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 properés of thestate-of-the-

art pristine graphene fabricatedby different methods.

Fabrication Charge carrier
N lon/l oFr Area (um pm) Reference
method mobility (cm?V-is?)
5700 ~13 100 1000 [34]
Exfoliation
40000 - 0.75 2 [35]
10000 - 180 230 [36]
900 ~4 100 1000 [34]
CVvD
8000 ~7 180 230 [36]
5400 ~5 250 250 [37]
9000 - - [38]
Epitaxial
3200 - 100 600 [39]
4700 - 55 [40]

While some astonishing progress has been made in increasing the quality and charge carrier mobility
of pristine graphene, the lowwIorr ratios are a geg obstacle to numerous applications, including
6



biosensing applicationg32]. This is one leading reason why graphbased materials have been
receiving much attention in the last several years.
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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 methodks.

2.1.2 Graphene-based materials

As several obstacles in using pristine graphene for electronic applications such as the high fabrication
costg22] and the lowon/lorrratios [36] remain, alternative graphetrased materials are increasingly
attracting research attention. These materials include GO and rGO which have the same carbon
backbone structure as pristine graphene but witfobptane oxygerbased functional grgs[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 decrghselsand gap and forms a semiconductor
named rGOAdditional graphendased materials includioped graphengd5], heterostructuregl2],

and graphee-based hybrider composite§l6]. In this subsection several of the tojperforning state

of-the-art graphenebased materials will be compared based on their electrical properties and
fabrication method.



Table 2 - A comparison between the room temperature electrical properties of thetate-of-the-
art graphene-based materials.

Charge carrier

Fabrication

. HH 2 -
Material method moblllps/_l()cm \V | on/l orr Reference
rGO Photothermal
reduction 0.17 111 70 500 [43]
Hydrazine ~630 >500 200 2000 [44]
reduction
Pulsel laser
deposition 1600 ) ) [43]
F:j“'sed.'.‘"‘ser 5 ] 100 100 [46]
eposition
N-doped rGO Chemical
reduction and 5 ~15 20 20 [47]
doping
N-doped cVD 520 - - (48]
graphene
MoOxdoped  MoOs flame 2700 7.5 0.5 10 [49]
graphene doping
r'\]/'osﬂgraphe”e CVD 600 ~100 35 [42]
eterostructure
h-BN/graphene  CVD and 100000 ~150 2 2 [50]
heterostructure exfoliation
CVvD 18000 ~4 05 2 [51]
Exfoliation 7000 ~20 1 10 [17]
Graphene/Pt ~
hybrid CVvD 1200 3 10 100 [52]
rGO/TIO 2 Chemical
composite reduction ~4.5 2 4 200 [53]
MEH -PPVYPbS
QDs graphene - 180 ~5 100 2500 [54]
hybrids

1 MEH-PPV-poly [2-methoxy5-(2"- ethylhexyloxyp-phenyleneviylene)]

2 QD- quantum dot

8




As seen inTable2, there are different types of graphdyesed materials with a large divergence in
electrical properties. To get a better overview of thepmiorminggraphenebased materials, the data
in Table2 was plotted irFigure2. Figure2a shows the dependence of the mobilityht fill) and the
lon/lore ratio over the type of grapheibased material, whilEigure2b shows the mobility versus the
lon/lorr ratio for the different types of graphebhased materials. Ideally, the dedimaaterial would
have both high mobility anadi/loee ratio, thus woulde inthe top right corner dfigure2b. As seen
from the figure, there is no clear candidatedniideal type of graphereasedmaterial, but the best
performers are either from the rGO group or the heterostructure group,-BitliGiheterostructures

having the best overall electrical properties.
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Figure 2 - A comparison between the electrical properties of the statef-the-art graphene-based
materials divided by group type. (a) Mobility (patterned) and bn/l oer ratio (solid fill) for
different graphene-based types. (b) Mobility vs. bn/l orr ratio for differe nt graphene-based

types.

While GO and rGO materials can be cheaply prod{@22[ CVD fabrication of a wafescale RBN
is challenging[55]. For this reason, this thesigill emgdoy monolayer GO solution and-BN
nanopowder as the starting materials for a novel gragihased material with the goal to improve both

mobility and bn/lorr ratio compared to the stapdé-the-art.



2.2 State-of-the-art graphene-based FET biosensors

2.2.1 Working principle

In a GFET agraphenébased channel is typically depositeztween source and drain electrodes (S and
D, respectivelypn adopedsilicon substrateseparated by an oxédayer[8], as shown irFigure3. A
gate electrode is also needed for turning the device on abg adihtrolling the chann@ls ndactivity,

thus achieving the field effefd2]. The gate electrode could either be from the subdiratkgate,
from thetop of the channel (togate) or through a solutionsplutionrgated or electrolytgated)[56],

as demonstrated iRigure3a-c, respectively. The voltage between the source and drain electredes (V
determines the direction of the current flodwcommon drain currer(iqs) versus gate voltag®/c) plot

for GFET for a constant 3¢ is shown inFigure 4a (reproduced with permission frof8]. ©2019
Elsevier) This plot is unique to GFET since depending on theiMcan either be an-type or ptype
device This ambipolar behavior is a direct result from the symmetry between the valence and
conducaince band$13]. The critical transition vaiage between these two regideslefined as the

Dirac point wher ahiavéddb7]. AOFFO current i s

(a) "Grapheng-baseé\/

!,
[ — )

‘ ~ G‘ VD m Buffer
(b) (w) |
Q \ Dielectric r Sio, 4 /
" —— p-Si

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

In a GFET biosensomhé graphendased channel is the transducer material, but it calstotguish

between the target biomolecule and other charged molecutessimroundingsTherefore, the GFET

10



needs to be functionalized with a bioreceptor that would capture the target analyte from the sample
environmen{l19]. As discussed if8], whenconstant s andV¢ areapplied thelgsshould be constant
over time, as long abereis no changeinthd e vi ce 6 s e n v itemperatueenhumiditys uc h a
chemicals presergic.) If charged target biomoleculase introduced and captured by thereceptors
@fter a time knowh, thaerchaids wié inddoa thame tinithe charge icamiero
concentration of th&FETchanneto compensate for the additional charGensequentithelgswould
changeproportionally as shown ifrigure4b (reproduced with permission frof8]. ©2019 Elsevier)
In the case of an-type channel, an attachment of a negatively charged target biomeoleculd
decrease the current, and vigrsa for a positively charged tardb8]. Additionally, according to
equationl, the currentl(s) is directly proportional to the magnitude of the electron mobikty {(n the
case of an #type GFET[8]:
. ™ LAVESRE |
v 1T
Wheree is the electron charge, n is the electron concentration, t |, and L are the ¢
thickness, and length, respectively, and V is the volfHges, for the same devigeometry, a channel
with larger mobility will result in a larger sensing responsigure 4c shows a differenbiosensing
mechanism which isinique to GFETSsIt 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

(a) (b) (c)

las o g Las |
current
Constant V,, and V,

[ i~ Smallsensing

response

Adding % Large sensing

...............

: analyte response o
i ' - -
Vg — time Dirac point V:g

Dirac point jonti
Detection time shift

“OFF"
current|

Figure 4 - Drain source current measurement (a) vs ga 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) ard (c) is in log scaldreproduced 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 detghether the
devicecould capture the wanted target biomolecule inside a complex sdffjjleThe bioreceptor
shouldbe able tanteractonly with thetargeta nal yt e wh iall the suirougdng maleculpd
[59]. Some of themost studieioreceptors include antibodies, aptamers, and complementary DNA
(or probe DNA) as seen ifrigure5 (reproduced with permission frof@]. ©2019 Elsevier)

(a) target (b)
biomolecules
— A 4 —
recognition \/ recognition
antibody
Target DNA cDNA hybridization
(c) »
target
~ —
3D structure { recognition
formation
3!
aptamer

Figure 5 - Schematic mechanism of (a) a selective recognition reaction of an antibody with a
target biomolecule in a bieenvironment. (b) A recognition reaction of target DNA with cDNA
resulting in a hybridization process. (c) An aptamer forming a threedimensional (3D) structure
and undergoing a recognition reaction with a target biomolecule (reproduced with permission
from [8]. ©2019 Elsevier).

Antibodiesare proteins with & Y 0 s t producdd by tlebody when it is exposed to a foreign
compound26]. A singlestrandedDNA (ssDNAor probe DNA can be designed toake a selective
hybridization reaction with @omplementaryargets©NA or RNA. Similarly, aptamers which are
singlestrandedsmalloligonucleotides can specificalbind todifferent analyte typef60]. They often
go through a thredimensional (3D)conformation change befe they can be used as the analyte
anchoring componenintibodies provide better specificity compared with aptamers ssiiNA

which can make nospecific electrostatic interaction26]. Nonethelessantibodies are large
12



molecules gbove 10 nm in size), much larger than aptameB8sr(th) and ssDNA (~3.5 nnj§1]. The
size of the bioreceptor is a very important aspédtET biosensorsBeyond acertainlength called
it he Debye s,dheorsinithe golutioresergen 6360 of the recognition reaottween
the biosensor and the target anglyesulting in poor sensitivitf7]. The Debye screening length in

blood is ~1.5 nnfi62], therefore a minute bioreceptor is desired.

Circumventing the Debye screening effi@tcould be achieved by changing the bioreceptor, taking
only a fraction of the bioreceptor (like using a fragmented antilfg2ly, reducing the ionic strength
of t he s amp3],ermakingschahged to tBHRET channel such asserting structural stress,
adding a curved morpholody], or adding apermeable layej64]. The latter two strategiesill be
explored inChapterss-6 of this thesiswhiler e duci ng t he ionic stwilkngth o

be exploredn Chapter6 of this thesis

2.2.3 Structure and biosensing performance

This subsection is aimed texaminethetop performingGFET biosensors reported in recent years and

to examine the challenges and opportunities the field faces tBdagral aspectsill be examined in

det ai l : the devicebs structure and component s, t
the target analyte, and the bioreceptor speaseen ifable3. Since the same GFET functionalized

with different bioreceptors could theoretically be used to detigferent biomarkerg8], this sub

sectionwill not focus on a specific biomarker type.

DNA detection is targeted for several reasons, such as understanding biokagitiahg65], and
for disease diagnosis, prognosis, and dagigthysicians with tratment plan$8]. Wangand Jig[65]
reported chigh-quality liquid exfoliated graphen@.EG) functionalized with grobe DNA through a
GlutaraldehydeGA) linker for the detection of target DNA in a buffer solutidiney demonstrated
the ability to functionalize amireerminated DNA to the GA linkeihereported_OD was 10 fM with
a large detection range bfM- 10 nMspreading over 6 orders of magnitudewever,h e bi osensor ¢
selectivity toward interfering species wast discussedGao et al][66] used aGFET functionalized
with an engineered hairpprobe DNA via 1Pyrenebutanoic acid succinimidyl estBBASE linker.
The probe DNAenhanced target recycling and hybridization chain reaatidchenhancedhe sensing
signaland the sensitivitpf the deviceThey reportecin LOD of 100 aMand a detection range of 100
aM-10 pM. Lastly, Chen et a[67] used a Moggraphene hybridtructure as the channel of their FET.
The probe DNA was also functionalizeddbhgh a PBASE linker, and the reported LOD and detection

range were 100 aM and 100 &M0 pM, respectivelyThey attributed their enhanced sensitivity to the
13



reduced Debye screening as a direct resuthe hybrid structureln addition, the authors reged
enhanced selectivity by a factor of @Bd24 compared to a single and-ksesamismatchedNA,
respectively.

Dysregulation of RNA and micrBNA (miRNA) has been linked to many different diseg@s
Thus, monitoring their levekan be used for diagnostic purposéwang et al[7] reported arumpled
graphendCG) FET with the ability tadetect miRNA with an LOD of 20 aM and a detection range of
20 aM200 fM in serum and an LOD of 600 zM in buffa@ihey rgorted an astounding 10 orders of
magnitude detection limit (600 &0 nM) in buffer.They attributedthe enhancedeasitivity to the
CGstructure whictincreasedhe Debye screenigngth Tian et al[68] used a CVBgrown 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 01000 fM. They used huffer with low ionic strength Q.1X) in order to
increase the Debye screening length. In a different j&pgrthe same group reported thhility to
enhance the LOD ardktectionrange by changing the bioreceptorReptide Nucleic Acid (PNA)o
0.1 aM and 0.1 aM pM, respectivelyThe groupattributesthe enhanagperformance to the fact that
unlike the probe DNA, the PNA is a neutral molecule thus reducing ionic interference conpare
DNA.Addi tionally, the gr ouptodeteotf.haMtRNAIhserdm,twHick devi c e
is a noteworthy result.

Detection of small proteins could be very beneficial for disease diagnostics and prddigfion
for food safety{71]. Yang et al[70] used an FET with graphene nanomestBM) functionalized
with anaptamer viea PBASE linker for the biosensing bimanepidermal growth factoreceptor 2
(HER2)cancer biomarkeprotein in a buffer solutiariThey reporte@n LOD of 0.6 fMand a detection
range of0.000210 ng/mL. They also demonstrated the ability to fabricateexible GNM FET
biosensoand demonstrated signal enhancement compared with a graphenédfEat al[72] used
an FET with a graphenehannel functionalizedvith antibodies through #BASE linker for the
biosensing o€hondroitin sulfate proteoglycan 4 (CSP@4hcer biomarkegsrotein in a buffer solution
with an LOD of 0.01 fM and a detection range of 0.01fMpM. The groupattributestheir great
sensitivity to the enhanced graphene quality and electrical performantee lagldition of self-
assembled monolayers of Hexamethyldisilazane on the substrate duefaatel.[73] usedan rGOPt
nanoparticles (NPs) hybrith sensebrain natriuretic peptide (BNP#a recognizedheartfailure (HF)
protein, with a LOD and detection range of 100 fM and1@d0 pM in buffer, respectivelyThey were

also able to selectively detect-200 nMBNP concentrations in whole blood samples.
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Around 500 million people have been infected by thgakigs B (HepB) virus [74]. This virus can
cause liver disease which has inégtaround one million people annually. For this reason, recent works
have beempublished targeting Hep biosensing. Basu et 5] 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 fatidn process simple and avoiding rough edges
and dangling bonds. They reported an LOD of 50 aM (m#reowdetection range) faa protein on
the surface oHep-B virus (Hep-B antigen) The bioreceptor used wasHep-B antibod/ which was
immobilized on he channel usindN-(3-dimethylaminopropybN Nithylcarbodiimidehydrochloride
(EDC)N-hydroxysuccinimide (NHSljnkers. In a different work76] the group reported the ability to
use the biosensor for Hé&pdetection in serum with an LOD of 0.1 fM and a range of 0.4LfpM.

