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ABSTRACT 

NANO/BIOSENSORS BASED ON LARGE-AREA GRAPHENE 

Pedro Ducos 

A.T. Charlie Johnson 

 

Two dimensional materials have properties that make them ideal for 

applications in chemical and biomolecular sensing. Their high surface/volume ratio 

implies that all atoms are exposed to the environment, in contrast to three 

dimensional materials with most atoms shielded from interactions inside the bulk. 

Graphene additionally has an extremely high carrier mobility, even at ambient 

temperature and pressure, which makes it ideal as a transduction device. The work 

presented in this thesis describes large-scale fabrication of Graphene Field Effect 

Transistors (GFETs), their physical and chemical characterization, and their 

application as biomolecular sensors. Initially, work was focused on developing an 

easily scalable fabrication process. A large-area graphene growth, transfer and 

photolithography process was developed that allowed the scaling of production of 

devices from a few devices per single transfer in a chip, to over a thousand devices 

per transfer in a full wafer of fabrication. Two approaches to biomolecules sensing 

were then investigated, through nanoparticles and through chemical linkers. 

Gold and platinum Nanoparticles were used as intermediary agents to 

immobilize a biomolecule. First, gold nanoparticles were monodispersed and 
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functionalized with thiolated probe DNA to yield DNA biosensors with a detection 

limit of 1 nM and high specificity against noncomplementary DNA. Second, devices 

are modified with platinum nanoparticles and functionalized with thiolated 

genetically engineered scFv HER3 antibodies to realize a HER3 biosensor. Sensors 

retain the high affinity from the scFv fragment and show a detection limit of 300 

pM. 

We then show covalent and non-covalent chemical linkers between graphene 

and antibodies. The chemical linker 1-pyrenebutanoic acid succinimidyl ester 

(pyrene) stacks to the graphene by Van der Waals interaction, being a completely 

non-covalent interaction. The linker 4-Azide-2,3,5,6-tetrafluorobenzoic acid, 

succinimidyl ester (azide) is a photoactivated perfluorophenyl azide that covalently 

binds to graphene. A comparison is shown for genetically engineered scFv HER3 

antibodies and show a low detection limit of 10 nM and 100 pM for the pyrene and 

azide, respectively. Finally, we use the azide linker to demonstrate a large-scale 

fabrication of a multiplexed array for Lyme disease. Simultaneous detection of a 

mixture of two target proteins of the Lyme disease bacterium (Borrelia 

burgdorferi), this is done by separating the antibodies corresponding to each target 

in the mixture to different regions of the chip. We show we can differentiate 

concentrations of the two targets.  
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Figure 2.2: (a) Calculated dispersion for graphene in the Brillouin zone. This 

is the solution to a first order tight-binding model. In red, the Fermi Energy level. 

The valence and conduction band are below and above the Fermi level, respectively. 

(b) Projection of the dispersion along the wave vector path �� �\ ���� �\ �� �\ �� .1-3 .. 8 

Figure 2.3: Schematic of a Graphene Field Effect Transistor (GFET). 

Indicated are the three terminals source, drain and gate. The channel is separated 

from the gate by an insulating layer. A bias voltage is applied to measure the current 

through the channel, this current changes with carrier density which is a function of 
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Figure 2.4: Dispersion around the Dirac Cone for graphene. (a) Depleted 

electrons, are taken from the valence band (b) Neutrality point, electrns occupy 

states up to the fermi level. (c) Injected electrons, are placed on the conduction band.
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Figure 2.5: (a) Pinning effect of a graphene-metal contact, the Dirac cone has 

shifted from the fermi energy (EF) to now match the work function difference. (b) 

Doping effect near the edge between the exposed and the unexposed graphene. 

Pinned and unpinned Dirac cones are shown as well as the depletion region (LB). 

(c) p-n junction of the around the graphene edge. Once the Fermi level increases 

enough (by increasing the gate voltage) both Dirac cones can be n conducting 

forming an n-n region. Similarly, for decreasing Fermi level forming the p-p 

junction.6 ................................................................................................................. 15 

Figure 2.6: Contact resistance as a function of gate voltage for several metals. 

Insert shows the layout of the experiment.6 ........................................................... 16 

Figure 2.7: Computer generated immunoglobulin. Annotated the two 

different chains of the antibody and the binding regions.4 ..................................... 19 

Figure 2.8: Computer generated image of a Deoxyribonucleic Acid (DNA) 

structure. T-A and C-G base pairs are highlighted.5 .............................................. 20 

Figure 2.9: NHS ester/Amine reaction. Reaction is optimal close to neutral 

pH. Amide bond is formed and a hydroxysuccinimide are released.7 ................... 23 

Figure 3.1: Connection schematic for electrical characterization of GFETs 

for (a) two-probe configuration, Vg is gate voltage, Vb is the bias voltage, and I is 

the measured current (b) four-probe configuration, Vg is gate voltage, Ib is the bias 

current, and V is the measured voltage. ................................................................. 26 
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Figure 3.2: Parallel electrical characterization setup. Two Keithley source 

meters, a probe card, a switching matrix, the probe station, and a controller computer 
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Figure 3.3: Diagram of AFM operation. Piezoelectric sensor controls the 

oscillation, movement in the horizontal plane and the height. A feedback loop keeps 

the measured force constant. .................................................................................. 28 

Figure 3.4: (a) Schematic of a Scanning Electron Microscope. Electron gun 

generates the stream of electrons; a series of electromagnetic condensers and 

apertures focus the beam to a small point on the sample. The whole system is under 

vacuum. (b) SEM image of an AFM tip.2-3 ............................................................ 30 

Figure 3.5: Diagram of XPS operation. An X-ray beam shines to the sample 

and excites photoelectrons that are detected. The measured energy spectra of the 

photoelectrons depends on the sample composition. ............................................. 31 

Figure 3.6: (a) Diagram of the graphene furnace used. MFC controllers are 

used to regulate the gas flow into the chamber. A vacuum pump maintains low 

pressure in the chamber and helps to remove reaction by-products. Methane gas is 

used as a precursor, Hydrogen gas as a regulator and Argon gas as a carrier. (b) 

Diagram of the growth recipe. Argon flow in blue, hydrogen flow in red, methane 

flow in black. Temperature profile in orange. (c) Picture of a copper foil with 

monolayer graphene as grown. Water droplets can easily form on the surface due to 
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Figure 3.7: (a) SEM image of large scale graphene recipes. Inserts show a 

zoomed image of the same sample. Parameters as used for smaller scale growth 

(left), and after optimizing parameters (right) (b) Raman spectra for the unoptimized 

(left) and optimized (right) recipes. Peaks are normalized with the G peak, and have 

the same vertical scale. ........................................................................................... 38 

Figure 3.8: Schematic for electrolysis driven transfer. Copper foil is spin 

coated with PMMA. A bias is applied between the foil and a metal anode, that 

generates bubbles that mechanically separate the Graphene/PMMA from the copper 

foil. A substrate is used to scoop the Graphene/PMMA and acetone is used to 

remove the PMMA. ................................................................................................ 39 

Figure 3.9: Schematic of the photolithography process (a) for a wafer to print 

an array of metal contacts to define the GFET source/drain (b) wafer after 

metallization, treatment and graphene transfer to define the GFET channel. ........ 43 

Figure 3.10: Process for electrode metalization. Wafer with resist after 

photolithography is placed on the chamber and a layer of Cr/Au is evaporated. The 

resist is cleaned by an appropriate solvent to remove excess metal from the 

depositon. ................................................................................................................ 44 

Figure 3.11: Reactive Ion Etching process. Wafer after graphene transfer and 

photolithography is exposed to oxygen plasma. Graphene is removed by plasma 

ions on the uncovered regions. Lift-Off removes the resist and leaves the graphene 
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Figure 3.12: XPS Spectra of PMMA-transferred CVD graphene: (a) before 

annealing, and after annealing at (b) 200oC, (c) 250oC (d)  300oC. The binding 

energy of the sp2 carbon bonds (gray) is asigned at 284.4 eV for all curves. Other 

chemical shifts are atributed to the carbons in the PMMA structure (red, blue, green) 

respectively.10 ......................................................................................................... 47 

Figure 3.13: Diagram of an annealing furnace. A chip (or set of chips) are 

loaded into the tube chamber, close to the center of the heating zone. A constant 

flow of 1000 sccm Ar and 250 sccm H2 is applied. The furnace is heated to 225oC 

and the samples are annealed for 1 hour. ............................................................... 48 

Figure 3.14: (top) Light (or thermal) activated decomposition of an Azide to 

a Nitrene (bottom) Cycloaddition of Nitrene onto graphene to form a covalent 

bond.8 ...................................................................................................................... 49 

�)�L�J�X�U�H�� ������������ �$�%�� �Œ-�Œ��stacking of a pyrene molecule with graphene. The 

interaction is similar to the interlayer stacking of graphene sheets. ....................... 50 

Figure 3.16: Density Functional Theory (DFT) computations for the noble 

metal �± thiol complex bonding, for copper (left), silver (middle) and gold (right). 

All show some degree of covalence, copper is most polarized and gold is least 
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Figure 3.17: (a) Electrical response of a single GFET array. Resistance is 

measured as a function of gate voltage. (b) Dirac voltage, and (c) mobility; of all 

devices fabricated in a wafer calculated by mathematical modelling. ................... 52 

Figure 4.1: (a) Schematic showing the AuNp-GFET fabrication process. A 

gold layer is deposited onto CVD graphene. The gold-graphene layer is coated with 

PMMA and transferred. GFET channels are patterned using photolithography 

followed by oxygen plasma etching. Finally, the photoresist is removed, and the 

array is annealed to form AuNPs on the graphene. (b) Schematic of the four-probe 

conductivity-gate voltage measurement set up. (c) Optical micrograph showing an 

individual four-probed GFET device. Inset: Optical image of a chip with 24 Au-

GFET devices.  (d) Optical image of a 4-inch wafer with 9 electrode arrays and a 

transferred graphene monolayer that covers the full region defined by the arrays 

(dashed line). .......................................................................................................... 61 

Figure 4.2: Measurements of photoresist contamination on graphene after 

photolithographic processing. (a) AFM images of the Gr-FET surface after 

photolithography and thermal annealing. The bilayer process results in low surface 

contamination (top image), and single layer process leaves significant residue on 

�W�K�H���V�X�U�I�D�F�H�����E�R�W�W�R�P���L�P�D�J�H�������6�F�D�O�H���E�D�U���L�V�����������Q�P�����9�H�U�W�L�F�D�O���F�R�O�R�U���V�F�D�O�H���L�V�������Q�P�������E�����1-

Vg curve of Gr-FETs fabricated using and a single layer (red). (c-d) XPS spectra of 

the C1s regions for the samples processed using PMGI/S1813 (panel c) and S1813 

(panel d). Both spectra are normalized to Peak 1. Peaks 2-4 are significantly reduced 
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in the spectrum from the sample processed using PMGI/S1813, indicating a lower 

level of chemical contamination. ............................................................................ 63 

Figure 4.3: (a) SEM image of graphene after thermal evaporation of a gold 

layer shows the formation of small (~2 Å thick) Au clusters. (b) SEM image 

showing the four-probe AuNP-GFET, where gold electrodes contact the graphene 

from below. (c) SEM image of the highlighted area in (b), showing a uniform 

distribution of AuNPs. The number density is approximately 400/µm2, consistent 

with the AFM characterization ............................................................................... 66 

Figure 4.4: (left) Raman spectrum of graphene after photolithographic 

processing using bilayer PMGI/S1813. (right) Raman spectrum of AuNP-Gr hybrid 

layer after bubble transfer onto the SiO2 substrate and thermal annealing. .......... 66 

Figure 4.5: (a) AFM image showing the formation of uniform AuNPs on 

graphene after annealing. The corresponding AFM line scan is shown below the 

AFM image. (b) AuNP size distribution. The AuNP diameter is 5.3 ± 1.2 nm. 