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

Transducer Bioreceptor LOD (fM) Detection range
G3/PBASE DNA Probe DNA 0.1 100 aM10 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 mMiRNA Probe DNA 0.02 20 aM-200 M Biofluid [7]
0.0006 600 zM-60 nv Buffer
G/PBASE RNA PNA 0.0001 0.1 aM1 pM Buffer [69]
GNM/PBASE HER2  Aptamer 0.6 0.000%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]
5x10’ 50-200 nM Blood
rGO nanogrid/ HepB  Antibodies 0.05 50 aM-10 PM Buffer [75]
EDC-NHS antigen
G/PBASE SARS  Antibodies 1 fg/mL 1-1000 fg/mL Buffer [77]
CoV-2 100 fg/mL 0.1-10 pg/mL Mucus
spike
G/DAN* H20, Cytochrome ¢ 100 100 fM-100 pM Buffer [78]

3 G- graphene
4 DAN- 1,5-diaminonaphthalene
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In the pasyear, another virus has been the focus of many different biosensing platforms. This is the
coronavirus 2 (SAR&oV-2) which causes COVH19, especially since the World Health
Organization (WHO) has classified the COVID outbreak as a pandenfi7]. GFET is one of the
solutions researchers target for highly sensitive pofitare biosensor applications. Seo et[ar]
reported a GFET biosensing device for detecting SARS-2 in clinical samples. The channel was
functionalized with a specific antibody against SARSV-2 spike protein through a PBASE linke
They reported an LOD of 1 fg/mL in phosphdigffered saline and 100 fg/mL in clinical transport
medium. The selectivity of the biosensor vasotested against Middle East respiratory syndrome

coronavirus (MERSCoV) with 6 times higher detection signawards the target.

Oxidative stress could be used to prognose many different diseases such as cancer and neurological
disorders through monitoring the quantity HEO, molecules in bodily fluids[78]. Lee et al.
demonstrated the ability to detét1O, 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 ¢ protein tndgggh
diaminonaphthalene linker. The device showed 10 times better LOD comparedstatdioé-the-art
with different FET transducers. The authors attributed the enhanced sensitivity to the increased surface
charge from the Cytochrome ¢ andXinteracton.

2.2.4 Biosensing performance dependence on the electrical performance

In this subsection, the biosensing performance of the sifthe-art graphenebased biosensors
discussed in the previous saéctionwill be analyzed in terms dfieir electrical performance (i.e.
charge carrier mobility anktbn/lorr ratio), as summarized imable4. The expectation would be that
FETs with higher mobilitieandlon/lorr ratios could in turn have better sensitivity and low LQH).
However, no discussion was foufat the efect of the electrical properties over the detection range,

which is also a very important performance parameter.

As can be observed froffable4, most of thestateof-the-art GFET biosensors exhibit extremely
low LODs, as low as 0.6 aM, and high mobilities (mostly >16@8/-!s'). However, thdon/lorrratios
are between-10, with three exception&n increasedon/lorr ratio showedno clear effect over the
LOD and the detection rangehe effect of the charge carrier mobiliy the biosensing performance

canbe seen irfrigure6.
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Table 4 - The biosensing performanceand the electrical properties of thestate-of-the-art GFET

biosensors.
Transducer Target LOD (fM)  Detection range  Mobility (cm?V-  lon/lorr  Ref.
(orders of 151
magnitude)
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/ HepB 0.05 7 ~1300 ~900 [75]
EDC-NHS antigen
rGO/Pt NPs BNP 100 4 ~140 ~1.4 [73]
G/DAN H202 100 3 ~3000 ~1 [78]
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Figure 6 - The effect of the charge carrier mobility o the (a) LOD and (b) detection range of the

state-of-the-art GFET biosensors.

As seen fronfFigure6a, the LOD is enhanced with increasing charge carrier mobility for the same

type of biosensor. Similarly, an increased mobilitasseiated withan increased detection range, as
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seen inFigure6b. These results confirm the demand for ditigh charge carrier mobility materials.

By roughly extrapolaing the results, a GFET with a charge carrier mobility in tHec®V-'s* range
would be theoretically able to detect DNA, RNA, and proteins with an LOD as low as 1 yM, 10 yM,
and 1 aM, respectivelyl.o put that in perspective, the biosensors would betalzletect a single DNA
strand in one liter dbuffer solution.Similarly, the detection ranges could reach up to 11, 20, and 8 for
DNA, RNA, and protein, respectivelyt is important to note that the above results are for buffer

solution andare not applicable to real physiological samples.

2.3 Challenges and opportunities

In this section, the current challenges of #ET biosens@will be discussegand several approaches
taken to address these challengédkbe presentedrirst, as €en in[8], thelon/loreratio likely affects

the LOD while not as dominant as the effect of the charge carrier mobility. Therefore, increasing the
lon/loreratiois desirabldor anenhanced LODNonethelesonly a handfubf GFET reported in recent

years have ratios beyond 100Gang et al[70] introduced high densit§ nmholes in the graphene
structurewhich increased théon/lorr ratio up to 1000. Deformation of graphene also increases the
lon/lore ratio up to 1000 for bilayer graphelfiéd]. Chen et al[44] used rGO as the channel material

and reported amon/lorr ratio above500. A heterostructure of graphene and Ma&h an h-BN
dielectric was shown to have an extremely Higilorr ratio up to 106[18]. Theoretically, increasing

the channel s charge carrier mdokand detrgasedlaed t h e

respectivelyf13].

Second, the importance of increasing the charge carrier maijilihe GFETwas already covered,
however only a handful of works showed values excegd®00 cniV-'s? which is 2 orders of
magnitude lower than the theoretical vaJti8]. Yeh et al.[72] were able to enhance the mobility to
~2750 cnV1s! by usinga Hexamethyldisilazane buffer layer betwéesgrapheneand thesubstrate
A different approachvasto deform thegraphene whicincreasedts mobility to ~4150 cmV-is?[7].
Tian et al [67] used aheterostructure of graphene and Me#th a charge carrier mobility 6f4300
cn?V-ist,

Third, for the biosensaio be effective, the recognition reaction between the bioreceptor and the
analyte must occur within the Debye screening lefifjttHowever, mly a small number of the state
of-the-art GFET used small bioreceptors, such as aptamefsr PNA (1.52.2 nm[80]) [69]. Other

groups used different strateg to increase the Debye screening length, such as using buffers with low

18



ionic strengttj7], [68]. However, future work should be done to show the usefulness of such biosensors
in real physiological sample©ther strategies to increase the Debye singelength included the
deformation of the graphene chanfé], using hybrid structuse[67], or using a channel with a
permeable laydi64].

Lastly, since graphene ishydrophobic material8], bioreceptors areommonly functionalized
through linkers The most used linker is PBA$66], however some groups used 5], DAN [78],
EDC-NHS [75], or NPs[73]. However, the linker addw the total length of the bioreceptor, thus

contributing to the Debye screenifg]j.

2.4 Summary

In conclusiongraphene and graphebased materials show great promise for FET biosensors, due to
their extremely high theoretical charge carrier mobility. Howethexrfabrication of GFETs with high
mobility is challenging. In additiorthe shortDebye screening lengdnd lowlon/lorr ratioin GFETs

are also two important limiting factors for biosensing performance parameters, such as LOD and
detection rangeAnalysis of the statef-the-art GFET revealed enhanced mobility dadlorr values

for graphene heterostruces and rGO materials.

GFETs biosensors reported in recent years were able to reach mobilities of430Qacn?V-1s?
and lon/lorr ratios up to 1000LODs as little as 0.6 aM and detection ras@é up to 10 orders of
magnitudaevere also reportednalyss of the electrical and biosensing performance revealed improved
LOD and detection range for GFETs with higher charge carrier mobildwever,most results were

reported for buffer solutions and not for real physiological samples.

Several approackewere made for enhanced biosensing performance, with the most promising
electrical enhancement results for heterostructures of grapheneBiahMoS,. Other successful
strategies for increasing the Debye screening length incltreedddition of curved or permeable
surfaces. Lastly, all the GFETs reported in recent years used some sort of linker for bioreceptor
immobilization, thus increasing the ovkraioreceptor length. Therefore, a graphdrased material

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

B/ N-dcooped reduced graphene oxide nano

3.1 Introduction

Since 2004, when pristine graphene iest discovered by Novoselov and Gei®i], numerous
graphenebased materials have been developadlisted into different categoriedncluding zere
dimensional (0D, such &3Ds [23]), onedimensional (1D such asanoribbond82]), 2D (such as
nanoflake483]), and3D (such agraph@&e hybridg84] and gel485]). Thecommon graphenbased
structures divided into different categories are schematically presenkégluie 7. Specifically,the
incorporation of boron and nitrogen in graphdrased materials has gained intetsstause of their
ability to introduce a bandgap amshhance the semiconducting propertiégiraphendg86], reduce
substrate effectsdecrease noise, increase room temperature molpllit}, increase electrical
conductivity [87], and increase the chemical reactii®8]. As a result, structures such kagbrid
structureg[86], heterostructurefl7], and cedoped struatres[87] of graphene and BN have been

increasingly reported.

Figure 7 - Common graphenebased materials divided into structural categories.

Numerous processes have been proposed for the incorporation of boron and nitrogen in.graphene
Severalof the reportedprocesses includpyrolysis [89], CVD [88],[90], thermal treatmenf91],
thermal annealing[92], microwavehydrothermal method93], and submerged liquid plasma
exfoliation[94]. Nonetheless;hallengesuch agontrolling the doping concentration and doping sites,
and preventing stacking of sheets, while making the process scalable, quiekthend using harsh

chemicals sl remain[95].
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This chapter will present the fabricatigmocessof a 2D B/N co-doped reduced graphene oxide
nanoflakes solution from-BN nanopowder and G@anoflakessolution viaa laser ablation process
as reported if95]. This process allows guick and controllable fabrication from ndwazardous

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 lasertanigrocessed he extremely short pulse duration

of the laser does not cause thermal heating in the material, since it is much shoriet thkmtron
phonon thermal proce3§23]. Instead, ittransfers the energy to the electrons, thus formingéal

atomic and molecular fragmeritsy a pr ocess cal | P6l TheGeseubdeamwas e x pl o
focused through a lens (f=50 mm) with the focal waist located approximately 2 mm below the
air/solution interfaceas schematically presentedrigure8a (reproduced with permission frd@b].

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

DI water:ethanol was ablated by a focused (f=50mm) laser beaff) fainatan average pulse power

of 2 W, followed by centrifuge process to extractsondg/ml kBN quantum dot (BNQD) solutigras
presented irFrigure8 b and c, respectivelyA 0.5 mg/ml GO solution in DI (Graphene Supermarket)
was mixedvith BNQD solution at different vol% (0%, 5%, 15%, and 30% BNQD) to form GO, 5%BN
95%GO0, 15%BN85%GO, and 30%BN0%GO, respectivelyihese solutions were ablated for 1 hour

at an average pulse power of 1 W, and the ablated solutions were denE€d, &84BN-95%rGO,
15%BN-85%rGO, and 30%BN0%rGO, respectivelfalso referred to as BNGO in general).

A= 800 nm, At=35 fs

Mirror

Lens

| Solution

) Magnetic
stage
250 RPM

Figure 8 - (a) Schematics of the laser ablation setup (reproduced with permission frof@5].

©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 colagrwhere a lighbbrown GO solution changes to a démown or black coleed rGO
solution[97], as can be evident froRigure8d-e. While this estimate is a very effective indication of
reduction, it is noa good indication of the chemistry and structure of the rGO nanoflakes. For this
reason, often a combination of characterization techniques is used.

_~230
0.4
265
3 /
& 0.37 rGO
(]
£ 295
©
o
5 0.2 /
w
o
g
0.1
GO
0.0 - T - 1 . I - I . T .
200 300 400 500 600 700 800
Wavelength (nm)

Figure 9 - UV-Vis absorbance spectrum of GO and rGO solutionfeproduced with permission
from [98]. ©2012 RSQ.

UV-Vis spectroscopy is commonly used to determine the degree of reduction and to estimate the
bandgap of the materifd1]. A common U\Vis absorbance spectrum of GO and rGO solutions is
presented irFigure 9 (reproduced with permission frof®8]. ©2012 RSC).The absdsance plot
containstwo features of interest: a peak around 230 nm and a shoulder around 300 nm corresponding
t oi” * -plane GC transitions andii * -of-plane C=0 transitions, respectivg§8]. When

reduction occurs, thein * sdhreauldi sappeidrs ,abasmd pt hen "band
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wavelengths, whilghe incorporation of B and N dopant atoms results in a shift towards lower

wavelengthg95].

Consequently, UWis absorbance analysisising a UV-2501PC spectrometer (Shimadzu
Corporation)of theBN-rGO solutions revealg®5]:

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 concentratod

4- increased bandgap with increased BN concentration.

3.3.2 Raman spectroscopy

s

Intensity (arb.units)

e J

1200 1400 1600 2400 2600 2800 3000
Raman shift (cm™)
Figure 10- Common Raman spectroscopy spectrum features of grapheitiased materials

(reproduced with permission from[100]. ©2009 Elseviey.

Other than UWis absorbance, Raman spectroscopy is an additional qualitative characterization
technique used for graphene analy88j. Graphendased materials have several common features in

the Raman speetrm, denoted as D, G, a n Eigurel® (reproduce®@vith p e a k ¢
permission from[100]. ©2009 Elsevier). The G band (at ~1580cfior 513 laser excitation)
corresponds to the bond stretching ofatC-C atomg101], while the D band (at ~1350 cnfior 513

laser excitation) corresponds t& spoms breathing modé02]land t he GO& bafor813( at ~2
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| aser

excitation)

corresponds

t o

for 513laser excitation) corresponds to randomly distributed impurities.

Table 517 A summary of the effect of graphene structural and electrical changes over the

Raman spectrum.

Increased intensity

Decreased intensity  Upshift

Downshift

G band - Longer spdomains - Decrease in numbel - Intrinsich - Shorter sg domains
[103]. of layers[104]. and e doping  [105].
- Increase in number [101]. - Compressive stress /
of layers[104]. - Longer sp different lattice constants
domains [106].
[105]. - Increased xrinsic doping
[104],[107].
D band - Increased disorder - Decreased disorder - More oxygen - Less oxygen functional
[101]. [101]. functional groups[105].
- More defect§108]. groups[105].
G6 b a -Decreasede - Increased e - Increasec - Increased doping[104].
concentratiofj104]. concentratiofj104]. doping[104]. - Increasedompression
strain [104].
D/G ratio - Increased disorder - Restored - -
[101]. conjugation109].
- Decrease in numbe! - Increased doping
of layers[104]. [107].
- Decrease in the - Increase in number
average interdefect  of layers[104].
distancg101]. - Increase in the
average interdefect
distancg101].
G6/ G I -Increased ftype - Increased fiype - -
doping[95]. doping[95].
- Decrease in numbe! - Increase in number
of layers[104]. of layers[104].

structural phono

Table5 Summarizes the effect of changes to the graphene structure and electrical properties over the

aateoms @nd yntertsities. Fdy thenpdirpose of tlis thesis, the band
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intensity refers to the integrated peak intengi§4] and does not refer to the value at the band peak.

An improved spstructure would be reflected by an upshift in G band and an increase in its intensity
[105],[103], and a decrease im/le (intensity ratios between D and G bands, respectijég9].
Similarly, an increase in the average interdefect distfi@¥ would be reflected by a decrease in

Io/le, 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 il [104]. An increase in compression stress would reswtdownshift in thes [106]

and [1@pbands. Lastly, doping would hawifferent effects over the spectrum. An increase in
intrinsic and extrinsic doping would translate to a G band upgltit] and downshiff104],[107],
respectively, while the type of doping could be
[104].

A series of thin film were dip-casted onto a Si substrate from the GO, rGO, and@®D solutions
and dried overnight at room ambient. The analysis of the Raman spectra of the thin films is presented

in Table6 (reproduced with permission froj@5]. ©2019 Elsevier

Table 6 - D, G, and 2D Raman peak position andd/l c and I.p/l ¢ 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/cmZReproduced with permission from[95]. ©2019 Elsevier

D(cm?) G (cm?Y 2D (cmY) o/l l20/le
30%BN-70%rGO 1331 1581 2641 2.17 0.041
15%BN-85%rGO 1332 1579 2671 241 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 orTable5 andTable6, the laser ablated BNGO thin films (deposited on Si substrates) were
analyzedising a Hofhba HR800 Spectrometer equipped with a 532 nm excitation s@and¢he results

revealed95]:
(1) reduction of GQo rGOby femtosecond laser irradiation,

(2) formationof defect sites (e.gvacancies and radicals) reducing the average interdefect distance

25



(3) increased stressith increasing BN vol%, and stress relaxation for 30%BN6rGO, and

(4) increased {type doping with increased BN vol%.

3.3.3 XPS spectroscopy

X-ray photeelectron spectroscopy (XPS) is a useful tool for quantitative composition analysis of a
graphenebasedhin film [110]. The XPS analysis of C1s, B1ls, and N1s bands of GO, rGO, and BN
rGO nanoflakes are presentedFigure 11 andFigure 12, respectively(reproduced with permission
from [95]. ©2019 Elseviex

(a) Cls: rGO (b) Cls: 5%BN-95%rGO
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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 infable7, Figure1l, andFigure12, the XPS analysis o€1s, N1s, and B1ls transitioims
the GO, rGO, and BNGO samples has revealg@b]:

(1) reduction of GO to rGO byemtosecond laser irradiatigime amount of €D bonds decreased by
33.3 at% from GO to rGO, whilst the amount of C=0 and COOH bonds incrieadd@t%, andL0.6

at%, respectively)
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Figure 12- N1s XPS spectrum and at% okach molecular bond in (a) 5%BN95%rGO, (b)

15%BN-85rGO, and (c) 30%BN-70%rGO thin films. B1ls XPS spectrum and at% of each

molecular bond in d) 5%BN-95%rGO, (€) 15%BN-85rGO, and ) 30%BN-70%rGO thin
films. Reproduced with permission from[95]. ©2019 Elsevier

(2) increased reduction witimincreasing 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) BCs is more prominent than BO for increased BN vol% samples, and
(5) formation of spCN bonds for high BN concentrations (30 vol%).
Table 7 - XPS compoaosition analysis of GO, rGO, and BNGO samples.

Composition (at%)

Transition Bond type
5%BN-95%rGO  15%BN85%rGO  30%BN-70%rGO

Cc-C 38.8 475 59.7 50.1 54

C=0 56 22.7 16.1 6.2 8.5

COOH 35 141 10.8 6.3 4.6

Cls
C-O 1.7 157 8.9 9 8.2
C-N sp 4.5 215 18.2
-0 0

C-N sp 0 0 6.4
C-N-B 57.9 66 50.5
N1s Pyrrolic N 0 0 28.6 28 16.1
Pyridinic N 13.5 6 334
B-N 131 23.9 154
Bls B-Cs 0 0 32.7 45.8 71.9
B-C:0O 54.2 30.3 12.7

Additionally, an XPS survey (using Thermo ESCALAB 250 vathunmonochromatiélKa 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% G®Dirand rGO, the N doping
increased to 1.8 at%, 3.1 at%, and 4.1 at% for 599B#rGO, 15%BN35%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%BN95%rGO, 15%BN85%rGO, and 30%B-70%rGO, respectively, confirming the

dominance of giype 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 simukauisly 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 (fdcHsshe
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nanoflake sizes remained well above 1 pum for all&D samples (2-:2.7 um on averageompared
with an average GO nanoflake size of @rR).

Several groups reported the ability to simultaneously reduce GO atwpedt with B and N atoms.
Mannan et al.[112] reported the ability to produce B and N-doped rGO from GO and
tris(dimethylamim)boranevia a hydrothermal synthesis process, howetle process demanded
elevated temperatures of 2@00 °C for 24 hours and drying at 60 °C overnight, producing B and N
doping of up to 2.3 at% and 4.12 at%, respectively. In a different work, Umehd8¥] reported the
fabrication of B and N coloped rGO from ammonia (which is highly toxic), boric acid , and GO
solutions via a microwavassisted process. The grougported a relatively long fabrication process
(>8 hr at 6680 °C), producing B and N doping of up to 1.03 at% and 0.5 at%, respectively. Lastly,
Kang et al[111] heated a @ 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 pym

3.3.4 HRTEM

........ i er(iOZi |

|

h-BN (001)

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-BN, respectively Reproduced with
permission from [95]. ©2019 Elsevier
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High-resolution transmission electron microscdpR TEM) studies oBN-rGO are challenging for
several reasons. First, obgeg GO requires very high electron beam acceleration voltages (above 50
kV) which quickly degrade the samp|@13]. Second,GO contains many surface contaminants
(compared to graphene) which i melto obselvetheadpomi ¢ st
structureLastly, B, C, and N are neighboring atoms in the periodic table, which means they have very
similar atom sizes. While #sesimilaritiesmake B and N very compatible as dopant atoms in graphene
[114], it hinders the ability to observe the dopants in the graphene structure. In additioguishing
between BN and graphene structures could also be very challenging, since the lattice misaatch is
mere ~1.7%[51].

With the abovecharacterization obstacles in mindRTEM analysis of the BNGO samples was
still used to characterize BN domains from rGO domains (due to the high order of the BN atoms)
seen inFigure 13 (reproduced with permission frof#5]. ©2019 Elsevig. The HRTEM analysis
revealed that the BN domains were approximately circular with a diametés ofn 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 ndestructive characterization, weescognizedasa very helpful

tool to qualitatively analyze the thicknesszesiand shape of graphebased materialdt can be
achievedvhen the graphene is deposited on a Si substrate with a specific oxide thi2B5e360(nm)

[115]. In addition, it was discovered that a GO monolayer offers a lower sbotmpared tan rGO
monolayer, providing an additional indication of a successful reduftif]. As seen inFigure 14,

there is a clear difference in contrast between the GR) énd the rGO and BNGO (c and d,
respectively) sample3his 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
procesq95], confirming a successful GO reduction by the laser ablgliocess, as was discussed in

the previous sulsections.
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Figure 14 - Optic microscope image of graphendased nanoflakes or285-nm-thick silicon
dioxide/ S substrateswith a 5 um scale GO (a) without and (b) with dashedline 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 chas#ms thesisvas dropcasting, since spinoating

requires solutions with high viscosi¥17]. First, a series of 288m-thick SiGy/p-Si substrates were
cleaned in an ultrasonic bath using Acetone, IPA, and DI water, followed by air drying, and an APTES
treatmen{118]. The APTES treatment was shown to enhaheeawettability (and the spreading) of the
graphenebased 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 graphendasel solutions (GO and0¥BN-70%GO) were diluted using DI water to the following
concentrations0.5, 0.25, 0.15, 0.1, and 0.09.gThe solutions werkeft in an ultrasonic bath for 1 hr
anddrop-casted onto the APTEBeated substrates and left to dmernight at room temperature.

The samples were studied using Raman spectroscopy to understand thershvithin several
days) effect of the dilution on the oxygen content of the fililee results are presentedRigure15
andTable 8. As can be observed, the ratio between the D and G peakidystigangedor the GO
samplesbut within a 2% error (the average ratio is 1.21+0.02jilarly, the ratio between the D and
G peaks of the 30%BM0%rGO samples changed withif.&% error (the average ratio is36+0.006).
Moreover, as indicated by tliashed lines ifigurel5, there is no D or G peak shiétr both GO and
30%BN-70%rGO samplesBased on the Raman spectra analysis, it was concluded thatyiipen

contentin the filmswas notaffected 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.

€10) 30%BN-70% rGO

concentration baw) le@u) lofls concentration b(ay) lo(@au) loflc
(/L) (9/L)

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. Thprfifiite andthickness dependence
on the solution concentration for GO and 30%BMaGO are presented irFigure 16 a and b,
respectively Equations2 and 3 show thedependence of thdrop-casted film thickness (nthe GO
and 30%BN70%GO solution concentration (C), with andguare fit of 0.96 and 0.8, respectively.
Theoretically, when C iapproaching 0, the thickness will not approach 0, but rather would approach
0 when the corentration approaches 0.0307 and 0.03 for GO and 30%BHAGO solutions,

respectively. This phenomenon could be explained by the formation of a thick outérroaffee
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ring [119]) for dropcasted samplesas seen irFigure 16a. At low concentrations, instead of a
continuous film, the graphermsed nanoflakes would form roantinuous structuregs shown in
Figurel6c. In practice, the lowest thicknegs80nm) of a continuous film was observed @05 g/L
GO, however, at that thicknesthe material shodl behave as a bulk graphoxide and not as the
desired fewlayer GO[100].
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Figure 16 - (a) Optic microscope image of a drogcasted GO film. The substrate, continuous GO
film, and ficoffeering 6 [119] are indicated in the image. (b)Drop-casted film thickness
dependence on the GO and 30%BN0%r GO solution concentration.(c) Optic microscope

image of a dropcasted noncontinuous film from 0.03 g/L GO solution.

3.3.7.2 Controlling film thickness by plasma etching

A series of drograsted rGO and BXGO were exposed to-@lasma etchingl0 SCCM, 100 mTorr,
50 W, 25 °C)with the goal to creatan ultrathin largearea graphenbased layer onto a Si3i
substrate. This roatwas chosen based on previous works which found the ability to creatayfemw
graphene from graphi{@20]. Bobadilla et al[121] found thatthe etch rate of graphene at 200 mTorr
and 50 W was 1 atomic layer per sec¢nti8 nm/min) while Hung et al[122] found that the plasma
etch rate of GO was G2xm/min (although the plasma etching parameters were not stzaeki et al.

[123]found that the plasma etch rate of hexagonal BN was 0.4 nm/min (200 mTorr, BbW)meter
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measurements of the film thickness of the samples at times 0, 8, 10, and rE¥ealed the oxygen
plasma etch rate of the rGO ame tBN-rGO films was & 1 nm/secThe increased rate compared to
that of graphene could be partially because of the increased interlayer disgatjce

While thickness control could be achieved following a simple plasma etching process, few points
should be kept in mind. Firdhe plasma etch rate is enhanced at the film edgekthdength of the
film is also reduced with increased etching tinf&sa rate of 66 + 23 um/minPther groupg125],
[126], have also demonstrated a selecttehof graphene edges over the basal pl&seond, it was
found thatoxygen plasma degrades the electrical properties of grapb2rke Exposue to oxygen
plasma reduces thgraphene mobility by 96%and degrades the graphene structure fimare
amorphous carbon phasén conclusion, plasma etching is not a favorablegtartan ultrathin large

area graphenbased filmdepositionfor electrical devices.
3.3.8 Device fabrication process

3.3.8.1 Batch 1 (B1) device fabrication

The first batch (B1) of graphet#imsed devices were fabricated using the following proéessries

of 285nm-thick SiQ/p-Si substrates were cleaned in an ultrasonic bath using Acetone, IPA, and DI
water, followed by air dryingand an RTEStreatmen{118]. The undilutedGO, rGO, and BNGO
solutions vere dropcasted onto the APTEBeated substrates and left to dry overnight at room
temperature100 nm PMMA and 1,300 nm Ms 1410were spircoated onto the graphebased
surface then posbaked atLl00°C for 90 se¢ as schematically shown Figurel7. Then, the samples
were exposed using UV lithography through acGated glass mask, followed tyaD 533S
developmentO; plasma etching200 W, 300 mTorr, 40 sccm, 2&) and lift-off in Acetone. 100 nm
PMMA and 1,300 nm Ma\ 1410 were sphtoated onto the samples, then goeskedat 100 °C for 90
sec Then, the samples were exposed using UV lithography through a secoodt€i glass mask,
followed by Ma-D 533/S developmen, plasma etcimg. 20 nm Ti and100 nm Au films were
deposited using-beam evaporatdgiintivac Nanochrome {UHV), followed by a liftoff process in
Acetone.The final devices could be observedrigure18, where a singlel cn? substrate contains 15

individual devices.
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Figure 18- Batch 1 (B1) graphenebased devices. (a) Digital image, (b) optic microscope image
(scale is 100 um), and (c) a schematic of a single device.

3.3.8.2 Batch 2 (B2) device fabrication

The second batch (B2) of graphdressed devices wefabricated using the following process. A series

of 285nm-thick SiQy/p-Si substrates were cleaned in an ultrasonic bath using Acetone, IPA, and DI
water, followed by air drying, and an APTES treatni@d8]. 100 uL of theGO, rGO, and BNGO
solutions(0.1 mg/mL)were dropcasted onto the APTEBeated substrates and left to dry overnight at
room temperatuteas shown irFigure19a. 30 nm Ti and 80 nm Au films we deposited through a
shadow mask using anbeam evaporatdintlivac Nanochrome {UHV), as shown irFigure 19b-c.
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An optic microscope image of the Bamples revealed clea&ut lines, as shown iRigure19d. As
seen fronfFigurel8andFigurel9, the channel widths and lengths were changed fronudténd 1.2
mm (for B1) to 2.5 mm and 0.5 or 0.7 mm (for B2), respectively.