Histograms of (c) hole mobility and (d) Dirac voltage with Gaussian fits (black 

curve) of AuNP-Gr-FETs based on three separate arrays, with 24 devices each. . 67 

Figure 4.6: (a) Schematic of the AuNP-GFET DNA biosens�R�U���� ���E���� �1-Vg 

curves after chemical functionalization and exposure to target cDNA. After 

functionalization with probe DNA and Tween-20 blocker, exposure to 100 nM 

cDNA leads to a Dirac voltage shift of 13.6 V (green to red).  (c) Sensor response 

as a function of cDNA concentration. The limit of detection is 1 nM. .................. 69 
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Figure 4.7: Schematic representation of fabrication process for an array of 52 

GFETs. Metallization of contacts is done through photolithography patterning and 

�D���&�U���$�X���H�Y�D�S�R�U�D�W�L�R�Q�����*�U�D�S�K�H�Q�H���L�V���W�U�D�Q�V�I�H�U�U�H�G���E�\���³�E�X�E�E�O�L�Q�J�´���W�R���W�K�H���P�H�W�D�O�Oized wafer, 

and by a second round of photolithography and plasma etch the graphene channels 

are defined. Each array has a total of 52 GFET devices. ....................................... 75 

Figure 4.8: Raman spectra of CVD graphene transferred to Si/SiO2 wafer. G 

peak is centered at 1580 cm�í1 and the 2D band at 2670 cm�í1, with an IG/I2D 

intensity ratio of 0.6 and negligible D intensity, indicative of good quality, 

monolayer graphene. .............................................................................................. 76 

Figure 4.9: (a) TEM image of the PtNP-Gr structure. Inset: Size distribution 

of Pt nanoparticles, with an average size of about 1.8-2.4 nm. (b) SEM of a PtNP-

Gr nanohybrid FET, 100 000X magnification and 10.0 kV accelerating voltage. 77 

Figure 4.10: Diagram of the fabrication process for scFv-functionalized 

PtNP-GFET arrays. Graphene is transferred to a metalized wafer. Pyrene-NH2 is 

used to immobilize PtNP near the graphene surface. ............................................. 78 

Figure 4.11: Atomic force microscopy image of a) graphene, b) PtNP-

graphene hybrid, and c) scFv/PtNP-graphene, all on Si/SiO2. d) AFM line scans for 

each step in the fabrication (e) Particle height histograms of PtNP/GFETs, and scFv-

functionalized PtNP/GFETs. .................................................................................. 79 
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Figure 4.12: Electrical characteristics of GFET devices at different stages of 

surface modification, with a representative set of 52 I�±Vg curves in each case. (a) 

As-fabricated GFET, (b) after electrode passivation with MCH, (c) PtNP/GFET 

hybrid, and (d) scFv-PtNP/GFET nanohybrid device. Insets show histograms of 

carrier mobility and Dirac voltage along with Gaussian fits (black curves). ......... 80 

Figure 4.13: (a) Current�±gate voltage (I�±Vg) characteristics of a 

representative GFET device after fabrication and after each successive surface 

modification leading to formation of anti-HER3 scFv functionalized PtNP/GFET 

and on exposure to 300 ng/mL HER3 in PBS. (b) The sensing performance of the 

device against 30 ng/mL HER3; Insets: (upper left) shows sensor response to 300 

fg/mL HER3, and (upper right) sensor response to PBS (without antigen). .......... 82 

Figure 4.14: Response of the PtNP biosensor showing Dirac voltage shift 

���û�9�����U�H�V�S�R�Q�V�H���D�V���D���I�X�Q�F�W�L�R�Q���R�I���+�(�5�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q�������������I�J���P�/���W�R�����������Q�J���P�/�������7�K�H��

data is fitted to a Hill-Langmuir model (red curve); Inset: Comparison of device 

responses for various control experiments. Fully prepared biosensor to target HER3 

at 30 ng/mL (light blue bar). Fully prepared biosensor to negative controls plain 

PBS buffer (red bar) and non-complementary protein marker osteopontin (OPN; 

dark blue bar). Also shown is the response in a negative control experiment where 

a device prepared without the scFv antibody was exposed to the target HER3 at 30 
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Figure 5.1: Chemical structure of pyrene-NHS (left) and azide-NHS (right). 

Both have an [N-hydroxysuccinimide, ester] group, active for amine reactions. .. 93 

Figure 5.2: Functionalization strategies for creating Her3-ECD binding 

sensor. First, the graphene is functionalized with Azide-NHS or Pyrene-NHS. The 

NHS active groups recognize the primary amine of scFv-A5 receptor protein to form 

an amide bond. The unmodified NHS groups are blocked with ethanolamine and 

then the devices are exposed to a Her3-ECD solution. .......................................... 96 

Figure 5.3: Performance characteristics of annealed Graphene-FET array: 

(A) AFM image 4x4 µm, z=10 nm; (B) Raman Spectra; (C-E) I-V response of 100 

G-FET devices, 0.1 V and histograms of Dirac voltage and hole mobility. .......... 97 

Figure 5.4: Atomic Force Microscopy (AFM) images and height histograms 

of scFv-A5 receptor proteins (gold dots) decorating the G-FET surface with: (A-B) 

Pyrene-NHS and (C-D) Azide-NHS, 3.3 x 3.3µm, z = 5 nm. There is a factor of 4 

difference in the protein attachment density between the Azide-NHS and the 

Pyrene-NHS. The height histograms of AFM features show a peak around 2.5 nm 

and 5.5 nm for Pyrene-NHS and Azide-NHS, respectively. .................................. 99 

Figure 5.5: Raman spectra of GFET before (blue) and after (red) exposure to 

Azide-NHS and after scFv-A5 (green). The strongly enhanced D-band near 1360 

cm-1 after the functionalization indicates formation of numerous binding sites on the 
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Figure 5.6: I-Vg curves in forward gate sweep after successive 

functionalization steps of GFET modified with: (A) Pyrene-NHS and (B) Azide-

NHS. Note the Dirac voltage shift to positive values after exposure to a solution of 

scFv-A5, blocking step and Her3-ECD. ............................................................... 101 

Figure 5.7: Sensor response (Dirac voltage shift) as a function of  HER3-

ECD concentration. Each point consists of 25 statistically significant devices for 

(A) Pyrene-NHS and (B) Azide-NHS. ................................................................. 102 

Figure 5.8: (a) Schematic of the GFET fabrication process. (b) Schematic of 

the electrical probe to characterize graphene devices. (c) Optical Image of a single 

GFET device. Silicon Oxide (Oxide) regions and graphene are differentiated by a 

�G�L�I�I�H�U�H�Q�F�H���L�Q���F�R�Q�W�U�D�V�W�������G�����2�S�W�L�F�D�O���,�P�D�J�H���R�I���D�����´���Z�D�I�H�U���D�I�W�H�U���F�R�P�S�O�H�W�L�Q�J���I�D�E�U�L�F�D�W�L�R�Q����

Process is done at the wafer scale. ....................................................................... 109 

Figure 5.9: (a) Raman spectrum for a fully patterned GFET channel. The 

G/2D ratio is 0.33 and D/G ratio is 0.16, in agreement with low defect monolayer 

graphene. (b) Graphene resistance as a function of gate voltage with subtracted 

linear baseline for an entire array of GFET. Device yield is 98%. (c-d) Histogram 

of the Dirac voltage (panel c) and mobility (panel d) for a total of 1100 GFET 

devices (11 arrays of 100 devices each) from a single fabrication process. ........ 113 

Figure 5.10: (a) Schematic for the binding chemistry of the linker molecule 

and the antibody protein. (b) AFM images of graphene at various steps in the 
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process. Left: As-transferred graphene. Middle: After azide attachment. Right: After 

antibody immobilization. ...................................................................................... 115 

Figure 5.11: (a) Schematic of antibody/target binding. (b) R-Vg 

characteristic shows a shift after exposure to the target. Azide/antibody curve 

(black) is the reference and it shifts towards the target curve (red). (c-f) 

Concentration dependent responses (relative to buffer) of antibody/target pairs fitted 

by Hill-Langmuir model of binding dynamics. (c) GroS-1 antibody, (d) groS-2 

antibody, (e) flaB-1 antibody, (f) flaB-2 antibody. .............................................. 116 

Figure 5.12: Relative to buffer Dirac shift for two sets of arrays. Insert shows 

a schematic of the multiplexed array. Each array is functionalized with groS-1 

antibody on the top section of the array and with flab-1 on the bottom section of the 

array. A mixture of groS target (30 ng/mL in 0.75 mM dialysis buffer) and flaB 

target (3000 ng/mL in 0.75 mM dialysis buffer) is sensed by the entire chip. An 

accumulated histogram of the responses (relative to buffer) for both chips is shown, 

top section in blue and bottom section in green. .................................................. 118 

Figure 6.1: Variation of the Au nanodot area deduced from SEM images (a) 

and of the nanodot heights deduced from AFM measurements (b). All data have 

been taken after thermal annealing of Au island films on Si substrates in Ar for 1 h 

at various temperatures.11 ..................................................................................... 126 