GO-based
channel

:rrw--‘-.----'---‘--‘;‘--.-‘--'-.;---‘-' ----- il-----.r_r-E
Figure 19- Batch 2 (B2) device fakication. Digital image of (a) graphenebased 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 um).

3.3.9 Electrical performance

TheB1 and B2 samples were assessed using a 2400 Keithlege measuring unigU) connected

to a probe station. The sheet resistance results for B1 device8Qyé&d, and 2.8 Gohm/sq for rGO,
5%BN-95%rGO, and 30%BN0%rGO, respectively. These values ammsistent with GO sheet
resistancg128], either meaninghatthe laser ablation process kept the materials in their classification
as insulators or that the fabrication process deteriorated the electrical propertiesaittieds. Further
discussion would be given in the nesdbsection.In contrast, electricameasurements of the B2
devices revealed much lower sheet resistance values in the ranged¥6ttn/sq for the rGO and
BN-rGO films, and 1116 Gohm/sq for the GO films, as presente#igure20.
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FromFigure20a, the conductivity of the flms was enhanced following the laser ablation treatment,
and theB/N co-doping enhanced the electrical performance of the films (as seen from the 30%BN
70%rGO sample)Figure 20b supportsthe previous observation aednfirms that the laser ablation
process decreases the sheet resistance of they @@pboximately 10,000. Furthermothge addition
of B/N atoms in the form of edoping revealed a slight decrease in the sheet resistamagially for
the samples ith a channel length of L=0.5 mrRor these samples, the sheet resistance reduced from
2 Mohm/sq for rGO to 0.85, 0.77, and 0.46 Mohm/sq for 5%BRrGO, 15%BN35%rGO, and
30%BN-70%rGO, respectivelyLastly, the sheet resistance measurements reveal that the channel
length affectsthe measrement, where longer channels=(0.7 mm compared to 0.5 mm) show
increased sheet resistanthis phenomenon can be explained by the fact that longer channel lengths
mean a larger number of boundaries between flakes. It was f88hithat 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 diatelbx volume

fraction of boundaries.

(@ [—co b) [ ]L=0.5mm
——1G0 193 ] L=0.7mm
010 30%BN-70%rGO '
2]
0.05 10
2 /
:1 0.00

Rs (MQ/sq)
3 2
Il 1

-

o
El
|

s 23 18 22
-0.10 1.5
0.85 0.77
0.46
. . . ! !
rGO

T T T
-1.0 -0.5 0.0 0.5 1.0 GO 5%BN- 15%BN-  30%BN-
V (V) 95%rGO  85%rGO  70%rGO

Figure 20 - The electrical characterization measurements of B1 devices. (a)Iplots for devices
with 0.7 mm channel lengthand (b) sheet resistance measurements for different channel tgh

(L) devices.

3.3.10 Issues and conclusions

In conclusion, the device fabricatiproces$as an effect over the electrical properties of the graphene
based channels. When tthén films were exposed to the fabrication process of B1 devices (discussed
in subsection3.3.8.), the electrical properties of the graphdrased devices were detedtad. This

could be explained by the fact that oxygen plasma etching of grapbgraales its crystalline structure
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and deteriorates its electrical performafic®7]. Moreover, studies revealed that the photoresist itself
leaves a residue on the surface of graphene, which reduces its electrical cond@8tivity

While using the fabrication process of B2 devices (discussed-isesition3.3.8.3 solves loth 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 r@siistance.
difference could be understood whemnsidering that each graphebased nanoflake is only a few
micrometers lond95], meaning that devices with longer channel length mawee grain boundaries

which were shown tocreasdhe sheet resistanad graphenebased filmg33].

3.4 Summary

In conclusion]aser ablation is a useful tool for GO reduction and B/Maping from norhazardous
precursorGO and RBN solutions.Control over the dopingoncentratiorcan be easily achieved by
controlling the ratio of the two precursor solutions, where 5 vol% BN and 95 vol% GO produced the
lowest cedoping (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 atBp. While the aforementioned method allows a quick process that
prevents restacking of the monao few-layer nandlakes, itdoes not allow control over the doping

sites.

Several efforts were made to fabricate continuous -thirafilms from the rGO andBN-rGO
solutions, but the lowest experimental thickness was much lar§@rnm for dropcasted films and
~100 nm for plasma etched filmibian the cutoff for few-layerrGO (~10 nm)This difficulty hinders
the use of these solutions for largeea grapbnebasedapplications butioes not affect their use for

micro-scale FET devices

Electrical measurements of rGO and B8O thin films revealedan approximate 10,000 times
decrease in sheet resistance compared to GO thin films. In addaioples witthigher cedoping
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 resise (as a result fromlarger number of grain boundaries).
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Chapter 4
B/ N-dcooped GO gel

4.1 Introduction

Ultra-thin films of largearea graphenbased materials are highly desired for many transistor
applications however the fabrication price and complexity increase proportionaith the single
crystal graphenarea[129]. On the other hand, using a large=a film ofsmallgraphene nanoflakes,
while less costlyintroducesmany grain boundaries thaftect the electrical performance of the device
[33]. Recently a new category 08D graphenebased materials appearagkls, hydroges, foams,
nanomeses etc. (as seen irkigure 7). There are several advantageish these types of materials,
including fimulti-dimensional conductivity, low mass transport resistance, abundant hierarchically
porous architectures, large surface amagad excellent mechanical/chemical stabdif$5]. These
properties make 3D graphebased materials attractive for largeea applicationdn addition, 3D
graphenebased mierials should theoretically hadewer grain boundariesompared with the same

film of 2D graphenenanosheets.

This chapter explosghe properties of a 3D graphebhasedyel fabricated by laser ablation, as was
reported in[130]. This process allowfor a quick and controllable fabrication from nbazardous
precursor materialsas discussed in Chapter Bhe main properties are divided into material
composition, morphology, and electrical performantdee reproducibility of the gelenhancement
strategiesand the stability in ambiegbnditionsover timearealso covered.

4.2 Synthesis method

The syntheis 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 peormed.
Ti:Sapphire regenerative amplifier, with an operating wavelenig8®@ 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
alens (=50 mm)and thdocal waistwas set at the air/solution interfaBriring the irradiation process,

the sdutions werestirred continuouslypy a magnetic stirrer to ensure homogeneity.

In the first procesghe goal was to make twdifferentgels, GO and 48N, by following a similar
fabrication process reported[®5]. For this purpose, precursor solutions were used containing 6.5 ml

of each of the following:
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- 6.2 mg/ml kBN suspension in 50:58hanol:DI water
- 6.2 mg/ml GO in DI water.
- Three BNGO solutions with the same BN:G@tios as in Chapter 3 (5%, 15%, and 30%).

All precursorsolutions spent 1 hr in an ultrasonic bath for suspenBiachsolution was irradiated
for 60 min at a 2 W beam power. The beam waist was adjusted during irradiation to compensate for the
rapid evapaation of the solution. After 60 min of irradiation, theBN solution changed color from
white to grey and its volume reduced to 3 kibwever the solution did not become noticeably more
viscous, suggesting no gel formatid31]. All solutions containing GO hadansiderabléncrease in
viscosityand volume reduction to ~3.5 nfost irradiation the solutions were denoted as Gi, G,
Gs, and G, corresponding to irradiated GO, 5%BI8%GO, 15%BN85%GO, 30%BN70%GO, and
h-BN, respectively.

In the second process.,5 ml of 1.24 mg/mh-BN solutionin 50:50ethanol:DI watemwas 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 extragtgtd a measured concentrationlaf0.05
mg/ml.Four solutions were prepared by mix 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 seup as the BN solution, but with 1W beam poweuring the laser ablation process, the
solutions' viscosity increasenhtil it resembled theonsisteng of gels The fabricated gels containing
0 vol% BN, 2 vol% BN, 5 vol% BN and 15 vol% BN were denote®a$, S, andSs, respectively
or BN-GO gelsin general

4.3 Characterization

4.3.1 UV-Vis absorbance

The first measuremensedto identify the effect of the laser irradiation over the various solutions was
UV-Vis absorbancehecause it is a simple and rdestructive analysis methold.can shed lighon

the change in oxidation levels and possible dof®a¢. The UV-Vis measurement®r all produced
gels argresented ifrigure21 (reproduced with permission froph30]. ©2019Elsevie). The Gso and
G1-Gz samples exhibited an increase inthé *shoulder and no apparent shiftiin® *‘tompared with

the precursor GO. In addition, an increase in the peak around 200 nm with incredg h
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concentration was observethese observations indicate that thes@nd G-Gs became gels due to
the laser ablation procefls31] and suggested no B and N dopj@a§g].

In contrast, the 8S; samples revealed both gel formation and increased doping with increBdéd h
concentratiorf130]. Thus samples &S; were chosen for further investigatidhis also important to
note that the Go and G-Gs gels were much more viscothlanSe-Sz, which complicates the deposition

of ultrathin layersas discussed in the next ssdwction
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Figure 21 - UV-Vis absorbance spectra of (a) &S (reproduced with permission from [130].
©2019 Elsevie}y and (b) Geo and G;-Gs compared with precursor GO solution.The arrow in (b)

represents increasing FBN concentrations.

4.3.2 Optical and profilometer analysis

Both gel types were deposited onto a SBDsubstrate using sptoating to study the spicoating
parameters' effect over the continuity and thickness of tmeE&ch spircoating experiment had two
10-secondsteps. For the & and G-Gssamplesthe first step had a speedl®00 RPM and the second
step had apeed that changed between experiments to include 4000, 5000, and 6008 RR@EUP
speed of 300 RPM was used in all experimerts.S-Ss gels,the first step had a speed5ii0 RPM
and the second step had a speed that changed between experirmahislé®200, 2500, and 2800
RPM. All samples were placed on a 95 °C hot plate for 2 mingegsbsition.The quality of the filns

was studied using optical microscopy aidektak profilometer

For each film, the thinnest part was examined under anabpticroscope and by a profilometes
seen inFigure22a-b. Thefilm thicknessplotted against the spitpating speed in the second step, as
seen inFigure22c-d. As can be observed froRgure22a-b, the ged are homogenous andntinuous
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Compared wittFigurel4a-b, the nanoflake size increasednfre- 5 um for precursor GO up 30 um

after the gel formation (as indicated by an arrowigure22b). This observation suggests the growth

in GO nanoflakes size, redang the overall grain boundaries in the gel film compared to a precursor
GO film. When exploring the effect of the secestép spincoating speed over the film thickness and
homogeneouarea, it is found that both decreasi¢h increasing speed, as seerFigure22c-d. The
highest spircoatingratefor the Geo sample reached 6000 RPM, which was the highest available speed
in the spincoater, gave a film thickness 85+20 nm The highesseconéstepspin-coating speed for
the S, samplethat provideda continuous film wa2800 RPM, which gave a film thickness 2815

nm. Considering §S; sampleswvere easier to deposit as an ulttdn layer andwere expected to be
doped with B and N atoms (as discussedéation 4.2, these samples were further studied using
various microscopy and spectroscopy tools, as will be discussed in the comsersahgsections
4.3.34.3.4)
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Figure 22- (a) and (b) are optic microscopy images of o and S with a secondstep spin coating
speed of 5000 and 2500, respectivelfc) and (d) are the dependence of the film thickness and
homogeneous area over the spicoating speed in the second stdpr Ggo and &, respectively.

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

area up to 4.3 + 0.3 ntnfior an S thin film thickness of ~50 nm. The spawating process was as
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follows: first, the substrate spen8sninutes on a 200 °C hot plate. Second, thevgsldropped onto
the surface at room temperatures and rests for 3 sectimals, the sampleserespun ata speed of
500 RPM with200 RPM rampup speed for 10 seconds and then an@B@d RPMwith aramp-up at
aspeedf 300 RPMfor 10 seconds

4.3.3 XPS and Raman spectroscopy

This subsectiondiscusseshe compositional analysis of the-S, as was discussed dletail in[130].

A series of thin films were drepasted onto Si@Si substrates for Raman and XPS analysis (using a
Horiba HR800 Spectrometer equipped with a 532axcitation source and Thermo ESCALAB 250
with an unmonochromatic AlKa-Xay sourcendincident energy of 1486.6 eV, respectiveAmalysis

of the Raman and XPS results are summariz8abie9 (reused with permission frofi30]. ©2019
Elsevier)andTable 10, respectively.

Table 9 - Raman spectroscopy analysis of thin films made &-S; gels (reused with permission
from [130]. ©2019 Elsevie).

D (cm?) G (cm?) ) Is Io/lc 2D (cn}) lco lcédlc
GO 1345 1587.4 106.5 78.4 1.36 2708.6 50.2 0.64
1347 1592.6 97.3 76.5 1.27 2693.90 42 0.55
1347.8 1591.9 94.6 72.8 1.30 2692.3 44.3 0.61
1347.2 1590.7 96.3 73.1 1.32 2695.9 36.1 0.49
1346.7 1590.6 102.6 71.4 1.44 2691.6 33.2 0.46

$ 0o

FromTable9 andTable5, after the laser ablation process, the gels (i§destored conjugation, (2)
shortening o domain lengtk due to doping and vacancy, (3) increased dopant concenteatibn
(4) increasedp-type dopingwith increasing FBN concentration in the precurs¢t30]. These
observations confirm the UVis absorbance analysis sinceaffirms that the gels were dopdalit
could rot confirm the gel formation. For this reason, and to better understand the doping concentrations

and dopinggites, the films were also studied by XPS.