Figure 6.2: SEM and AFM images of a honeycomb Au mask prior to 

annealing (a) and SEM and AFM images of annealed Au island films on Si 
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substrates in Ar for 1 h, and variation of the area distribution of Au nanoparticles 

depending on annealing temperature: (b) 400, (c) 600, (d) 800, and (e) 1000 °C.11

 .............................................................................................................................. 127 

Figure 6.3: SEM images of hexagonal arrays of Au nanodots fabricated by 

annealing at 1000 °C in Ar atmosphere for 1 h. The diameter of the PS spheres was 

1000 nm, and the thicknesses of the sputtered Au films varied: (a) 20 nm, (b) 100 

nm, (c) 200 nm, and (d) 300 nm. Panel (e) shows the nanodot areas deduced from 

SEM data as a function of the thickness of the sputtered Au films measured by a 

quartz crystal microbalance.11 .............................................................................. 128 

Figure 6.4: SEM images of Au nanodot arrays that formed after Au film 

sputtering (200 nm thick) through PS sphere shadow masks onto Si substrates and 

after annealing at 1000 °C for 1 h in different atmospheres: (a) Ar, (b) air, (c) N2, 

(d) mixture of Ar and H2, and (e) vacuum.11 ....................................................... 129 

Figure 6.5: (a) AFM line scans of (1) annealed graphene, (2) PBASE 

functionalized graphene, and (3) graphene functionalized with PBASE and 

aminated DNA. Inset: AFM images showing the scan lines plotted in the main 

�I�L�J�X�U�H�����6�F�D�Q���O�L�Q�H�V���D�U�H�������������P�����=-�V�F�D�O�H���������P�������E�� �,�í�9�J���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���I�R�U���D���W�\�S�L�F�D�O��

GFET that was annealed, functionalized with PBASE, reacted with 22-mer 

aminated probe DNA, and exposed to 10 nM target DNA in deionized water.12 131 

Figure 6.6: (a) Height profile of two linkage chemistry processes for azide-

NHS taken by AFM. 2 min exposure (black-dashed) and 30 min exposure to 25 
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1 OVERVIEW 

In recent years, there has been an increasing need for novel sensor 

technologies that are low cost, fast, and reliable for environmental and medical 

applications.17-20 Nano/Bio hybrids provide the perfect solution for these 

technological needs. Biological molecules provide high affinity towards their 

specific target and two dimensional materials are an excellent transduction device 

for the sensed electrical signal. Recent scientific advances allow for these 

biomolecules to be tailored to specific sensing needs: synthesized 

deoxyoligonucleotides can be used for DNA priming,21 and antibodies and single 

domain chains can be genetically engineered.22, 23 Graphene has been used in a wide 

range of applications.24-27 It is a single atom thick array of carbon atoms with a 

carrier density can be tuned with an electric field.28 Graphene also shows very high 

mobility even at room temperature (100,000 cm2/V-s for suspended graphene),29, 30 

and shows high flexibility and tensile strength.31 In this work, we demonstrate large 

scale fabrication of clean, high yield Graphene Field Effect Transistor (GFET) 

arrays that show excellent electrical performance. We aim to build a toolset of 

scalable processes for fabrication of Nano/Bio hybrid devices with different 

biomolecules, and different binding mechanisms with the GFET arrays. Having a 

toolset of binding chemistries allows more biomolecules usable by this technology, 

and for a wider range of possible biological applications.  
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Chapter 2 explains the structure and properties of graphene, as well as useful 

concepts for biomolecules. A description of relevant properties of graphene like 

mobility, and Dirac voltage are briefly explained through band theory of solids. We 

relate these fundamental parameters to experimental methods like the dependence 

of resistance to the applied electric field. There is a summary of the theory of 

interactions with graphene by both Covalent and Non-Covalent methods. The main 

properties and relevant binding interactions of deoxyribonucleic acids (DNA), 

immunoglobulins (antibodies) and their fragment chains (scFv) are discussed. 

Chapter 3 explores the functionality and methodology of each of the tools 

and processes used. First, we describe growth of graphene through chemical vapor 

deposition (CVD), as well as graphene transfer techniques, and graphene cleaning 

through chemical treatment or annealing. Then we explore fabrication methods such 

as mask fabrication, photolithography and thin film deposition, graphene etching, 

linker chemistries, and biomolecule attachment. Finally, we explain the tools used 

to characterize the sensor arrays like Atomic Force Microscopy (AFM), Scanning 

Electron Microscopy (SEM), Raman Spectroscopy, and Electric Characterization. 

The following chapters describe the main experimental results. In chapter 4, 

we discuss nanoparticle aided functionalization of graphene devices. For the first 

experiment the GFETs are modified with platinum nanoparticles (PtNPs) to obtain 

a hybrid nanostructure suitable for attachment of HER3-specific, genetically 

engineered thiol-containing scFv. Physical and electrical characterization of the 
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arrays is carried out by electron microscopy, atomic force microscopy, Raman 

spectroscopy, and current�±gate voltage measurements. A concentration-dependent 

response of the biosensor to HER3 antigen is found, with a dissociation constant of 

800 pg/mL and a is 300 fg/mL limit of detection. For the second experiment the 

GFETs are modified with gold physical vapor deposition followed by thermal 

annealing to form monodisperse gold nanoparticles (AuNPs). Devices are in a four-

probe configuration, with high carrier mobility (3590 ± 710 cm2 /V·s) and low 

unintended doping (Dirac voltages of 9.4 ± 2.7 V). The AuNP-Gr-FETs were readily 

functionalized with thiolated probe DNA to yield DNA biosensors with a detection 

limit of 1 nM and high specificity against noncomplementary DNA. 

Chapter 5 discusses chemical linking of biomolecules to graphene devices to 

form Nano/Bio sensors. Initially we compare two different chemicals linking 

methods, with 1-pyrenebutanoic acid succinimidyl ester (pyrene-NHS) and 4-

Azide-2,3,5,6-tetrafluorobenzoic acid, succinimidyl ester (azide-NHS) for covalent 

and non-covalent binding, respectively. We use a 100 device, two probe, array that 

show 2363 + 87 cm2/Vs mobility and -3.4 + 0.3 V Dirac voltage. The recognition of the 

binding between Her3-ECD and scFv-A5 is shown as a concentration-dependent 

response in the Dirac voltage, with a detection limit of 3.1 pg/mL, a factor of 100x more 

sensitive than ELISA. Finally, we show the multiplexing potential of sensing arrays. 

We use a 100 device, two probe, array built on an HMDS treated SiO2 wafer. 

Devices show high mobilities (4952 ± 1682 cm2/V-s) and low charge doping (Dirac 
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voltage of 0.5019 ± 2.712 V), and high transistor yield (98%). Sensors are then 

functionalized with an engineered Lyme antibody protein by a photoactivated 

perfluorophenyl azide linker chemistry. Four different antibodies specific to two 

different targets (two antibodies for each target) were measured and show a 

concentration dependent response. A mixture of the targets is then measured where 

the antibodies are multiplexed at different regions of the sensor array, showing a 

distinct detection between the two components of the mixture. 

A summary of the experimental results presented in this thesis and prospects 

for the future that this technology could allow are presented in chapter 6. 
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2 INTRODUCTION TO GRAPHENE AND BIOMOLECULES 

Several applications require sensor technology that has high sensitivity and 

selectivity, while at the same time being fast and affordable. Applications such as 

environmental monitoring, and biomedical diagnostics are of special interest in later 

years.32-35 Nano/Bio sensors combine the sensitive, highly selective synthetic 

biomolecules with the speed and cost of Nano materials. Graphene specifically is a 

particularly good candidate for sensing applications due its well understood carbon 

chemistry, high electrical properties, and surface to volume ratio.  

It is important to understand both components of our Nano/Bio hybrid 

sensors. This chapter describes Graphene in the context of band theory of solids, the 

three terminal Graphene Field Effect Transistor, as well as the electrical 

characteristics of graphene. The chapter then discusses the structure of 

biomolecules, the functions of deoxyribonucleic acid (DNA) and Immunoglobulins 

(IgG) which are the two types of biomolecules we used on this thesis, and the 

binding chemistry in biomolecules. 

2.1 GRAPHENE 

Graphene is a carbon allotrope, where sp2 hybridized carbon atoms are 

planarly arranged in a tightly bound hexagonal lattice.36, 37 The unit cell for graphene 

(Figure 2.1a) is defined by a two atom basis with primitive translation vectors given 

in equation (2.1). Here �=�4 
L �r�ä�s�v���:�J�I �; is the interatomic distance between 
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carbon atoms. These primitive vectors form the Bravais lattice of graphene. 

These planar sheets can stack on top of each other with an interatomic distance 

of �r�ä�u�u���:�J�I �; to form graphite. 

 �=
1�5 
L
�=�4
�t


k�¾�u�š
Ü 
E �›
Ü
o

�=
1�6 
L
�=�4
�t


k
F�¾�u�š
Ü 
E �›
Ü
o
 (2.1) 

It is useful to define the Brillouin zone, which is the primitive cell defined in 

reciprocal space (Fourier transform of the Bravais lattice). Two primitive vectors 

can be defined as in equation (2.2) for the Brillouin zone (Figure 2.1b). We can then 

Figure 2.1: (a) Bravais lattice of graphene with unit cell (dashed line) and primitive vectors �=
1�5 and 

�=
1�6. Carbon atoms i and j1 are the atom basis. Atoms jn are first and second nearest neighbors of 

atom i. (b) Brillouin zone for the reciprocal lattice with primitive vectors �>�,
1�5 and �>�,
1�6. ��  and ���" are 

the irreducible wave vector points in the Brillouin zone, �� and ��  represent significant wave vectors 

in the reciprocal space.13 
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identify wave vectors that are of interest, �� for the origin of the reciprocal space, ��  

and ���" are the two irreducible points (each corresponding to the sub-lattices of the 

Bravais lattice) at the edge of the Brillouin zone, and ��  for the midpoint between 

the two irreducible points. 

 
�>�,
1�5 
L

�t�è
�=�4

�F
�¾�u
�u

�G
à�ë 
E �G
à�ì �G

�>�,
1�6 
L
�=�4
�t

�F
�¾�u
�u

�G
à�ë 
F �G
à�ì �G

 (2.2) 

2.1.1 Band Structure of Graphene 

The band structure of graphene was calculated theoretically using tight 

binding (or linear combination of atomic orbitals) model.38, 39 Tight binding is a 

semi-empirical calculation method used to estimate band structure in theory of 

solids. For systems with low number of atoms in the unit cell, wave functions can 

be used to obtain an exact result. The general assumption is that electrons are tightly 

bound to the atom to which they belong and they have limited interaction to the 

surrounding potentials. We can then assign probability of interaction �Û�á to the 

interaction with the nth nearest neighbor, and solve a system of order n. Solving for 

graphene to the first order the dispersion is as shown in equation (2.3). 
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Graphene dispersion shows graphene is a zero-bandgap semiconductor with 

density of states equal to zero at the fermi energy.38, 39  The conduction at valence 

bands have a null gap at the ��  and ���" points, called neutrality points. The value of 

the overlap integral (probability of interaction) can be calculated by density 

functional theory, and it equal to �Û 
L �t�ä�w���:�A�8�;.40 This value is experimentally 

confirmed by scanning probe microscopy.41 Figure 2.2a shows the complete 

dispersion inside the Brillouin zone, Figure 2.2b shows the projections along a 

specific wave vector path. 

 

Figure 2.2: (a) Calculated dispersion for graphene in the Brillouin zone. This is the solution to a 

first order tight-binding model. In red, the Fermi Energy level. The valence and conduction band 

are below and above the Fermi level, respectively. (b) Projection of the dispersion along the wave 

vector path �� �\ ���� �\ �� �\ �� .1-3 
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2.1.2 Graphene Field Effect Transistors 

There is great interest in the integration of graphene devices with DC and RF 

applications42, 43. For all research in this thesis we used the three terminal Field 

Effect Transistor (FET). Graphene, due to its tunable carrier density, can be used in 

the main conducting channel of a FET. For Graphene Field Effect Transistors 

(GFET) an Electric Field can tune the carrier density, this is done by applying a 

voltage (Vg) to capacitively coupled terminal called gate. The current along the 

cannel can then be measured to have a dependence with the gate voltage due to the 

coupling with the carrier density in the cannel. The current is measured by applying 

a bias (Vb) to two terminals at each end of the graphene channel. 

Figure 2.3: Schematic of a Graphene Field Effect Transistor (GFET). Indicated are the three 

terminals source, drain and gate. The channel is separated from the gate by an insulating layer. A 

bias voltage is applied to measure the current through the channel, this current changes with carrier 

density which is a function of the gate voltage. 
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2.1.3 Carrier Density 

In the case of two dimensional materials such as Graphene, carrier density is 

defined as the number of electrons or holes per unit of area. Graphene is a material 

with tunable carrier density, then the doped carrier density (�J�Û) is the measure of 

carriers injected into the graphene channel due to an applied electric field and he 

residual carrier density (�J�4) as the measure of the carriers that produce the minimum 

conductance. The residual carrier density for ideal graphene should be zero but it is 

not due to several factors such as interactions with the substrate, temperature, 

defects, among others. The total carrier density (�J) can then be modeled as:44, 45 

 �J 
L
¥�:�J�4�;�6 
E�:�J�Û�;�6 (2.4) 

We then consider the source of carriers injected into the graphene. When a 

voltage is applied to the capacitively coupled gate of a GFET the generated electric 

field injects charge (�M�Û
L �A�J�Û) to the graphene. Considering the coupling as that of 

a parallel plate capacitor, the injected charge density is �J�Û
L
�5

�Ø
�%�8�Û. Where �8�Û is the 

voltage difference with respect to the neutral voltage, and �% is the total coupling 

capacitance. Equation (2.4) can be written as: 

 
�J 
L

�s
�A


¥�:�A�J�4�;�6 
E�:�%�8�Û�;�6 (2.5) 
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2.1.4 Dirac Voltage 

Figure 2.2a shows the dispersion for graphene, that is the energy dependence 

with the momentum of electrons. The Fermi level is the energy such that all states 

above it are empty, for graphene at �r���- temperature, its where the valence and 

conduction bands cross. Electrons being injected or depleted are going to fill up 

empty states close to the fermi level. The dispersion relation then depends only on 

wave vectors that around �-  or �-�". here the dispersion can be shown to be linear, and 

it is commonly referred as a Dirac Cone,38 show in Figure 2.4 for depleted electrons, 

at the neutrality point, and for injected electrons. 

In a GFET we inject or deplete electrons by means of the capacitively 

coupled gate voltage (�8�Ú). At �8�Û
L �r the energy is the fermi level (Figure 2.4b). 

Additionally, if the temperature is �r���- the gate voltage should be equal to the 

Figure 2.4: Dispersion around the Dirac Cone for graphene. (a) Depleted electrons, are taken from 

the valence band (b) Neutrality point, electrns occupy states up to the fermi level. (c) Injected 

electrons, are placed on the conduction band. 
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coupled voltage, that is �8�Ú 
L �8�Û. There are two main factors that would alter the 

actual value of �8�Û, the interaction with the substrate, and temperature. Those effects 

amount to an additional constant Energy (if  those parameters remain constant), or 

additional carriers at the neutrality point. Equation (2.6) can then be written as: 

 
�J 
L

�s
�A


§�:�A�J�4�;�6 
E �%�6
k�8�Ú
F �8�½
o
�6
 (2.6) 

where �8�½, is called the Dirac Voltage. And it is the constant energy added due to the 

interactions effects at room temperature. This is the voltage we will use to 

characterize our sensors. When the gate voltage is lower than the Dirac voltage we 

deplete electrons from the channel, and conduction is possible with electron 

vacancies (holes) in the valence band. When the gate voltage is higher than the Dirac 

voltage we inject electrons to the channel, and conduction is possible with electrons 

in the conduction band. Due to this dual conduction (with holes in the valence band 

and with electrons in the conduction band) graphene is said to be ambipolar.37 

2.1.5 Carrier Mobility 

Carrier mobility characterizes the movement of electrons when in the 

presence of a driving electric field. It is important to note that the driving electric 

field is different from the coupling electric field. Carrier mobility is defined as: 
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 �R
1 
L �ä�'�,
1 (2.7) 

where �R
1 is the velocity of electrons, �ä is the mobility, and �'�,
1 is the electric field that 

drives the electron motion. Mobility is commonly measured using the hall-effect, 

where mobility is can be calculated by equation (2.8).46 �ì is the scattering time and 

�I �Ûis the apparent mass (equation (2.9)). The mobility then depends on scattering 

effects, where factors affecting this scattering will in turn affect the mobility. 

Factors such as defects, substrate interactions, and temperature will decrease 

mobility. From the dispersion, we can calculate the apparent mass around the fermi 

energy to be zero. However, mass is not zero but a small value. This is the cause for 

the giant mobilities in graphene.47 Factors that cause the neutral charge to be non-

zero will cause the mobility to decrease.  

 �ä 
L
�A�ì
�I �Û (2.8) 

 
�I �Û
L

�0�6

�ò�6�'
�ò�G�6

 
(2.9) 

Typical mobilities of graphene range from 2,000 cm2/V-s and 100,000 

cm2/V-s, depending on the different factors present during measurement.48-52 Fore 

reference, typical mobility on electronic silicon based devices is ~1,000 cm2/V-s.53  
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Current density (�,
1) can be calculated as the total charge density multiplied by 

the velocity of electrons. Equation (2.7) can then be written as: 

 �,
1
L �J�A�ä�'�,
1
L �ê�'�,
1 (2.10) 

�ê is the conductivity of Graphene. Using equation (2.6) (defining �9  as the width 

and �. as the length of the graphene channel) and �ê 
L �J�A�ä from equation (2.10)  

channel resistance can be calculated as: 

 
�4�¼�Û
L

�s

�ä
�9
�.


§�:�A�J�4�;�6 
E �%�6
k�8�Ú
F �8�½
o
�6
 

(2.11) 

2.1.6 Contact Resistance 

Equation (2.11) is the graphene channel resistance as a function of the gate 

voltage applied. It is important now that we consider the case of the interface 

between graphene and a metal contact, since it has been shown to depend on the 

gate voltage.54 Ignoring the effects at the interface of graphene and metal can lead 

to errors when determining the mobility.55, 56 There are two effects that dominate 

the graphene/metal interaction. The first one is work function pinning, the second 

one is contact doping.6 Pinning is referred to a change in the work function of 

graphene to match due to the difference with that of the metal when they come into 

contact, since the work function of metals is not easily tuned the graphene is has its 
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work function pinned.57 We can see this effect as in Figure 2.5a where the Dirac 

cone of graphene in contact with the Dirac cone of pristine graphene is increased in 

Energy. Doping occurs when graphene is only partly in contact with a metal, causing 

the increase in work function in the regions where there is contact and unchanged 

otherwise. There is a gradual change of the work function close to the edge between 

the exposed graphene and the graphene in contact with the metal, this region is the 

charge transfer region, (Figure 2.5b).6 

Consider purely exposed graphene as an n-n junction for the electron branch 

and a p-p junction for the hole branch (Figure 2.5c). We can smoothly switch 

between these two regions by tuning the gate voltage and the transition point is the 

Dirac voltage. However, when graphene partly interfaces with a metal contact there 

Figure 2.5: (a) Pinning effect of a graphene-metal contact, the Dirac cone has shifted from the fermi 

energy (EF) to now match the work function difference. (b) Doping effect near the edge between 

the exposed and the unexposed graphene. Pinned and unpinned Dirac cones are shown as well as 

the depletion region (LB). (c) p-n junction of the around the graphene edge. Once the Fermi level 

increases enough (by increasing the gate voltage) both Dirac cones can be n conducting forming an 

n-n region. Similarly, for decreasing Fermi level forming the p-p junction.6 
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is a p-n junction with a depletion region between the n-n and the p-p.58 This 

introduces an asymmetry with respect to the Dirac voltage, where the hole current 

is usually higher than the electron current.6 Figure 2.6 shows the measured contact 

resistance for several metals as a function of gate voltage. In this thesis, we will 

model this effect by a linear response centered at the Dirac voltage. We can then 

write the total as the sum between the channel and the contact resistance. 
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(2.12) 

Figure 2.6: Contact resistance as a function of gate voltage for several metals. Insert shows the 

layout of the experiment.6 
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2.2 BIOMOLECULES 

In general, biomolecules are any molecule that is present in living organisms. 

Structurally, they are polymeric chains made from fundamental structures called 

biomonomers. The four different types of biomonomers are amino acids, 

monosaccharides, isoprene, and nucleotides.59 In this thesis, we will focus on Amino 

Acid and Nucleotides derived Structures. 