The XPSanalysisis summarized imable 10 and Figure 23 (reused with permission frofd30].
©2019 Elsevier. As seen from the tabléhere is an increased conjugation gaser treatment as
observed from the increase inRCCbonds concentration (by 1335 at%).Thehigh concentration of C
O-C bonds confirm the gel formatignostlaser ablation, which act &bridge$ that connect different
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nanoflakes to a 3D netwofk31]. Interestingly, the atomic percentage 6030 bonds increased from
3.5 at% for GO to 10:22.9 at% for the &S gels.These bondsan be thereaftarsed for bioreceptor
immobilization[132].
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Figure 237 XPS spectrumanalysis ofC1s(left column), N1s (center column), and B1s (right
column) of §-S; gels.Reused with permission from[130]. ©2019 Elsevier

From Table10 andFigure23, "N doping wasncreasedrom 0.5 at% in sand $to 1.3 at% in &
B doping was gradually increased from 0.3 at% to 0.5 at%, and to 1 at4sinr8spectively. The
total B/N cedoping perentage was calculated as 0.8 at% in Sat% in $ and 2.3 at% in $
suggesting that control over the doping percentage and types can be gained by controlling the vol% of
BN in the precursor solutidrj130]. The dominant N dopanivas Pyridinic N and Pyrrolic N for;&nd
S-S samples, respectively, whiled dminant B dopant was through a substitutional site (according

to the BC; bond concentrations).
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Table 10- XPS analysis of GO ands-Ss thin films.

Composition (at%)

Transition Bond type

C-C 38.8 41 42.3 41.8 40.1

c-0-C 56 46 475 45.4 45.8

Cls 0-C=0 35 12.9 10.2 12.8 10.2
[oXe) 1.7 0 0 0 0

C-Nsp 0 0 0 0 0.6

C-N-B 80.8 49.7 11.4

Nis  PyrrolicN 0 0 2 50.3 88.6
~ Pyridinic N 17.2 0 0

B-N 30.1 35.6 27.2

Bls  BGCs 0 0 65.1 53.2 61.1
~ BCO 4.7 11.2 11.7

4.3.4 Additional characterization

Figure24 demonstrates the 3D structure of the-B gel (reused with permission frqdB80]. ©2019

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

the nanoflake size of the precursor G@ure25a-c demonstrates the SEM images of rGO nanoflakes,

S; 3D structure, andgShin film morphology, respectivelyAs seen from the figure, the 2D structure

of the ~2 um long rGO nanoflake becomes a 3D ~16 um $tnugturelt is also evident fronfrigure

25¢ that the film has curved surfac&gure25d presents a schematic of theSe chemical structure,

based on theptical, AFM, XPS analysis and the electrical measurements in Section e

nanoflakes are connected byGEC fibr i dges o6 t o -dépedrGO gel strBcturdhid N c o
i br i dgprosiding enteriiake conduction pathwaythus,effectively reducingsome of the grain

boundaries compared with'aon-gel"” structure.
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Figure 24 - AFM image of the 3D structure of the BNGO gel (reused with permission from
[130]. ©2019 Elsevie}.

Figure 25- SEM image of(a) rGO nanoflakes, (b) S 3D structure, (c) S film, and (d) schematic
3D structure of BN-GO gels
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The reduction in grain boundaries and increase in chemical reailatying the incorporation of
B and N atoms into the gel structuvas confirmed by measuring the contact angle of a DI water droplet
on thegels' surfaceSe-S; were deposited onto a Si substrate and left to dry at room temperature
overnight. A 50 um Divater droplet was drepasted onto each gel, and the samples were photographed
using an iPhone camera, as sedrifure26 (reused with permission froftt30]. ©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 §&83].

Figure 26- Contact angle measurements d-S; gels using DI water droplets on the gel's surfaces
(reused with permission from[130]. ©2019 Elsevie}).

4.4 Device fabrication and electrical properties

Two different device types wefabricated. The first type had tegectrodes, where the electrodes were
deposited onto the graphene chamwighout agate electrode. The second type had botteotrodes,
where thesource, drain, and gatdectrodes were pygatterned before thgeposiion of theS-S; gels.

4.4.1 Top-electrode devices

Approximately 2x2crh p-doped silicon substrates with 285nm oxide layer were cleaned in an
ultrasonic bath in AcetonéPA, and DI water, followed by air drying. THBRN-GO gels were spin
coated onto the clean SiSi substrates in the method previously described. Source, drain, and back
gate Au(50 nm)/Ti(30 nm) electrodes were deposited on the substrates through arshakawsing

an Intlvac Nanochromedl UHV system.The backgate electrode had contact with thelgped Si

from the side, as discussed180]. A schematic of the toplectrode FET devewith the BNGO gels

as the channel materisdrtbe seen ifrigure27a.
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The topgated device's sheet resistance was measured ug#f@paKeithley SMUconnected to a
probe station. It was found that the bayate 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. Taeraa g e s h e e was calaulatedtbasedi t y ( }
on 7 measurements for each gel, as presenteéigime27b. As seen in the figure, the sheet resistivity
reduced frommorethan1® q/ sq f or pr ecur s o pgelEanfirmingthe Bedtdded k g/ s q
conjugation of the gel, and may suggestsgrain boundarief33]. It may also be observed that the

sheet resistivity further decreassa. with increase

The sheet resistityi results of the gels were fitted with equatignwhich gave an Rvalue of 0.983,

as presented in the insetkifjure27b. C in equatiort represents the total B ahtldoping:

" pg oYW T

Itis clear from equatiodt hat t he sheet resistivity saturates a
than 3 at%. Whilst these values ardiire with values found for rGQL34], they are ~10 times larger

than those observed for#ibped graphen@8], and ~100 times larger than pristine grapH&8g

81
(a) (b)10 B GO® S A S, v S,9 S,

p,=12+3889¢°0 %
R?=0.983

102

0.0 0.5 1.0 1.5 2.0
Total doping (at%)

Figure 27 - (a) A schematic configuration of the topelectrode FET device with BNGO gel as the
channel material. (b) Average sheet resistivity of precursor GO ands-S; gels as measured from

top-electrode devices. The inset is an exportel decay fit.
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4.4.2 Bottom-electrode devices

Approximately 2x2crh p-doped silicon substrates with 285nm oxide layer were cleaned in an
ultrasonic bath in AcetondPA, and DI water, followed by air drying. Source, drain, and {opatk

Au(50 nm)/Ti(30 nm) edctrodes were deposited on the substrates through a shadow mask using an
Intivac Nanochrome 8 UHV system. The samples weteencleaned in an ultrasonic bath in Acetone

and IPA, followed by nitrogen dryinghe gels were spinoated onto the channels faling two-step
spincoating.First, the samples are spun at a speed of 500 RPM with 300 RPMupasgeed for 10
seconds and then anothe5Q8RPM with a rampup at arate of 300 RPM for 10 secondény gel
between the source and gate or drain and gatt@lies wasemovedwith a tweezerThe difference
between the toplectrode and bottorelectrode devicesatibe seen irfrigure28a.

a

(a) : Top electrodes (b)
TR ST s Tl LSO 0.0004
jou slifRy oo 80 um i B Bottom-electrode [ |
o Tkt AR & ' i e B Top-electrode
? ) -
- |
<
~ 0.0002
|
|
0.0000{ = L ] 5l | |
0.0 0.2 04
Va (V)

Figure 28 - (a) An optic microscope image ofS; gel with top and bottom source and drain
electrodes.The channel length is 80 um in both devicegb) The 14-Vq plots of top and bottom
electrode deviceggate voltage=0 V)

The electrical characterization was obtained using two Keithley 2400 SMUs. One SMU was used to
supplyabackgate voltage, while the second SMU supplied the drain voltage and measured the drain
current. The source was grounded. A laptop controlled araghgymized the two SMUs through serial

ports and recorded their measuremefllsmeasurements were performed at room temperature.

The k-Vq plots of top and bottorelectrode devices with no gadee presented irFigure 28b. As
seen from the figure, the current of the bottelectrode device is approximately 1000 times larger than
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that of the topelectrode device {F2.9pA) for the same applied drain voltadge addition, the bottom
electrode devices exhibited good gate oarnt the range of4-4 V (Figure29:b). The k-Vq of the
BN-GO gels were plotted for different drain voltag&he graphs showed good egability when
plotted from-2 V to 2 V (referred to as up sweep) or from 2 VZd/ (referred to as down sweephe
gels exhibited a repeatableM 4 plot when measured 50 days agag0].

10"+ —
i —s,

— 1% —S2 -
R —s
~ 107 5 3

1
N
(=]
N

Iy (HA}

0 0.2 0.4 06 08
Va (V)

Figure 29- (a) Drain current vs gate voltage characteristics of the BNGO gels for a constant
drain voltage of-0.1 V. (b) Drain current vs gate voltage characteristics of el for a sweep in
drain voltage. (c) The electrical behavioof S; gels fabricated at different times (reused with
permission from [130]. ©2019 Elsevie}.

Several electrical performance parameters were extracted from the graphs: the ON anded & cu
the ON/OFF current ratios, and the electron and hole mobilitiesONcurrent is defined as the largest
drain current the device can reach, while the OFF current is the current at the Dirgéfjoihihe
electron and hole mobilities can be extracted from equation 6, wherehe mobility, @ is the
transconductanceCox is the SiQ capacitance, and Vénd L are the channel width and length,
respectively The extracted values are summarizedable 11 (reused with permission frofi30].
©2019 Elseviey.

Q0
wwo
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Table 11 - The electron and hole mobilities and thedn/l orr ratios of the S-S gels (reused with
permission from [130]. ©2019 Elsevie}.

Channel So S S Ss
Sample # 1 2 3 1 2 3 4 5 1 2 3 4 1 2 3 4 5
e (cn/Vs) 1. 0. 3. 103 187 483 404 509 758 1013 1181 521 534 32 229 535 548
7 8 8 9 1 3 8 5 3 1 2 0 0 2 3 0 8
ph (cm?/Vs) 4. 0. 5. 503 482 272 346 263 320 8165 5885 262 284 40 210 155 329
1 2 2 9 5 2 6 6 4 1 5 3 7
lon/l oFF 2 1 21 1 1 144 227 195 113 104 2274 368 0.2 31 315 151 243
(E+03) 8 6
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Figure 30 - The electrical properties of theS-S; gel FETsat room temperature. (a) The drain
current vs back gate voltage for a constant-Q.1V) drain voltage measured forS-S; gel FETs
(b) The average electron and hole mobilities andi/l orr ratios (in the inset)of the S-Ss gel FETs

(reused with permission from[130]. ©2019 Elsevie}.

Figure30a presents the-M4 for a constant ¥=-0.1 V of theS,-Ss gels (reused with permission from
[130]. ©2019 Elsevier)As seen from the figure, the ON current is identical (~100 pA) for the doped
gels, while much lower (~0.3 pA) for ti& gel. In contrast, the OFF current was lowest for$hand
S, gels Figure30b presents thaverage electron and hole mobilities agdlberratios(in the insetpf
the S-S gel FETs as calculated froniable11 (reused with permission frofd30]. ©2019 Elseviex.

As may be observed, tiSg gel exhibits the lowest mobilities ahgh/lIorrratio, while theS, gel exhibits
the highest. The electron, hole, dsdlorrratio of S; were calculated @000 + 3000 cri#fVsand 6000
+ 2600 cn¥/Vs, and ~16, respectively. Sand S gels exhibited sligiy worse mobilities andon/l orr
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ratios compared to,yel, 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 eléacal performancgl35].

Table 12- The room-temperature electrical properties of the stateof-the-art graphene-based
FETSs.

o Mobility
Graphene type Fabrication process lon/l oFF Substrate
(cmVS)
Exfoliated multilayer 6,000 - SiO/Si 5 [136]
Exfoliated 5700 ~13 h-BN/ SiOz/Si 1000 [34]
Exfoliated 40,000 - h-BN/ SiOz/Si 2 [35]
LEG 1200 ~6.7 SiOz 3000 [65]
CVD 1,7003,500 ~100 h-BN/ SiC2/Si 160 [137]
Monolayer CVD 3,300 ~7.5 SiO2/Si 290 [138]
CVD 450 ~7 Al203/ SiOy/Si 30 [139]
singlecrystalline monolayer ) )
12,000 - h-BN/ SiOz/Si ~1 [140]
CVD
singlecrystalline monolayer
13,500 ~100 h-BN ~6 [141]
CVD
MOCVD-grown 100 100 SiO/Si 0.1 [142]
Pristine CVD 900 ~4 h-BN/ SiC2/Si 1000 [34]
graphene CVD 5400 ~5 Quartz 250 [37]
CVD ~3000 ~1 SiO/Si 50 [78]
CVD ~2750 11 SiO/Si 2 [72]
SisN4/ poly-Si/
CVD 845 - ) 100,000 [143]
p-Si
Transfer free CVD 4,820 - Glass 40,000 [144]
Monolayer CVD 1,695 3.5 SiO/Si 250 [145]
CVD 2700 360 SiO/Si 150000  [66]
LPCVD ~2000 ~15 SiOz 100 [69]
olyethylene
CVD ~17 1000 POyETY 2 [70]
terephthalate
Epitaxial 3200 - SiC 600 [39]
Epitaxial 4700 - SiC 5 [40]
Polyethylene
Photothermal rGO 0.17 111 500 [43]
rGO terephthalate
Hydrazine rGO ~630 >500 SiO/Si 2000 [44]
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Pulsed laser rGO 5 - SiO/Si 100 [46]
rGO ~1300 ~900 SiO/Si 60 [75]
5.6 at% Ndoped 12 ~2 SiO/Si 40 [146]
3.4 at% Ndoped 630 ~1400 SiO/Si 450 [147]
Doped 7.49 at% Ndoped 1.3
graphene ~4 SiO/Si 20 [47]
9.69 at% Ndoped 0.9
MoOs-doped 2700 7.5 SiO/Si 10 [49]
MoSz/graphene 600 ~100 SiOz 5 [42]
h-BN/graphene 100000 ~150 SiGz 2 [50]
Heterostructure h-BN/graphene 18000 ~4 SiGz 2 [51]
h-BN/graphene 7000 ~20 SiO/Si 10 [17]
h-BN/MoS2/graphene ~1 1¢° SiO/Si 5 [18]
Graphene/Pt 1200 ~3 SiO/Si 100 [52]
rGO/TiOz2 composite ~4.5 ~2 SiO/Si 200 [53]
Hybrid Hydrazine rGO/Pt NPs ~140 ~1.4 SiO/Si 60 [73]
MEH-PPV/PbS QDs/ . .
180 ~5 SiO/Si 2500 [54]
graphene
MoSz/graphene ~4300 ~6 SiO/Si 10000 [67]
) ] This
Gel BN-GO gel 9000 100 SiO/Si 100
work

The roomtemperature electrical properties of the gels were compared to theofstiadeart
graphenebased materials, as summarized Tiable 12. As seen from the tabldghe electrical
performance depends on the channel length, fabrication process, and substrate material. The charge
carrier mobility of pristine graphene covers a wide range of4a,800cn?/Vs, with the largest
mobility reported for an#BN/SiO,/Si substate[35], which has reduced charge scattering compared to
a SiO)/Si substrateWhile the largest mobilities overall were observed for heterostructure graphene
with a range of 1.00,000cm?/Vs, recorded for short channel lengths -df®@um. Doped graphene and
rGO structures have low mobility ranges of-630 cnm?/Vs, 0.171,300cn?/Vs, respectively, while
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hybrid structures have moderate to high mobilities 0f4430 cn?/Vs. Thelon/lorr ratios for all

graphenebased materials stretch over -1800, with a single exception of 21[18]. However, the

same device gave very low mobility at room temperature, reaching ontgn@a0s.