Amino acids contain amine and carboxylic acid functional groups attached 

to a common carbon. There are twenty-one standard amino acids, five of have 

charged side chains, four are polar but uncharged on their sidechains, eight have a 

hydrophobic side chain, and the remaining four are special cases (one of which is 

strictly speaking not an amino acid). Some enzymes can modify the structure of 

these amino acids and the result would not be one of the standard twenty-one. One 

type of complex polymeric chains of amino acids is called protein. Proteins can do 

a vast array of functions in living organisms, due to the varying array of functions 

provided by amino acids. Their specific function is the result of the complex 

interactions between its components. This usually not only involves the order of the 

chain but also the specific folding it takes in equilibrium. When a protein loses 

functionality due to some external factor (i.e. pH, temperature) it is said to have 

denatured. 
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Nucleotides are phosphorylated nucleosides, that is a nucleoside that has 

gained a phosphate ((PO4)3-) group. Nucleosides are glycosylamines composed of a 

nucleobase and a 5-carbon sugar (either a ribose or a deoxyribose). There are five 

nucleobases, Adenine (A), Guanine (G), Thymine (T), Uracil (U), Cytosine (C). 

Depending on which 5-carbon sugar composes the nucleotide, the complex 

polymeric chains formed are called ribonucleic acid (RNA) or deoxyribonucleic 

acid (DNA). 

2.2.1 Immunoglobulins 

For sensing applications, a very prevalent biomolecule are antibodies. 

Sensing applications for antibodies have been demonstrated using immunoassay 

design, quantum dots, fiber optics, fluorescence, and others.60-63 Antibodies are also 

called Immunoglobulins (Ig), they are large Y-shaped proteins (Figure 2.7) that is 

used by the immune system to identify and neutralize harmful agents in living 

organisms. There are different types of antibodies, most notably Immunoglobulin G 

(IgG) constitutes most the immune system. Structurally they are made of structural 

units called the heavy chain, light chain, and the variable fragment (scFv). There are 

different types of heavy chains but their function is to direct the appropriate immune 

response. Variable fragments are what allows antibodies the flexibility to identify a 

variety of diseases, this chain reacts specifically to a target molecule (antigen).64, 65  
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Antibodies are produced naturally by B-cells of the adaptive immune 

system.64 It is possible to synthesize antibodies, both the entire IgG as well as the 

scFv by itself. An scFv has the same or better binding affinity than the complete 

IgG, with the benefit of being smaller size (25kDa for scFv compared to 150 kDa 

for IgG).66 This is done by injecting an animal (typically mice, or rabbits) with the 

target protein and harvesting their B-line cells. Through purification and cellular 

cloning several copies of the cell can be tested. The genetic material can then be 

extracted to either synthesize the full IgG or the scFv.67 

Figure 2.7: Computer generated immunoglobulin. Annotated the two different chains of the 

antibody and the binding regions.4 
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2.2.2 Deoxyribonucleic Acid 

Deoxyribonucleic Acid (DNA) is the biomolecule that carries all genetic 

instructions of living organisms. Most DNA molecules consist of two 

polynucleotide chains, each chain is formed by a combination of the A, C, T, or G 

nucleotide bases bound together in a helix shaped structure (Figure 2.8). The 5-

carbon sugar of the nucleotide in one chain is covalently bonded to the phosphate 

group in the other, causing only two nucleotide pairs to form T-A, and C-G. This 

means the same amount of biological information is stored in a single helix than in 

a double helix. 

Figure 2.8: Computer generated image of a Deoxyribonucleic Acid (DNA) structure. T-A and C-

G base pairs are highlighted.5  
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The main application of DNA in this thesis is to use one strand to detect its 

complement. Due to the nucleotide affinity, the entire chain is highly sensitive to its 

target even changing a few base pairs in the chain makes the binding probability 

decrease significantly.12 

2.2.3 Hill -Langmuir Model 

Antibody/Antigen or DNA complementary chain binding are complex 

interactions where one molecule gets adsorbed into another. The model used in this 

thesis is a Hill-Langmuir Model. The Langmuir adsorption model assumes the 

adsorbate behaves like an ideal gas at thermal equilibrium, which can be calculated 

using the partition function.68, 69 For �0 adsorbates interacting with �0�æ binding sites, 

we can write the partition function (�<�:�Ç�;)  as 

 
�<�:�Ç�; 
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 (2.13) 

where �Þ is the partition function for a single adsorbate to a single binding site. Here, 

the partition function is the number of ways �0�æ adsorbates (related to the sites) given 

a total number �0. The gran canonical partition function (�ô) can then be calculated 

to be 
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here �ä is the chemical potential, �G�» the Boltzmann constant, and �6 the temperature. 

Calculating the Landau energy from equation (2.14 and using �@
�!�Å

�!��
�A

�Í�á�Ï

L 
F�0 we can 

calculate the ratio of adsorbates to binding sites. 
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Since the model defines the adsorbates as an ideal gas in thermal equilibrium 

the chemical potential of the adsorbates �ä equals the chemical potential of an ideal 

gas. Using the ideal gas law, equation (2.15 can be written as: 
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�2 is the pressure of adsorption. When �2 
L �2�4, there are twice as many adsorption 

sites as available adsorbates. �2�4 then is the pressure of adsorption where half the 

binding sites are occupied. The Hill coefficient �J, that represents the effect of 

enhanced binding near similar ligands.70 Using the Hill coefficient and write the 

ratio of pressures as the ratio of concentrations, equation (2.16 can is: 
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�>�?�? is the concentration of the adsorbates (target), �>�- �? is the concentration for half 

occupation of binding sites, and �J is the Hill coefficient. 

2.2.4 NHS ester/Amine Chemistry 

NHS esters are an amine specific functional group. The reaction involves the 

carboxylate ester reacting with the amine in biomolecules to form an amide bond 

(Figure 2.9). Hydrolysis of the NHS ester is a competing reaction and its rate is 

proportional to the pH. The half-life of NHS esters is estimated to be 4 to 5 hours at 

pH 7.0 and 0oC, but it decreases to only a few minutes above pH 8.0. It would 

decrease further at higher temperature.  

Figure 2.9: NHS ester/Amine reaction. Reaction is optimal close to neutral pH. Amide bond is 

formed and a hydroxysuccinimide are released.7  



24 

 

2.3 SUMMARY 

In this chapter, we introduced the concepts for both parts that compose a 

Nano/bio hybrid sensor. We described the morphology of graphene and calculated 

the energy dispersion of graphene. We derived the resistance of a GFET device from 

first principles, defining the mobility, Dirac voltage and neutral charge density. We 

considered the effect of the interaction between a metal contact and graphene when 

fabricating our devices. Then we described the biomolecule structure and properties, 

specifically antibodies and DNA both used in this thesis. We used statistical 

mechanics to describe the binding dynamics between two complex molecules, as 

described by the Hill-Langmuir model. Finally, we described the chemistry of NHS-

esters and amines in biomolecules used in linker molecules. All these concepts are 

crucial when exploring the work presented in this thesis. 
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3 EXPERIMENTAL METHODS 

This chapter describes the details of the experimental methods used during 

fabrication and characterization of the Nano/bio hybrid devices presented on this 

thesis. We start with processing techniques for graphene, covering synthesis of 

�J�U�D�S�K�H�Q�H�� �D�Q�G�� �H�O�H�F�W�U�R�O�\�V�L�V�� �G�U�L�Y�H�Q�� ���³�E�X�E�E�O�H�´���� �W�U�D�Q�V�I�H�U�� Second, we discuss the 

fabrication of GFETs. We outline the procedure used for fabrication, and then we 

detail each step of the process, laser, and photo- lithography, deposition of thin 

layers, plasma etching, and annealing. Then we discuss the functionalization 

chemistries, using a pyrene based linker, an PFPA based linker, and nanoparticle 

aided functionalization. Finally, we describe the characterization techniques such as 

electrical measurements, Atomic Force Microscopy, and Raman spectroscopy. 

3.1 CHARACTERIZATION METHODS 

3.1.1 Electrical Measurement 

Electrical transport in graphene is a measure of local electrostatic effects in 

its surroundings.71 Considering the presence of the biomolecule and target causes 

an electrostatic change close to the graphene we can precisely determine binding 

effects by properly characterizing transport. In this thesis, we use two electrical 

configurations to characterize arrays shown in Figure 3.1, two-probe and four-probe 

configurations. In both configurations, we characterize the resistance of the channel 

at a range of gate voltages (Vg). Two-probe configuration measures the current (I) 
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through the device at constant bias voltage (Vb). Four-probe configuration measures 

the voltage (V) across the middle ports when a constant bias current (Ib) flows 

through the outer ports. The Four-probe measurement geometry removes any ohmic 

effect of contact resistance. 

All electrical measurements throughout this thesis were performed in a 

CASCADE MICROTECH MPS150 TRIAX modified for parallel measurement (up 

to 136 pins). Under normal operation the setup requires two source meters, so we 

used a KEITHLEY 6517A as a gate voltage source and a KEITHELY 2400 as either 

a voltage source/picoammeter or a 4-probe meter depending on configuration. 

However due to the need for simultaneous measurement of each device in a large 

array during electrical characterization we used in addition a NATIONAL 

INSTRUMENTS PXIe-1073 MXIe and a PXI-2535 4x136 FET switching matrix 

(SM) that allows connections between an input line and any of its output ports. A 

Figure 3.1: Connection schematic for electrical characterization of GFETs for (a) two-probe 

configuration, Vg is gate voltage, Vb is the bias voltage, and I is the measured current (b) four-probe 

configuration, Vg is gate voltage, Ib is the bias current, and V is the measured voltage.  
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custom order ACCUPROBE probe card is used to connect the column outputs to 

the GFET pads on the chips. The setup allows to connect the source meters (rows 

SM) to the source or drain of GFETs (columns SM/probe card). Finally, data is 

collected digitally through a NATIONAL INSTRUMENTS DAQ card and 

instruments are controlled through either GPIB or USB ports. LabVIEW is used to 

control the setup. The setup is shown in Figure 3.2. 

3.1.2 Atomic Force Microscope 

Although a monolayer graphene film is visible to the naked eye, many 

important properties of nanoscale materials exist on a scale below the resolution 

limit of visible light microscopy. Scanning Probe Microscopy can be used to 

improve on the visible limit: a probe raster-scans across the sample measuring a 

specific property and an image is generated by mapping this quantity in the probed 

area. Atomic Force Microscope (AFM) uses a small mass, sharp tip that is able to 

deflect vertically due to electric or magnetic forces (depending on the material of 

Figure 3.2: Parallel electrical characterization setup. Two Keithley source meters, a probe card, a 

switching matrix, the probe station, and a controller computer are shown.  
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the tip).72 AFM is a relatively non-invasive SPM technique, especially if the tip is 

�V�H�W�� �W�R�� �³�W�D�S�S�L�Q�J�� �P�R�G�H�´�� �Z�K�H�U�H�� �W�K�H�� �W�L�S�� �L�V piezoelectrically driven to oscillate near 

resonance. The measurement of the oscillation is done by a laser that reflects off the 

backside of the cantilever and is collected on a four-quadrant photodetector. 