Figure31visually presents the data summarizedable12. In Figure31la, the reported mobilities

are plotted against tHen/lore ratios. As previously mentioned, the preferred device would have both

as high as possible; therefore, should appear in the top right corner ofypine igowever, from the

graph andrable12, it seems that there is a tradeoff between the mobility antbtHerr ratio. For
example, when the mobility is high (18,000%/Vs)[51], thelow/lorrratio is low (~4). In contrast, the

BN-GO gel discussed in this thesis showed high mobility and extremelfdiitiber ratio and is the

only device in the topight corner of the graph.

Figure31b-c presentdhe mobility and théon/loer ratio versus the channel length of the desiae

Table12 Theoretically, an increased channel length will translate to increased charge scattering from

the grain boundaries, resulting in reduced electrical perforn{aB863 This effect however,s only

apparent inFigure 31b, where the mobility reduces by more than an order of magnitude when the

channel length increases fron2um to 10um. For short channel length, a single graphene nanoflake

can cover the lenfy of the channel. When increasing the channel length above the average length of

the nanoflake, inteflake boundaries scatter the charge carriers thus reducing the overall nj88]lity

It is also inkresting to note that the BHO gelwascomparable to shethannel pristine graphene and

graphene heterostructures, all fabricated in a more costly manner (as discussed is Z&Bapter
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Figure 31 - The room-temperature electrical performance of BNGO gel FETs compared to the

state-of-the-art graphene-based FETs. (a) Mobility vslon/l orr, (b) mobility vs channel length,

and (c) lon/l orr VS channel length.
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4.5 Reproducibility and stability

Reproducibility and stability are tweritical measures of a successful fabrication proeessdevice
performancg148]. In order toinvestigate the repeatability, the gl was fabricated from scratch on a
different occasion following the same fabrication process discussed &voWET device with the gel
as a top channel was deposited using-spating and measure using 8MU devce. The electrical
behavior was compared to the originalgel, demonstrating similazurrents over the same voltage
range as fothe original ge(Figure29c).

The air-stability of the gels was measured ove3Cday, 50-day, and 2 yearperiods, as seen in
Figure32. Over a 56day period, the electrical behavior is roughly the saitie an ON current, OFF
current, andon/lorr ratio within a20-100 pA, 0.20.2 nA, and 200,08800,000 range, respectively.
After a 2year period, th©N and OFF currentalues are reduced +@ pA and ~0.01 nAsespectively,
while thelon/lorr ratio remain®200,000 Thisobservation indicatebat the deterioration rate in the ON
current is approximately 0.14% per dayaddition, the Dirac peak shifts to negative values, suggesting

increased fiype doping whichs expected to stem from the oxidation of the ¢&4.

1E-4 4
1E-5
1E-6 -
g 1E-7—§
1E-8
1E-9 _ —— 0 days
E v —— 30 days
1E-10 \/ —— 50 days
2 years
1E-11+ T T T T T
-2 -1 0 1 2
V, (V)

Figure 32 - The electrical stablity of S; FET measured 30 and 50 days apart and after 2 years.

V¢s=-0.1V for all measurements.
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Shin et al.[149] demonstrated improved air stability of their graphene FET by inserting a
fluoropolymerlayer between the graphene and the;SiS i substrate. However, the
was measured over a shortv@ek period with the ON current reducing from 450 to 400 pA, and the
long-term stability is unclear. Xu et gl148] demonstrated a continuous reduction in the ON current
from 420 nA to 340 nA and in thien/lorr ratio from ~4.2 to ~3.4 in a 4day interval. Peng et al.
demonstrated the improvedr-atability of an rGO FET during a-@y period when an rGO and
octadecyltrichlorosilan€OTS) heterostructure is used. Without the OTS, the ON current degradation
rate is estimated as 7.5% per day, while the-(@BIS heterostructure has a degradation ohtes.6%
per day. Compared with these reports, the gels discussed in this thesis have enhatatglitaiover

a more extendetime anddemonstrated no noticeable degradation for 50 days.
4.6 Device enhancement strategies

4.6.1 Electrical performance for increased laser ablation intensity

Gel S was reproduced with the same fabrication process discussed but for at least three times shorter

pulse duration(~10 fs) Si nce the beambs energy was kept cons:t
translated to higher las ablation intensitiefL50]. The electrical properties, chemical structure, and

mor phol ogy odels weneaepdrtedefibd]. ASwas reported, thON and OFF currents

and thelon/lorrincreased t@0 mA, 0.6 nA, and-10". filn addition, the charge carrier mobilities were

calculated as 440,000+200,000%is® and 8,700 ciV s for holes and electrons, respectively. This

observa i on was a great increase from the Wwdstfues obse
and 8,700+3,000 cfu-is? for holes and electrons, respectivi[ft51]. The difference in electrical

propertiesnay stem from the higher laser ablatioteirsity, which in turn can break more bonds in the

same process durati¢bb0].

The XPS anal ysiispresehtedtiftigare38 (neasedwittgpermission frofi51].
©2021 Elsevie) revealedapproximately 2% more CGC bondghanthe old gel indicating a restored
conjugat i on [33 Intaddiéon,finenNedapantsgveré athed in the pyridinic locations
(21.7 at% of the N 1s peak) and theNeB locations, while the Rlopants were througkhe
substitutional site (with a4 bond giving 4.4 at% ofthe Blspedkln t he fi ol edopingel s, sor
was through pyrrolic sites,hich cause more scatterimpmpared to pyridinic sitd452]. The reduced
structur al defects and r est oedtidinceasethechppame carden i n t h

mobility compared to the Aol do gel
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Figure 33 - XPS analysis of (a) C1s, (b) N1s, and (c) Bls peaks of the "new" gekused with
permission from [151]. ©2021 Elsevier.

The stability of t he -yéanperiodasgpredentedhmysre34 t urchiee di newer
gel showghedegradation of hole mobility and an inase in electron mobility over time. ThaJlorr
ratio remains %0’. The charge carrier mobilitieafter a 8month storagewere calculated as
8,800+3,500 cv1s! and 10,000+2,500 chils! for holes and electrons, respectivglisil].
Interestingly, the Dirac point does not seem to be affected by the exposure to air, as was the case for

the Aol do gel
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0.001
1E-4
1E-5

la (A)

1E-6 -

1E-7 -

—— As prepared
1E-8 4 —— 6 months
——9 months
1E-9 4 —— 12 months

1E-10

-2 -1 0 1 2
Vg (V)

Figure 34 - The air-stability of the "new" S» gel over a tyear period.
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4.6.2 Changing the volume fraction in the precursor solution

Figure30b demonstrated the charge carrier mobility versus the total doping of #@&@@Bgkl. It was

found, that out of the four concentrations ugbdt of S showed the best mobility values. However, it
does not mean that the volume fraction used in the precursor materials (5-Bdl%rd 95 vol% GO)

is the optimal one. Therefore, another gel was fabricated using the same fabrication processl discuss
earlierf or t h e gefibutdowdifferét volume fractions of the precursor materials, i.e., 10 vol%
h-BN and 90 vol% GOThis gel was denoted as%

XPS analysis of th€ 1s and the N 1s peaks of t8gw gel is presented irFigure 35a and b,
respectively. The XPS analysis of the C 1s ped&lgure35ahas revealethe same € concentraon
as N neel(46.3 8t%), and a slightly higher@=O concentration (10.3 at% compared to 9.9 at%).
The XPS analysis of peak N 1sHigure35h revealed.3 at%more Pyridinic N and 3.2 at% Pyrrolic
Ntheni n t h e ;gelnTeendS &alysis of peak B 1s showed rgde doping, and all the B
atoms stayed connected to nitrogen atofnsurvey spectrum revealed only 0.5 at% oetidping in

the sample.
(a) A —Cis (b) ]—N1s A
\ ——coc ——C-B-N
i c-C —C-C | = Pyridinic N
_ 43.6 at% —— 0=C-OH —— Pyrrolic N
5 '\\ —— Background '5 ——— Background
G \ _ - Envelope s -Envelope //
2 \ > A C-B-N
2 - \ féci'cto y 2 Pyridinic Nﬁ/\_m['” \68.8 at%
g | | @01 at’ e 28.0 at% \
£ / £
7 / 0=C-OH _
/ \\ 10.3 at%
- ‘&\ . ;
282 284 286 288 290 398 400 402
Binding energy (eV) Binding energy (eV)

Figure 35- XPS analysis of the (a) C 1s and (b) N 1s peaks of thg.Sgel.

Since the bonds in the C 1sndghe ildgelsairishypsthesicied a r
that the gel formation and the restoration of th€ Gondsare directly related to the intensity of the
laser ablation process. This hypothesis should be explored further in future expeiinentsclear,

however, why there was no B doping in thexgel.
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The electrical performance of thespg el was st udi ed andgelcassepnar ed t o
Figure36a. Curiously, the plot for theiss gel is different than all the other gels and has much higher
hole mobility compared to electron mobility. The major difference betweemghg® and the other
gels is that there is no-8oping, so further investigation should concentrate on discovering whether
this is the reason for the asymmeffe hole and elctron mobilities were calculated as 1506V s
Land 25@&n?V-1s?, respectively. The ratio between the ON and OFF currents is aléo ~10

S 1
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Figure 367 (a) l14-V4 plots of the "new" S; and the Sow% gels (Ww=-0.05 V). (b) the calculated
mobilities vs the total doping(reused with permission from[130]. ©2019 Elsevie}.

The hole and electron mobilities of thexsgel were added to the plot Figure 30b, as seen in
Figure36b (reused with permission froff30]. ©2019 Elseviey. Although the aim was to produce a
gel with a total doping concentratiarf approximately 1.5 at%, the actual doping concentration was

0.5 at%, and the mobijitvalues are in line withngviously reported results.

4.6.3 Decreasing the channel length

Scattering from grain boundaries drastically reduces the mobilityGRET device[33]. Therefore,

devices with longer channels demonstrate reduced charge carrier mdtili@igdt was hypothdged

that reducing the channel length of the gel devices to values below 100 pm would enhance the
mobilities further. The same experiment was repe
used as the shadow mask since its diameter is Itvaari0 un{153]. The optical microscopy image

of the BNGO gel FETproduced using a cat hair shadow mask is demonstrakégure37a. As seen

from the image, the channel length is approximately 25 um, 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 mobi |l it i gsltheSiogelhotthelRfure-lomy chdnnels erecompared to those
of the 106um-long channels, as seenkigure 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.
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Figure 37 - (a) Optic microscopy image of a bottorrelectrode FET with a 25um channel length.
(b) The mobility dependence on the channdéngth for two types of gels.

4.6.4 Adding a h-BN buffer layer

Numerous works demoatfeat ed wh h eratidnsimthesdiestricadet er i o
properties of graphedsased materials deposited on a $B8D substrate[8]. Therefore, one
enhancement strategy was to incorpoaaib-BN thin layer onto the substrate. In this neja 0.1 mL

of 1.24 mg/mL RBN in 50:50 DI water:ethanol wadrop-castedonto a SiQ/Si substrate and let set

overnight before the patterning of the source, drain, and gate electi@ethickness of the nen

contentious BN layer was measured using @filometer (Dektak) as 25+@m. A bottom-electrode

device with S gel as the channel material was fabricated in the same manner described above, but for

the hBN/SiO,/Si substrate.

The electrical performance of the gl FET device with the-BN/SiO,/Si substrate was compared
to that of the Bgel FET device with a SiIBi substrate, as seenkigure38. As seen from the figure,
the ON and OFF currents, th&/lorr ratio, and the Dirac point do not change between the different
devices, while the hole mobility is slightly enhanced for thaadewith the RBN/SiO./Si substrateas
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seen from the steeper left side of the platerestingly, this device demonstrates a completely
symmetrical -V plot, which could stem from the fact that th&N layer reduces scattering from the
dangling bondpresent in the Sig]8]. While some improvemelig observed, it is unclear whether the
extra fabrication step is worth the slight enhancement in mobility.

10! E
< 1075
1034 ——S, on Si0,/Si
——5, on h-BN/SiO,/Si

-2 0 2
A

Figure 38 - The I4-V4 eledrical performances of S2 gel FET with an RBN/SIO2/Si substrate
compared to a SiQ/Si substrate.

4.7 Summary

In conclusion, the statef-the-art graphendased materials demonstrate lower mobility than predicted

by theory. The mobility decreases exponentially when increasing the channel length of the device as a
direct resultof increased charge carrier scattgrifom the grain boundaries. The BBD 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 structeelaser ablation process
restored theonjugation anao-doped the gslwith boron and nitrogeap t02.3 at% An FET with the

gel as the top channel demonstrated a charge carrier mobility comparable tchahosl pristine
graphene, and dbn/lore ratio 1000 times higher than the statiethe-art, with a single exceptioifhe
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 demonstratgdod stability over a-gear period angood 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 grajplked40,000+ 200,000
cm?V-1st)., Two addtional enhancement experiments were performed withincreased volume
fraction of kBN precursor and for reduced channel length, howdabrication issues reduced the
electrical performance. These avenues should be further expiditure experimentd.astly, an $
gel FET device with an-BN buffer layer between the gel and the $8Dsubstrate demonstrated some
hole mobility enhanaaent. The gels could be used in FET devices that require high mobility and a

high lon/lore ratio, such as electrical sensors and biosensors
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Chapter
GFET heart failure biosensor with

perfor mance

5.1 Introduction

HF and cardiovasculaliseases are the number one cause of death in the sffatding more than 26

million people perear[154]. While it is possible to detect HF using current protocols, the process is
time-consuming andsually involves multiple test€onsidering that HF can be treated and/@néed

when discovered early, many researchers targbtsfdbrication of HF biosensors with faster results

and improved LODsWhile severalgroupsreportedan LOD of 2 fg/mL for an electrochemical
biosensof155] or an LOD of 1 aM for an optical biosengtbb6], theytake3® 0 mi n and donodt
reaktime monitoring. For these reasons, some groups focused on FETs for HF biosensing, since they
are compatible with poirtf-care fast and sensitiveetectior{77]. However, the statef-the-art FETs

targeting HF biomarkers show low LODs amatrowdetection ranges

Since the detection capability of an FET biosensas wwhown 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
fi n e w@gel dBcusseth 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-@ailmented HF biomker, and its affinity

towards thécOElantibody wagreviouslyreported6].

This chapter willdiscussa proofof-conceptFET biosensomwith a BNNGO gel channel targeting
BNP, as was reported if151]. This biosensor offers 4 orders of magnitude improvement in (10D
aM) and a long detection range that stretches over 11 orders of maghialsteshows good selectivity

and specificity an@ short detection time of 2 min.

5.2 Fabrication process and equipment

All electricaland biosensingheasurements this chaptewere performed using a probe station setup
connected to a softwamntrdled source measure unit (KEYSIGHT B2900A Seridsh e finewo S
gel discussed in Chapter 4 was depositedtap ahannein the same process covered in that chapter.
The biosensing experiments were performed 6 months past the fabrication date of BERgel.

63

€



antibodies (50EMwith pl = 6.67.2) were diluted ina pH=7 buffer solution YWR) to a 1 nM
concentration5 pL dropletswere dropped onto the BSO gelchannels and leftatd C f oy 48 hr
similar to a previously reported methdd7].

The immobilizaton of the antibodies was confirmed by the shift of the Dirac poititels-Vq plot,
similar to observations made elsewh§f8]. After immobilization,the Dirac pointdownshiftedby
approximately 30 mV, confirming that the antibodesre negatively chargedlo confirm a strong
immobilization of antibodis, the device went through three consecutive rinsing rounds. In each rinsing

round, 10 L droplets of buffer solution were pipetted on and off the device 5 times.

The BNP biomarker was serially diluted to multiple concentratftresv 1 uM) in a pH=7buffer
solution. Similarly, K* and OH solutionand HER2 solutiorin buffer were also diluted tonultiple
concentrationgl aM- 1uM) for selectivity experiments. All solutions were mixed 30 secondat a

setting of 7 using a Vortex mixeFi€herbranjifor 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 régg}ivity

which makes antibody functionalization unfavorable. To overcome this barrier, often a linker is used

to physicallybinde t he gr aphemsd atckkri mgghan'd t aminegrouadoent | y b
the antibody[158]. Nonetheless, the linker increases the bioreceptor size, which is urifevioa

Debye screening consideratid$. Other group$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 chaggatteringnd reduce charge carrier mobility

On this premises, it was hypothesized thaitm@obilization of the antibodies onto the BBD gel
could beachieved through the functional groups of the gel, namely the carboxyl functional groeps.
XPS analysis of the ge¢vealedhat the C 1s peak is composed of COOH bonds in a concentration of
9.9 at%, much larger than the concentration in the precGQdB.5 at%) The increased concentration

is a direct resulbf the laser ablation procefg5].

After the channels were covered by the antibody solution for 484ea€ lage change in therl
Vg plots wasobservedas seern Figure 39a (reused with permission frofl51]. ©2021 Elsevie).

First, the Dirac point shifte by ~30 mV, confirming the attachment of the negatively charged
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antibodiesfiSecond, a large change in the ON and OFF currents was observed after immobilization of
antibodies, suggesting the attachment was through covalent bonds, since this typernéattssids

to scatter charges and decrease the current of GFETSs. Lastly, an additional minimum point appeared at
V4~0 V, further confirming the attachment of the charged antibo{il&d].

The biosensing in GFET is monitored through the shift n@irac pointor through the change in
current when the biomarker is added to the devibereforethe buffer should havaminimal effect
over the §-Vg plot of the deviceTo test the buffer effect over the deviee3uL buffer was dropped
onto the atibody-functionalizedandnonfunctionalized ged, as seen ifigure39a and b, respectively
(reused with permission frofi51]. ©2021 Elsevie). As seen from the figures, the buffer solution had
almost noeffect over thedVg 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 ahtidy functionalization was testdu subjecing the deviceto three
consecutive rinsing cycle3he k-V4 was plotted after antibody functionalization, and after one and
three rounds of rinsingas seen ifrigure 39c (reused with permission frofi51]. ©2021 Elsevie).

The minimal change to the plots confirmed that the antibodies had attached through covalent bonds

becausghysical bonds can be easily detacheditging the device in buffgi59].

(b) (c)
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10710 ——BN-GO gel 104 ’ 0
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1 Buffer . ——3rd rinse
; . - . ; 1074, y k . METETES . . _Va (V)
2 -1 v Ov 1 2 -2 -1 0 1 2 -2 -1 0 1 2
o Vg V) Vg (V)

Figure 39 - The change in the §-Vq plots of BN-GO gel FET after (a) antibodyimmobilization
and buffer solution deposition and (b) buffer solution deposition. (¢) The change in {dg plots
after one and three washing cycles (the inset is an enlargement of the pldReusedwith

permissionfrom [151]. ©2021 Elsevier

5.3.2 Real-time biosensing

Pointof-care applications favor biosensors that offer-taé monitoring[7] which is one of the

advantages that FET biosensors offer. Thetiea# BNP biosensing was monitored through the change
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inthed e v i c e 6 (fr constant deam &and back gate voltages0d®5 V and-0.6 V, respectively)
as a response to the addition of increasing concentrations of BNP in pH=7 SpHeifically, a2.5
pL droplet of BNP solution with increasing concentrations was dropped ontoattdody

functionalizedBN-GO gel channehpproximatelyevery 50 seconds

As seen fronFigure40a, the reatime biosensing is not reliable for low BNP concentratidyikile
there is somehange in current in response to the addition of BNitiea, even for concentrations as
low as 10 aM, the current is unstabléis instability may stem from the fact that the high currents
(~100pA) contribute to joule heatinig 60]. On the other hand, when looking at higher concentrations
of BNP solution Figure40b), the current is more stablEhe detection time is as low as 5 secobds,

the LOD anddetection range is very lovt@ fM and10 fM-1 pM, respectively.

(b) 0.00s [PBS 10fM

(a)

0.010-
0.008 -
/

0.006 i

Alllo

0.004 1

Alflo

0.002 +

0.000

-0.002 4

100 150 200 250 300 350 100 200 300
Time (s) Time (s)
Figure 40 - Reaktime BNP biosensing results. Figure (b) waeused 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 KOH  ions instead of BNPThese ions werehosensince they are small charged
ions present in blood 61]. It was found that the biosenéos c ur r e n £+3 nAihraspapsetb by
K* OH ions with1 fM- 1 uM concentration rangd his current changes within the error range of the
measuremeritl51]. Biosensing performancean be compared usiragsensitivity parameter, defined

as the biosensing response divided by the initial vélne current for the buffer)in reaktime

biosensingit 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 sensitivitykér 1
K* OH was calculated as 0.01%. Meanitigat reatime detection of BNP is 40 times more sensitive

compared to high concentrations of ®H-.

5.3.3 Biosensing through Dirac point monitoring

Graphene is a unique materidat has symmetrical electron and hole conductance cU&8s
Therefore, it allows a different type of biosensthgn conventional FET$.e., the monitoring fothe
Dirac point.For the Dirac point change monitorirag2.5 pL dropletof BNP solution with increasing
concentrations was dropped onto the channelttf@l-V, (at a constant drain voltage -&.05V)was
plottedaftera 2-minuteincubationperiod Between measurementle channel was rinsed with buffer
solution and the measurement was repeated with a higher concentration of BNBirdhoint of
thebuffer solutionwastaken as the reference.

Figure4la (adopted with permission frofp51]) shows the Dirac shift response to increasing BNP
concentration introduced to the antibefdyctionalized channel. As seen from the figure, the Dirac
point d the buffer solutionwas at-0.3 V. The Dirac poinshiftedto higher voltage$or increasing
concentrations of BNP in buffefhe lowest shift of approximately 25 mMas observed for 10 aM
BNP, sothis concentratiowas determineds the LOD of the biossor.

To determine the detection range that the biosensor offers, it is customary to plot the biosensing
response versus the logarithmic value of the biomarker concentfafidh The detection range is
determined as the range of biomarker concentration for which the biosensing response has a linear
dependence. FromRigure41b (adepted with pemission from[151]) it was found that the detection
range of this biosensor stretches over 11 orders of magnitude, i.e.; LQsliwith an Rsquare value
of 0.936. The incredible LOD and long detection ranges are expected to be a direci thsuftigh
charge carrier mobility antbn/lore ratio of the BNGO 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 [&d].
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Figure 4171 (a) BNP biosensing throud Dirac point monitoring of a BN-GO gel FET biosensor.

(b) The detection rangeof 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 BNGO gel is a notflat structurg151], and it was previously reportéd that curved
structures could be used to increase the Debyersiag length.Second, it is expected that the 3D
structure has some porgk31], and it has been shown that permeable layers increase the Debye

screening lengtf64].

The biosensing performance was compared to all-efafee-art FET biosensors targeting HF
biomarkerg151]. The best biosensing performance was achieved by Lei[@3akwho reported an
LOD of 100 fM for an rGO/Pt NPs hybrid. Alas, their detection range was 10Q fiWl in buffer and
50-200 nM in blood, and their detection time was 30 min. In comparison, the biosensor discussed here
has a x1000@imes 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 forsthteof-the-art GFETbiosensas targeting
small proteinswere plotted against the charge carrier mobility of the GFEiIgyre 6 a and b,
respectively) Extrapolating the trends of these plots, it was found that the LOD and detesmtige
would be 1 aM an@ orders of magnitudeespectivelyfor a GFET with a mobility of 10cn?V-1st,

The BNP biosensor used in this work was added to the two plBigure6, as presented iFigure42
As seen fromFigure 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 BNGO gel
FET BNP biosensor compared with the stateof-the-art GFET biosensors targeting small

proteins.

Since no blocking agent was used to block any biomarker from attaching directly to-(a® Bl
specificity experiments were also performed. For this purpose, 2.5 pL of BNP solution with increasing

concentratias was dropped onto the bare-8XD 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 shittedt 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 mertime to attach to the channel. It is suggested to examine this point in future

experiments.

The selectivity of the BNP biosensor was measured against HBBRR The Dirac point shifted by
3 mVinresponse to 1 ng/mL HER2 and did not shift ®rfior an additional 1 pg/mL, a concentration
70 times higher than the normal level in blood. BV shift is within thenoise rangeThe 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 pre3ém.sensitivityfor 1 ng/mL
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HER2 was calculated as 1.1 % while the sensitivit
almost 10 times higher (10%).

5.4 Future work

While the biosensing results achieved for the B8 gel FET targeting BNP are impressive, theye

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 functaization process was the sative all samples (these
samples were not included in this work). Thus, it is advisable to find a functionalization pratess
would enhance the reaction between the amine groups in the antibodies and the carboxyl tireups in
BN-GO gel. One suggestion may be to shake the devuiiag the incubation process

The selectivity of the device was only measured against HER2 protein*aDd Kons However
real samples are much more complex and could have many interferingulesld®]. So, it is
suggested to measure the devicebs seleartsinggi ty agal
a more compbe medium, such as bloodn addition, the measurements should be repeated with a
blocking agent that would reduce any unwanted reactions with the8Nel[132]. Lastly,a further

improvement in sensitivity may be achieved by replacing antibodies with aptamers.

5.5 Summary

In concluson,a BN-GO gel FET covalently functionalized with BNP antibodies wessed as a BNP
biosensor in a pH=7 buffer solutioRealtime measurements were able to give a detection in as little

as 5 seconds, howevédrad a high LOD of 10 fM and a low detectitange of 10 fMi 1 pM. The
selectivity of the device was measured agairiSDK" ions, demonstrating0 times higher sensitivity
towards BNP. The biosensor was also monitored through changes to the Dirac point in response to the
addition of BNP in bufferThe biosensor was able to detect BNP with an L&D0 aM within 2
minutes.It also had @&uperior detection range streitmpover 11 orders of magnitude (10 AM. uM).

The biosensor showed minimal response towardsspenific interactions, anl0 timesimproved
selectivity towards BNP than HER®Vhile these resultshow a great improvement compared with the
stateof-the-art FET biosensors targeting BNP, it is meant here only as a proof of conceptiuaad f

experiments should target detection in marmplex natrices.
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Chapter
Ot her sensor-GOugeling BN

6.1 Introduction

Graphene and graphebased materials have been studied as the transducer materials in FET
biosensors targeting a large arraypadmarkerq7], [70] , aswas discussed in Chapter 2. In addition,
they were also used in many otlsensing andhiosensing platforms includingas sensordl63], and

optical and electrochemical sensors and bioseiit64$ Gas sensorsould be used for environmental
monitoring[163] or for disease diagnosis, in the form of a breatteal\1 65]. Graplenebased materials

are attractive for gas sensing since they have a high surface area and can be easily functonalized
adsorb gass[163]. They are attractive faglectrochemical biosensing platforms because of their high
electrocatalytiactivity [164]. In optical biosensors such as surface plasmon resarthagere useful

for signal enhancement.

This chapter will discuss the BHO gel in agassensor publishechi[165]. The sensor type is
categorized as piezoresistivenanomechanical membratge surface stress senddiSS). This
sensor was tested against differenetypfvolatile organic compounds (VOC8JOCs in breath were
associated with diseases suchdabetes, liverand lung disorders, argbmecances. In addition,
efforts in using the BMGO gel FETdiscussed in Chapterds a COVID19 biosensor wouldlso be
coveredThe biosensing medium was studiadd it was found tha pH=7 buffer gives an LOD of 10
fg/mL with anarrowdetection range of 10 fg/mL pg/mL. However, unlike the PCR methods used in
clinical tests of COVIB19[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 elseVjbé8¢ In short, a circulamembrane
with a 0.3 mm diameter coated witB0OO pL ofthe BN-GO gels by an inkjet sputtering systésn
subjected to different VOC%he gasepenetratehe thingelfilm and adsorlonto the active adsorption
stesand i nduce t h&€onsequently, theomerbsaneedeflealsich strains the four

piezoresistorgonnected to it, resulting in voltage change (measured/lwyatstone bridge circiit
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The data were recorded at the bridge voltage 6f. 5 V malimglrateaof 19 &zUnlike the FET
biosensor in Chapter 5, the gekrved as the receptor rather than the transdogesrials

Nitrogen gas was bubbled into the analytes to produce vapors which were carried into an enclosed
environment containing theessor. The analytes included water, ethahekanol, hexanal, heptane,
methylcyclohexane, toluene, ettadetate, and acetorigach analyte was tested for 10 ON/OFF cycles

of 10 seconds eadhbr varying vapor pressures of 2%, 5%, and 10%

The motivationbehind using graphedsased materials in gas sensors is due to their large surface
areg163]. 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 gfapheng[73], [47] which would reduce the signand the
sensitivity of a resistive sensdrhe MSS structure circumvents this problgr5], and the BNGO
gel has been shown to have good chemical reac{itB9]. Since chemical reactivity is very imponta

in the receptor material, onlys 8nd S gels were used in these experiments.