Intramolecular forces cause a dampening in the oscillation changing its amplitude, 

frequency, and phase.73 A feedback loop maintains a constant dampening force by 

changing the distance to the sample. The height of the surface can be calculated 

from the feedback. Figure 3.3 shows an illustration of an AFM operating principles.  

 Amplitude and phase of the AFM scan can also provide useful topographical 

information.74 The phase of the oscillation of the cantilever varies with the physical 

properties of the material. Lateral resolution is limited by tip radius and the 

mechanical components that move the sample, Z direction however is much more 

sensitive since it is limited by the photodetector resolution and vibrational noise. 

Figure 3.3: Diagram of AFM operation. Piezoelectric sensor controls the oscillation, movement in 

the horizontal plane and the height. A feedback loop keeps the measured force constant. 
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A BRUKER DIMENSION 3000 was used for all AFM images in this thesis. 

Cantilever tips were TAP300Al-G Budgetsensors with a resonant frequency of 300 

kHz and a tip radius less than 10 nm. Scanning was done parallel to the electrode 

orientation and in tapping mode. 

3.1.3 Scanning Electron Microscope 

The Scanning Electron Microscope (SEM) measures signals from the 

interaction between a beam of electrons focused on a small spot on the sample and 

the atoms on that spot.75 The signals contain different information on the topography 

and composition of the material, depending on how they were collected. The 

position of the beam and the information collected from the interaction signals can 

be processed to generate an image. The types of signals include secondary electrons 

(SE), back-scattered electrons (BSE), photons from x-rays, and cathode 

luminescence (CL); the most common being SE. Samples must be electrically 

conductive at the surface, and grounded during measurement (to avoid electron 

accumulation. The experiment is done in low vacuum or high vacuum, over a wide 

range of temperatures. The electron beam itself can be generated either 

thermoionically (SEM) or by a field emitter (FE-SEM). Figure 3.4 shows the 

electron beam focused by using a series of scattering apertures and electromagnetic 

lenses. For this thesis, all images were taken using a FE-SEM JEOL 7500F. 
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3.1.4 X-Ray Photoelectron Spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS), or Electron Spectroscopy for 

Chemical Analysis (ESCA), is a spectroscopic technique that measures electron 

binding energies of the atoms in a material.76 A sample is bombarded with an X-ray 

�E�H�D�P���Z�L�W�K���H�Q�H�U�J�\���V�X�F�K���W�K�D�W���H�O�H�F�W�U�R�Q�V���D�U�H���H�M�H�F�W�H�G���I�U�R�P���W�K�H���V�D�P�S�O�H�¶�V���D�W�R�P orbitals, 

simultaneously the number of electrons is counted and the kinetic energy for each 

is measured (Figure 3.5). Experimentally XPS requires high or ultra-high vacuum 

and only the first few atomic layers from the surface (~10nm) can be measured. 

Additionally, XPS has trouble detecting atoms with low atomic number, like 

hydrogen or helium. Detection limit is around the parts per million (ppm) but lower 

limit can be achieved by doing long exposures. 

The energy collected is discreet due to the quantum nature of atomic orbitals. 

Then, by energy conservation we can write,77 

Figure 3.4: (a) Schematic of a Scanning Electron Microscope. Electron gun generates the stream 

of electrons; a series of electromagnetic condensers and apertures focus the beam to a small point 

on the sample. The whole system is under vacuum. (b) SEM image of an AFM tip.2-3 
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 �' �Û�� 
L �' �Þ 
E �ö 
E �'�»�:�Ü�; (3.1) 

where �' �Û�� is the x-ray energy, �' �Þ is the photoelectron kinetic energy, �ö is the work 

function (this compensates for the work function of the sample and the absorption 

of the electron by the detector), and �' �»�:�Ü�; is the binding energy for the i-th level. 

�' �»�:�Ü�; is calculated for each event in the photodetector and an energy histogram is 

constructed, peaks in the histogram can be fitted to a Lorentz peak to find the 

binding energies of the spectrum.  

A VG Scienta AB XPS is in this thesis. Analysis was performed using a 

monochromatic Al K�. source (�' �Û�� 
L �s�v�z�x�ä�x���A�8) The residual pressure in the 

chamber was maintained to less than 10-8 Torr and the spectrometer was calibrated 

to ISO 15472:2001 with an accuracy of ± 0.05 eV. Survey and high-resolution 

Figure 3.5: Diagram of XPS operation. An X-ray beam shines to the sample and excites 

photoelectrons that are detected. The measured energy spectra of the photoelectrons depends on 

the sample composition.  
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spectra were acquired in constant-analyzer-energy mode with pass energies of 200 

or 100 eV. The spectra were processed using CasaXPS software (v.2.3.16, Casa 

Software Ltd.). Background subtraction was performed using the 

�6�K�L�U�O�H�\�í�6�K�H�U�Z�R�R�G���P�H�W�K�R�G�����7�K�H���T�X�D�Q�W�L�W�D�W�L�Y�H���H�Y�D�O�X�D�W�L�R�Q���R�I���;�3�6���G�D�W�D���Z�D�V���E�D�V�H�G���R�Q��

integrated intensity using a first-�S�U�L�Q�F�L�S�O�H�V���P�R�G�H�O���D�Q�G���D�S�S�O�\�L�Q�J���3�R�Z�H�O�O�¶�V���H�T�X�D�W�L�R�Q.78 

3.1.5 Raman Spectroscopy 

Raman Spectroscopy is a technique used to observe vibrational modes (linear 

or rotational) of a material.79 The sample is irradiated with a laser that interacts with 

the low energy phonons (vibrations), the sample then either absorbs or releases a 

small amount of energy as photons. The energy released is a function of the energy 

of the phonons (vibrational modes) involved in the interaction. The photons are 

counted and their energy is measured. The Raman shift is then calculated as in 

equation (2.1, and from it histogram is constructed. 
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where �ã�4 is the laser wavelength, �ã�Ë is the excited photons wavelength, and ���ø is 

the Raman Shift (usually in cm-1 units). 

Raman Spectroscopy for carbon systems has been extensively studied.80, 81 

The two most prominent peaks in the Ra�P�D�Q���V�S�H�F�W�U�D���I�R�U���*�U�D�S�K�H�Q�H���D�U�H���W�K�H���*���D�Q�G���*�¶��
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�S�H�D�N�V�����K�R�Z�H�Y�H�U���G�H�I�H�F�W�V���L�Q���J�U�D�S�K�H�Q�H���D�O�V�R���F�D�X�V�H���V�F�D�W�W�H�U�L�Q�J���V�L�J�Q�D�O�V���D�W���S�H�D�N�V���'���D�Q�G���'�¶�� 

The G band depends on the sp2 hybridized carbon-carbon bond, meaning that any 

deformations would show by shifting the G peak; as in carbon nanotubes, for 

example. �7�K�H���*�¶���E�D�Q�G���V�K�R�Z�V���D���Z�L�G�H�Q�L�Q�J�����D�Q�G���V�K�L�I�W���I�R�U���L�Q�F�U�H�D�V�L�Q�J���Q�X�P�E�H�U of layers.82 

�7�K�H���'���D�Q�G���'�¶���E�D�Q�G�V���D�U�H���D���P�H�D�V�X�U�H���R�I���W�K�H���G�H�Q�V�L�W�\���R�I���V�F�D�W�W�H�U�L�Q�J���G�H�I�H�F�W�V���L�Q���W�K�H���V�D�P�S�O�H�� 

The G peak (appearing at 1582 cm-1) is a doubly degenerate phonon mode at 

the Brillouin zone center (��). This peak is the most Raman like since it is a single 

resonance process. �7�K�H���*�¶�����D�S�S�H�D�U�L�Q�J���D�W���D�U�R�X�Q�G�������������F�P-1), D (appearing at around 

1350 cm-1)�����D�Q�G���'�¶�����D�S�S�H�D�U�L�Q�J���D�W���D�U�R�X�Q�G�������������F�P-1) peaks originate from a double 

resonance (DR) Raman process. The difference between them is that the D �D�Q�G���'�¶ 

bands are �G�H�I�H�F�W���P�H�G�L�D�W�H�G���S�U�R�F�H�V�V���Z�K�L�O�H���W�K�H���*�¶���L�V���Q�R�W�����6�L�Q�F�H���W�K�H���5�D�P�D�Q���V�K�L�I�W���I�R�U���W�K�H��

�*�¶�� �E�D�Q�G�� �L�V�� �W�Z�L�F�H�� �D�V�� �P�X�F�K�� �D�V�� �I�R�U�� �W�K�H�� �'�� �E�D�Q�G���� �D�Q�G�� �E�R�W�K�� �D�U�H�� �'�5�� �S�U�R�F�H�V�V�H�V�� �*�¶�� �L�V��

sometimes called 2D band. �7�K�H���'�5���S�U�R�F�H�V�V���I�R�U���W�K�H���*�¶�����'�����E�D�Q�G���L�V: (i) an electron-

hole pair is excited with energy �' �ß�Ô�æ�Ø�å near the ��  point (ii) the electron is scattered 

by a phonon (defect) towards the ���" point (iii) the electron is scattered again by a 

phonon to a �G�,
1 state (towards ��  point) (iv) electron-hole recombines emitting a 

photon that is detected for the Raman signal. �7�K�H���*�¶���V�L�J�Q�D�O���D�G�G�L�W�L�R�Q�D�O�O�\���V�K�R�Z�V���D���'�5��

process where both the electron and hole are scattered towards ���" and recombine 

then. Similarly, �W�K�H���'�¶���E�Dnd shows a DR intravalley process (small change in the 

wave vector keeps the process around the ��  point) with a defect mediated 

interaction. All processes are indicated in Error! Reference source not found..  
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All Raman data on this thesis is taken with a NTegra Spectra NT-MDT 

RAMAN/NSOM system with laser wavelength of 532 nm and 1mW power. 