6.2.2 Results and discussion

Table 13- The estimated sensitivitiesin € Vppm for S; and S gels MSS for different VOCs
(dapted with permission from [165]. ©2020 Wiley).

Analyte S gel S; 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 sensitivitiekor S, and S gels MSS for different VOCs are summarizedrable13
(adapted with permission fronil65]. ©2020 Wiley). As seen from the table, the sensitivity of the
sensor is enhanced when using aneSeptor compared with the &ceptorfor all analytes with two
exceptionsThe enhanced sensitivity of thedgl is contributed to the increased concentration of boron
[167] and nitrogerj168] atoms compared with the §el, as discussed in Chapteie largestffect
on the sensitivity was observed téthano] where the sensitivity increased from 0.01+C08ppmto
0.1+0.03 Vppm Similarly, Hexanal also showed a great improvement in sensitivity fro@£0.01
e Vppmto 075+0.02 ¢ Vppm The loweskgffect on the sensitivity was observed Tmluene, where it
stayed constant at ~0.82Vppm

The LOD was calcalted and compared with different 2D materials receptors, such as GO gegl, MoS
and WS. It was found that the;§jel enhances the LOD for wai@.084ppm) by 3-11 timesand the
LOD for Hexanol (0.001 ppm) by-32 timescompared to the other receptofbe LOD for Heptane,
Ethyl Acetate, anécetone were also enhanced feggl compared with the other receptor types tested.
For Heptane, the LOD was 0.091 ppm with an enbarent ofl-2 times For Ethyl Acetate, the LOD
was 016 ppm with an enhancement @30 times. Lastly, the LOD of Acetone (1.24 ppm) was
enhanced by-8 times.Interestingly, for Toluene and Hexanal, the best LOD was observed fof the S
gel (0.028 ppm an@.032 ppm, respectively). With a single exception being Ethanol, the LODs were
enhanced for all VOCs when eitherd@ S gels were used as the receptors.

6.2.3 Summary

In conclusionBN-GO gels were used as the receptor materials MZS sensor targeting a large array

of gases including VOC gasékhe sensitivity and the LOD of these sensors were tested for each gas
and compared to other receptors consistihng® materials. It was found that the sensitivity of the
sensor is enhancddr S; gel compared with Sgel, most likely due to its higher boron and nitrogen
concentrationand improved chemical reactivitiyn addition, it was found that sensors using-8

gels as the receptor material had improved LODs compared with other 2D materials receptors such as
GO gel, MoS, and WS. Overall, the BNGO MSS sensor showed the lowest LOD of 0.001 ppm and

the highest ensitivity of 16.85+0.0k Vppmfor 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 focumanhy different biosensing platforms. This is the
coronavirus 2 (SARE0V-2) which causes th€OVID-19 which becamevastly studiedespecially
since theWorld Health Organization (WHO) has classified the COMMD outbreak as a pandemic
[77]. GFET is one of the solutions researchers target for highly sensitivegbaiate biosensor
applicationsIn April 2020, Seo et al[77] repored a GFET biosensing device for detecting SARS
CoV-2 in clinical samples. Thehannel wasCVD-grown graphenefunctionalized witha specific
antibody against SARCoV-2 spike proteirthrough aPBASE linker. They reported an LODof 1
fg/mL in phosphatduffered saline and 100 fg/mhi clinical transport mediuniThe selectivity of the
biosensor was tested agaikBtdle East respiratory syndrome coronavirus (MER®) with 6 times
higher detection signal towards the tardedstly, the detection rangstretched oveB orders of
magnitudeThe charge carrier mobility and theul orr ratio were calculated as ~1253@rtst and 1.5,

respectively.

Considering that thBN-GO gel FETs discussed in this thesis demonstrate considerably improved
electrical performance than that reported3so et al[77], the COVID19 biosensing performance
could be improved. On this premises, a series of experiments targeting the detection of a synthetic
SARSCoV-2s pi ke protein in diff er ggeltFEThvaré éxecatedhee di u ms
incubation period witlhe corresponding antibody solution was also tested, as well as different channel

lengths and substrate.

6.3.2 Experimental

All electrical and biosensingneasurement this subsectionwere performed using a probe station

setup connected to a softwarentroled source measure unit (KEYSIGHT B2900A Serigsh.e fAne wo
S gel discussed in Chapter 4 was deposited as a top channel in the same process covered in that chapter.
The biosensing experiments were perforriel? months past the fabrication date of the. $ARS

CoV-2 (2019nCoV) nucleoprotein antibodieseCombinant monoclonal antibody expressed from
HEK?293 cellsof rabbit) were purchased from Sino Biologi¢ab0 kDa)anddiluted ina pH=7 buffer

solutionor 0.1x phosphatéuffered saline (PBS; pH 7.4) a 0 pg/mL concentration5 pL droplets

were dropped onto the BSO channels and left atedC  %4,d8, or 72hours similar to a previously
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reported methofll57]. A single sample waalsoincubated for 24 hr in L of 10 mM ethanolamine
sdutionat 4e C

The immobilization of the antibodies was confirmed by the shift of the Dirac ipdinél4-V4 plot,
similar to observations made elsewhpf8]. To confirm a strong immobilization of antibodieme
device went througbevenconsecutive rinsing rounds. In each rinsing round, 10 yL dopfdbuffer

solution were pipetted on and off the device 5 times.

The COVID-19 biomarker was serially diluted to multiple concentratihsg/mL- 1 pg/mL) in a
buffer solution(1x and0.1xpH=7 bufferor 0.1xand0.01xPBS) All solutions were mixedy pipetting
100puL of the solution in and out of the vials 10 times e&ghl of COVID-19 solution was dropped
onto the channel and daV4 curve was plotted every minute for53times. Then, the device was
continuouslyrinsed by the buffer solution, andnather COVID19 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 intbation time in the antibody solution wetadied to findptimal incubation
times. For a pH=7 buffer (VWR) two samples were incubated for 24 hours in the antibody solution at
4 ¢ Cwhile two other samples were incubated for 48 hours at the same conditiwas 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 gavE00 % success rate in antibody
functionalization, as seen Figure43c-d and ab, respectively. The sample kigure43a (denoted as
100_10.1)demonstreed a large reduction in the ON current (from ~100 pA to ~1 pA) and
approximately a30 mV shift in the Dirac point, all consistent with antibody functionalizati@8].
Similarly, the sample ifrigure43b (denoted as 100_9.#pmonstrated a reduction in the ON current
(from ~100 pA to ~10 pA) and approximately30 mV shift in the Dirac point. In contrast, the samples

in Figure43c and d showed no Dirac point shift, while the sampkgure43d showed some decrease

in the chage carrier mobility, confirming some attachment of antibodies to the channel.
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Figure 43 - Antibody functionalization for (a)-(b) 48 hr and (¢)-(d) 24 hr incubation time, as seen

from the change in the k-Vg plots. The antibodieswere in a pH=7 buffer solution.

After antibody immobilization measurements, 3 pL of pH=7 buffer solution was dropped onto the
channel and the-\V4 was plotted after 3 minutes. The results are seé&iigure43a-d. As seen from
the figures, the buffer solution had no effect over the unfunctionalized sample, and little effect over the
slightly functionalized sample iRigure43c and d, respectively. The Dirac pointHigure43a shifted
by approximately55 mV when the sample wastioduced with buffer, while the passivated sample in
Figure43pb shifted by only12 mV.

To test the functionalization strength of the antibodies to the58Ngel chanel, the same sample
went through seven washing cyc[@§1], as demonstrated fhigure44. As seen from the figure, the
buffer had a slight effect over the Derpoint, which downshifted by 26 mV. After the first four washing
cycles, the Dirac point stayed approximately unchanged, but after the fifth washingtloydberac
point upshifted by ~200 mV, indicating detachment of the antibodies. Since the antivediesnly
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@a@ gN151].

76



14 (A)
m
0

Antibodies
Buffer
Wash1
] Wash2
1E-104 — Wash3
Wash4
Wash5
Wash7

Vg (V)

Figure 44 - Antibody attachment strength monitored by the k-Vg plots after seven consecutive

washing cycles. The inset is an enlargement of the Dirac points.

Five additional samples were incubated pL of antibodies irD.1x PBS solutbn (10 pg/mL) at4
e @or 72 hoursOne of the samples was thedel sample that was measured after two years (Chapter
4, section 4.5)Another sample used arBN/SiO,/Si substrate, as discussed in chaptédut. of the
five samples,three demonstrateché characteristicaiVy plot changes confirming the antibody
functionalization so the success rate was determined as 60 devicegshat demonstrated the
characteristic changes in theMg plot in response to the antibody functionalization are predent
Figured5. InFigured45a , a figel EETdevicewas used, and the Dirac poddwrshifted by~65
mV in respone to the antibody functionalizatio8imilarly, in Figure45b the same gel was used but
there was an additional-BN buffer layer between the gel and the substrate. Dinac point
downshifted by 260mV in response to the antibody functionalizatidastly, inFigure45c, a twe
yearold S gel FET device was used, and the Dirac poowmshifted 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
I4-Vg plots. iNe w 0, gebon(a) a SiO./Si substrateand (b) an hBN/SiO./Si substrate. (c) Atwo-
year-old $; gel FET. The antibodies were in &.1xPBSbuffer solution.

PBS was deposited onto the channels andsthlg turveswereplotted aftera 2-minute incubation
time. The devices ifrigure45a and ¢ showed a large shift in the Dirac point as a result 6f2kand
0.01xPBS addition, respectively, while theV, plot in Figure45h demonstrated minimal reaction to
the addition of0.1x PBS.It is unfavorable for the device to have a Dirac point shift response to the
buffer solution sincehe device is expected to onlyat to the analyteThe use of a PBS buffer is
therefore unfavorable fahe BN-GO gel FET COVIB19 biosensor.

6.3.3.2 COVID-19 biosensing results

This subsection will present all the COVH9 biosensing results achieved by the different &N

gel FET configurabns The results would be divided by the biosensing medium, i.elxthad0.1x
pH=7 buffer and th@.1xand0.01xPBS.As was discussed earlier, out of the four devices tested using
the 1x pH=7 buffer two devices demonstrated antibody functionalizatemd another device
demonstrategdartialfunctionalization. Thee three devices, however, showed no Dirac shift in response
to the addition of COVIBL9 up to a concentration 400 ng/mL, as seen froigure 46a-b. The
inability to sense the COVH29 protein could stem from one of two reasons. The first is that the
antibodyprotein pair is incompatibleand the second is that tpeotein capturés beyond the Debye
screening lengtH7].

Two experiments were performed to discover which of the two is the cdipatfirst experiment
was performed byr. D. Eleftherio® linavih. Sinai Hospital, where they performezh enzyme
linked immunesorbent assay (ELISAlest to measure the reaction between the antibody and the
COVID-19 proteinused in this wor{169]. It was found thatompared to two other nespecific

antibodies from amouse source (purchased from PT &ixtan), the signal for 1100 ng ofthe
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COVID-19 proteinand antibodypair used in this work was-200 timeslarger (depending on the
COVID-19 amount)Thus, the antibodyrotein pair was confirmed as specific.

(a) 10° 4 (b) 1E-5 4
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—— 10 fg/mL
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1E-7

Iy (A)

1E-9 4
=1 pH=7 buffer
—— 100 ag/mL
J—1fg/mL

——100 fg/mL

-2 -1 0 1 2 -2 -1 0 1 2
A\ Vy(V)
Figure 46 - COVID -19 biosensing irlx pH=7 buffer by BN-GO gel FET, as observed from the
Dirac point monitoring of the 14-Vg plots. The inset are enlargemens of the Dirac points.

In the second experiment, the pH=7 buffer was diluted with DI water #00.1xconcentration. The
dilution was performed in order to reduce the ionic strength of the solution which imtraases the
Debye screening lengf3]. The same two samplesJ0_9.1 and 100_10stored atte Pwvere washed
with the dilutedbuffer andmeasured one month latesing COVID19 solutions irD.1x pH=7 buffer.
The Dirac point monitoring of the biosensor as a response to increasiogntrabns of COVID-19
proteinfor sample 100_10.1 (one month after antibody functionalizaisqesented ifrigure47a.

(a) &2 =10 0.04 = " .
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Figure 47 - (a) The Dirac point monitoring of the biosensor as a response to increasing
concentrations of COVID-19 protein for sample 100_10.bne month after febrication. (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 COVAD® protein in buffer is caused biyep r ot ei n dhe shdth ar g e .
in the Dirac point in response to increasing concentrations of the CO¥I@rotein is presented in
Figure47b. As seen from the figurehé LOD is observed at ~30 fg/mL, as calculated by three times
the measurement noifg. The detection range is 00D0pg/mL, as observed from the approxinigte
linear region inFigure47b. Beyond 100 pg/mL the detectiogsal (Dirac point shift) saturateEhese

results are encouraging for further investigation since the devicesawamethold and used

PBS is a recognized buffer solutiffj, so the next set of experiments was performed Wsibgand
0.01xPBS solutios. The biosensing results are presenteHigure48. TheDirac shift results for all
PBS solutions were unstable, so the shift was calculated as the average sbifhedurements after
a 24 minute incubationin Figure48a, the limit of detectiowas calculated as ~3 fg/nfas three times
the noisq7]). However, the detection range was o800 fg/mL.In contrast, the biosensing results
for 0.01xPBS buffer presented Figure48b were observed for concentrations as little as 10 ag/mL,
but the shift wasinreliable and within-1.5 times the noisén addition, the -V plots were highly
unstable and unreliablk.is thus deduced thaither the PBS buffer is incompatildethat a passivation

layer should be used.

Figure 48- Dirac point shift in response to the increasing concentrations of COVIEL9 protein in
(a) 0.1xand (b) 0.01xPBS buffer.

The sample using the BN buffer layerdemonstrated a very small Dirac shift in response to the
addition of1, 10, and 100 pg/mL ef+£3 mV, 10+5 mV, and 13 mV, respectively. These results are

within the 3x(noise) range, and therefore are unreliabhe stabling effect of the-BN over the
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