3.2 GRAPHENE PROCESSING 

3.2.1 Chemical Vapor Deposition 

Graphene was first isolated by mechanical exfoliation of highly crystalline 

graphite. Scientific advances allowed the synthesis of graphene sheets by Chemical 

Vapor Deposition (CVD), a chemical process used to grow high quality thin film 

materials. A reacting substrate is exposed to precursor gas at high temperature. The 

precursors will decompose and react with the substrate surface forming a thin film. 

Precursor by-products are usually removed by inert gas-flow, or vacuum.83 

For graphene, specifically, the most common precursors is methane gas 

(CH4) and hydrogen gas (H2) is used to assist the growth process. Methane gas is 

used as a carbon source that at high temperatures decomposes into carbon atoms 

and hydrogen molecules. Hydrogen gas has a dual role: as a co-catalyst in the 

formation of surface bound carbon, and a carbon etching reagent that regulates size 

and shape of the growth domain.84 Essentially it promotes and regulates the 

adsorption of surface bound carbon atoms. The partial pressures of methane and 

hydrogen gas determine the growth rate of graphene, and typically hydrogen should 

have 100-200 times higher partial pressure. An inert gas such as argon can be used 

as carrier gas to aid the removal of methane by-products. It has been shown that the 
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shape of single crystals domains can be affected by changing the partial pressure of 

hydrogen with respect to the carrier gas.85 Copper, Nickel or Tungsten foils are usual 

substrates, due to carbon atoms becoming surface bound with relatively low energy. 

Purity and roughness are important parameters for good quality graphene in these 

substrates.86, 87 Finally, after growth a fast cooldown of the furnace allows for the 

carbon atoms to form covalent bonds without deforming the crystal structure. 

There has been significant research in recent years towards graphene growth 

at the wafer scale.88-90 There are many parameters that control the quality, overall 

size, and domains of the resulting graphene: chamber pressure and temperature, gas 

flow and partial pressures, substrate roughness and cleanliness. The graphene setup 

is shown in Figure 3.6a.  
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�7�K�H���I�X�U�Q�D�F�H���L�V���D�����´���/�R�Z���3�U�H�V�V�X�U�H���&�9�'�����/�3-CVD: MTI Corp OTF-1200X-

4-C4-SL-UL). Flow is regulated individually for each gas by Mass Flow Controllers 

(MTI Corp EQ-MFC-7B) and computer controlled using a 4-channel flow readout 

box (Sevenstar D08-4E). We use research grade (99.999% purity) gases: methane, 

Figure 3.6: (a) Diagram of the graphene furnace used. MFC controllers are used to regulate the gas 

flow into the chamber. A vacuum pump maintains low pressure in the chamber and helps to remove 

reaction by-products. Methane gas is used as a precursor, Hydrogen gas as a regulator and Argon 

gas as a carrier. (b) Diagram of the growth recipe. Argon flow in blue, hydrogen flow in red, 

methane flow in black. Temperature profile in orange. (c) Picture of a copper foil with monolayer 

graphene as grown. Water droplets can easily form on the surface due to its hydrophobicity. 
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hydrogen, and argon. We developed a growth recipe (Figure 3.6b) that produces 

high quality graphene (~4000 cm2/V-s mobilities and < 5 V Dirac voltage). The 

copper substrate is loaded and the chamber is put under vacuum, to approximately 

50 mTorr. The chamber filled with 500 sccm of Ar and 80 sccm of H2, and the 

furnace is then heated to 1020oC. We use a two-zone furnace, where the first zone 

is used to decompose the precursor gas before it arrives to the foil. The substrate is 

annealed under these conditions for 1 hour. Graphene growth is done under 5 sccm 

of methane for 5 min and 10 sccm for 15 min. The chamber is rapidly cooled, 

methane is turned off at 500 oC, and hydrogen at 80 oC. 

Using a larger furnace without updating the growth parameters to adjust 

would usually not result in appropriate graphene growth. Figure 3.7 shows SEM 

images and Raman spectra for two graphene growth recipes. With unoptimized and 

optimized parameters, respectively. The SEM image shows that the unoptimized 

growth has islands of double layer graphene along the grain of the copper. This is 

�F�R�Q�I�L�U�P�H�G���E�\���W�K�H���5�D�P�D�Q���V�S�H�F�W�U�D���W�K�D�W���V�K�R�Z�V���D���*���*�¶���U�D�W�L�R���R�I���D�S�S�U�R�[�L�P�D�W�H�O�\���������W�K�L�V���L�V��

characteristic of multilayer graphene. After optimizing parameters, the SEM image 

shows no traces of double layer. Raman shows a graphene like distribution with a 

�*���*�¶���U�D�W�L�R���R�I���������� 
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3.2.2 Electrolysis Driven Transfer 

It is necessary to be able to separate the copper from the graphene, to be able 

to transfer to an insulating substrate to fabricate GFETs. This can be done by either 

dissolving the copper using a metal etchant,91 or by using electrolysis to drive copper 

�V�H�S�D�U�D�W�L�R�Q�� ���³�E�X�E�E�O�H�´�� �W�U�D�Q�V�I�H�U��92. However, hard acid etchants as the one used for 

copper can dope the graphene during the process. For this thesis, we will use the 

�³�E�X�E�E�O�H�´���P�H�W�K�R�G���V�K�R�Z�Q���L�Q Figure 3.8. We spin coat Michrochem 495 PMMA A4 

at 2000 rpm for 60s on top of as grown copper/graphene, and cure it at 100oC for 

2m. A metal anode is submerged into a 0.05M solution of NaOH (passed through a 

0.6 ��m filter), while the cathode is connected to the copper/graphene/PMMA 

Figure 3.7: (a) SEM image of large scale graphene recipes. Inserts show a zoomed image of the 

same sample. Parameters as used for smaller scale growth (left), and after optimizing parameters 

(right) (b) Raman spectra for the unoptimized (left) and optimized (right) recipes. Peaks are 

normalized with the G peak, and have the same vertical scale.  
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structure. Bubbles will form at the interface between the graphene/PMMA and the 

copper, mechanical stress will separate both surfaces. The graphene/PMMA needs 

to be transferred through four baths of DI water to clean from impurities and can be 

scooped with the final substrate. A hard bake is done to promote adhesion between 

graphene and the final substrate, at 150 oC for 2m. PMMA is removed with a short 

acetone bath for 4 min, followed by a long bath for 1 hour. 

Figure 3.8: Schematic for electrolysis driven transfer. Copper foil is spin coated with PMMA. A 

bias is applied between the foil and a metal anode, that generates bubbles that mechanically separate 

the Graphene/PMMA from the copper foil. A substrate is used to scoop the Graphene/PMMA and 

acetone is used to remove the PMMA.  
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3.3 FABRICATION METHODS 

In this subsection, we detail the fabrication procedure for GFETs. Each tool 

is described. Now we outline how each tool is used in the overall process. We start 

by Laser lithography used to print the photolithography masks. Photolithography is 

then used to define a metal contacts pattern on an industry standard Si/SiO2 wafer, 

and thermal evaporation is used to deposit a 5 nm Cr adhesion layer and a 40 nm 

Au layer. HF is used to etch the back side of the wafer and thermal evaporation to 

deposit a 40 nm Au layer on the back side. A Physical vapor furnace is used to 

deposit a layer of HMDS that increases hydrophobicity and improves graphene 

properties.93 Graphene is transferred on top of the metal contacts, and a second 

round of photolithography is done to define the channels. Oxygen plasma (RIE) is 

used to etch excess graphene, before resist lift off. The entire fabrication process is 

done at a wafer scale. The wafer can then be cleaved to individual chips and GFET 

arrays are then cleaned by annealing. 

3.3.1 Laser Lithography 

Laser Lithography (LL) is fabrication method by which a design can directly 

be printed on a polymer (photoresist) coating a substrate. This system has a slow 

throughput, but it is highly flexible and versatile.94 LL can be used to print a design 

directly into a wafer, this allows for quick turnaround during an iterative design 

process. Alternatively, it can also be used to print masks for photolithography 

(photo-masks) where the initial substrate is a transparent crystal coated with a 
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reflective metal (i.e. soda lime glass coated with chrome). The system uses a laser 

with appropriate wavelength to interact the photoresist on the target spot. Once the 

pattern is printed on the substrate, a specially designed chemical with low pH that 

will only remove the exposed regions for positive resist (non-exposed regions for 

negative photoresist) develops the pattern. This allows further processing of the 

sample. For photo-masks we then remove the metal coating under the exposed 

regions with an appropriate etchant. Finally, the photoresist is removed completely 

with a specially designed organic solvent during a lift-off step. 

Designs were done with Layout Editor, and converted to the printer format 

with BEAMER software. We used A HEIDELBERG DWL66+ to print a pattern 

into SODA LIME GLASS/CHROME photolithography mask coated with AZ1500 

resist. The laser printer uses a 40 mm focal length lens to create a 2 ��m spot size, 

which is below the Minimum Feature Size (MFS) of 10 ��m. All designs in this thesis 

are a four-quadrant array, with metal pads on the edge of the chip. However, the 

specific parameters of the array (number of devices, 2/4-probe, etc.) differ on each 

project. The photo-mask is developed in MF319 for 1 min, and Remover PG 

overnight to clean them after chrome etching. There are two types of photo-masks: 

�)�L�U�V�W�����³�G�D�U�N���I�L�H�O�G�´���L�I���L�W���L�V���P�R�V�W�O�\���P�H�W�D�O�L�]�H�G���Z�L�W�K���V�R�P�H���D�S�H�U�W�X�U�H�V���F�Oeared through the 

�S�U�R�F�H�V�V�����6�H�F�R�Q�G�����³�E�U�L�J�K�W���I�L�H�O�G�´���L�I���L�W���L�V���P�R�V�W�O�\���F�O�H�D�U���Z�L�W�K���V�R�P�H���U�H�J�L�R�Q�V���O�H�I�W���P�H�W�D�O�L�]�H�G��

through the process. 



42 

 

3.3.2 Photolithography 

Photolithography is a process that can be used to transfer a pattern from a 

master image (printed onto a glass/chrome mask) to photoresist coated substrate.95 

The equipment used for photolithography are known as Mask Aligners. For this tool 

a UV source, usually a Hg lamp with h-line and i-line filters are used as a light 

source. The light is exposed onto the sample with the photo-mask between them. 

Some regions will have illuminated and others will be blocked by the unetched 

chrome regions in the mask. The important parameters for the exposure are the 

contact type, wavelength of the light and the total energy per unit area during 

exposure (dose). After lithography, the pattern is then developed to allow further 

processing and the final step is always a lift-off to remove all resist from the sample. 

There have been recent efforts to obtain a scalable fabrication process for 

graphene.96-98 Our fabrication process uses two photolithography steps, done on a 

SUSS MicroTec MA-6 MASK ALIGNER. First, we define the metal contacts for 

the array. A 400 nm layer (4000 rpm/45 s) of PMGI (Microchem) is spin coated to 

a bare Si/SiO2(250 nm) wafer, and cured at 210oC for 5 min. Then, a second 1.5 ��m 

layer (5000 rpm/45 s) of 1813 (Shipley) is spin coated on top of the previous resist, 

and cured at 115 oC for 2 min. A photolithography exposure is done in hard contact 

mode at a dose of 140 mJ/cm2 using a dark field photolithography mask. The sample 

is developed on MF319 for 1 min. After metallization, substrate treatment and 

graphene transfer we define the pattern for the graphene channels. A 400 nm layer 



43 

 

of PMGI is spin coated to the graphene/metalized wafer sample, and cured at 125oC 

for 5m. The lower temperature is to avoid adhesion between the photoresist and the 

graphene. The second resist layer is a 1.5 ��m of 1813, cured at 115 oC. The exposure 

is done at soft contact mode at a dose of 140 mJ/cm2 using a bright field 

photolithography mask. The sample is developed on MF319 for 1m. Second, after 

metallization, substrate treatment and graphene transfer we define the pattern for 

the graphene channels. 

3.3.3 Physical Vapor Deposition 

We will detail two types of film deposition. The first one used after the first 

photolithography step to deposit a thin layer of metal onto the wafer. This layer is 

referred to as the metallization and is used for the GFET electrodes. It can either be 

done by thermal heating or by electron beam.99 A metal evaporator is a low vacuum 

chamber, with pressure usually on the ��Torr range, with a heating element that turns 

a metal source into vapor. The metal source can be heated, either thermally by a 

Figure 3.9: Schematic of the photolithography process (a) for a wafer to print an array of metal 

contacts to define the GFET source/drain (b) wafer after metallization, treatment and graphene 

transfer to define the GFET channel.  
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high current flow through a tungsten boat, or by a beam of electrons while the source 

is on an insulating crucible. The low pressure ensures that the mean free path (l) of 

the evaporated metal is large enough to reach the sample at the top of the chamber, 

l is typically a few meters for the range of pressures used in the equipment and the 

sample is located closer than that range. The evaporated particles move isotropically 

and deposit in an even layer across the sample, typically with a resist layer on it. 

The resist is later removed by lift-off with an appropriate solvent (Figure 3.10). 

We used a KURT LESKER PVD75, thermal evaporator. To deposit a 5 nm 

adhesion layer of 98% Cr (reacts with SiO2 to oxidize), and a 40 nm layer 99.9% 

gold. Process pressure was 2 ��Torr. And, Lift-Off was a 5 min sonication on 

Remover PG followed by an overnight soak. 

It has been reported that the hydrophobicity of the material as well as trapped 

charges in SiO2 can negatively impact graphene electronic properties such as 

mobility and Dirac voltage, Bis(trimethylsilyl)amine (HMDS) can be used to 

decrease these effects.93 While HMDS can be layered in a liquid state by spin 

Figure 3.10: Process for electrode metalization. Wafer with resist after photolithography is placed 

on the chamber and a layer of Cr/Au is evaporated. The resist is cleaned by an appropriate solvent 

to remove excess metal from the depositon.  
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coating, best results are usually obtained in the gas phase. We use a YES EcoCoat 

1224P Vapor Phase Oven to deposit a thin layer of HMDS onto a metallized wafer. 

Silane groups on HMDS react readily with SiO2 and leave the metalized surfaces 

bare, this increases the hydrophobicity of the substrate and shields the trapped 

charges on the oxide. 

3.3.4 Reactive Ion Etching 

Reactive Ion Etching (RIE) is a process of material removal that utilizes 

bombardment of chemically reactive high energy ions (plasma) onto the sample. An 

electromagnetic field applied to a low pressure, gas filled, chamber generates 

plasma. Most common equipment is a parallel plate RIE, simply called RIE, where 

an electric field is used to react the gas into a plasma. Typically, the electric field is 

oscillating which causes repeated bombardment of the plasma ions. It has been 

shown that long exposures of oxygen plasma will deteriorate and remove graphene 

from exposed areas.100 We used a TECHNICS SERIES 800 RIE for all graphene 

etching. We used a vacuum pressure of 400 mTorr, and when Oxygen gas was 

introduced pressure increased to 1.25 Torr. The etching process was, 50 Watt power 

for 35 sec. We found that after RIE graphene was almost completely removed, 

however a hardening of the resist had occurred. Lift-off was done using a Remover 

PG soak with gentle agitation for 2 min, and a Remover PG soak for 8 min. This 

process ensures that all resist is removed, without removing the graphene channels 

that were protected by it (Figure 3.11). 
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3.3.5 Annealing 

Cleanliness of GFETs is important for any electronic application, this is 

especially true for sensors where graphene is an electrical transductor. Impurities, 

residues from the fabrication process such as PMMA or PMGI can modify the 

electronic and chemical properties of graphene interfering with either the chemical 

signal or the electronic readout.101 These residues can be treated with hydrogen 

annealing. The effect of PMMA can be shown by XPS, as in Figure 3.12. The sp2 

carbon bond is clearly the dominant signal. However, we can identify additional 

carbon peaks attributed to the PMMA structure.10 The intensity of the PMMA peaks 

decreases for higher temperature, however we found out that for 225oC we could 

obtain a clean surface without compromising the electrical characteristics of the 

GFETs. 

Figure 3.11: Reactive Ion Etching process. Wafer after graphene transfer and photolithography is 

exposed to oxygen plasma. Graphene is removed by plasma ions on the uncovered regions. Lift-

Off removes the resist and leaves the graphene channel exposed.  
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We used a THERMO FISHER LINDBERG/BLUE M single zone tube 

furnace. This tube is not vacuum operated and as such it needs an inert gas to remove 

oxygen in the chamber. Once the samples are loaded into the tube and the end caps 

are secured to avoid any oxygen leakage we flow 1000 sccm of Ar and 250 sccm of 

H2. The furnace is then heated to 225oC and the samples are annealed for 1 h. A 

diagram of the furnace is shown in Figure 3.13.The samples are removed from the 

chamber after it has cooled to room temperature. 

Figure 3.12: XPS Spectra of PMMA-transferred CVD graphene: (a) before annealing, and after 

annealing at (b) 200oC, (c) 250oC (d)  300oC. The binding energy of the sp2 carbon bonds (gray) is 

asigned at 284.4 eV for all curves. Other chemical shifts are atributed to the carbons in the PMMA 

structure (red, blue, green) respectively.10 
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3.4 FUNCTIONALIZATION 

It is necessary to the capability to bind to the desired biological molecule; 

this is often referred to as functionalization. All linking chemistries bind to the 

biomolecule by means of a succinimide ester reaction to an amine, as described in 

section 2.2.4. However, the chemical linkers must bind to graphene as well. Here 

we detail three methods to readily bind to graphene: non-covalent, covalent, and by 

nanoparticle (NP). 

3.4.1 Azide Functionalization 

Nitrenes are electron-deficient chemical species that are generated by either 

thermal or photochemical activation. Nitrene radicals can functionalize graphene 

very efficiently.102 Perfluorophenyl nitrenes show enhanced bimolecular reactions, 

these are activated from perfluorophenyl azides (PFPA) which are specially 

Figure 3.13: Diagram of an annealing furnace. A chip (or set of chips) are loaded into the tube 

chamber, close to the center of the heating zone. A constant flow of 1000 sccm Ar and 250 sccm 

H2 is applied. The furnace is heated to 225oC and the samples are annealed for 1 hour.  
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effective for functionalization. Upon light or thermal activation, the azide 

functionality dissociates into molecular nitrogen and a singlet nitrene species 

(Figure 3.14 top).103 Fluorine substituents stabilize the nitrogen singlet, increasing 

its lifetime. PFPAs have been shown to have a highly efficient covalent binding to 

binding.104, 105 The process occurs through the [2+1] cycloaddition of the nitrene 

into the graphene.8  

Experiments in this thesis were based on the linker molecule 4-Azide-

2,3,5,6-tetrafluorobenzoic acid, succinimidyl ester (Setareh Biotech 6977) (Azide-

NHS), with a photoactivated PFPA and succinimide ester functions. 

3.4.2 Pyrene Functionalization 

Generally, covalent functionalization compromises the sp2 lattice structure. 

Depending on the nature of the covalent bond this might or might not affect 

electronic properties of graphene. In some cases, a noncovalent approach might be 

preferred. The noncovalent functionalization is mostly based on van der Waals 

Figure 3.14: (top) Light (or thermal) activated decomposition of an Azide to a Nitrene (bottom) 

Cycloaddition of Nitrene onto graphene to form a covalent bond.8 



50 

 

forces or �Œ-�Œ�� �L�Qteractions with organic molecules or polymers.106 The main 

mechanism used on our non-�F�R�Y�D�O�H�Q�W���O�L�Q�N�H�U���P�R�O�H�F�X�O�H���L�V���Œ-�Œ��interactions. There are 

�W�Z�R���U�H�T�X�L�U�H�P�H�Q�W�V�����W�K�H���H�[�L�V�W�H�Q�F�H���R�I���Œ���E�R�Q�G�V�����D�Q�G���H�Q�R�X�J�K���J�H�R�P�H�W�U�\���R�Y�H�U�O�D�S���W�R���K�D�Y�H���D��

noticeable interaction. Pyrene is a polycyclic aromatic hydrocarbon that consists of 

�I�R�X�U���I�X�V�H�G���E�H�Q�]�H�Q�H���U�L�Q�J�V�����D�Q�G���V�K�R�Z�V���D���Œ-�Œ��stacking with graphene. This interaction 

is like the stacking of graphene sheets, carbon rings are intercalated in an AB 

structure.  

Experiments in this thesis were based on the linker molecule 1-

pyrenebutanoic acid succinimidyl ester (ThermoFisher Scientific P-130). Usually 

this molecule requires long incubation time to fully coat graphene due to the weak 

nature of the interacting forces. 

3.4.3 Nanoparticle Mediated Functionalization 

It is possible for amines in biomolecules to readily bind to a metallic 

nanoparticle (NP) instead of to a succinimide ester. Amines contain a lone pair, that 

can bind to the noble metal by donating an electron.107 Density Functional Theory 

Figure 3.15�����$�%���Œ-�Œ���V�W�D�F�N�L�Q�J���R�I���D���S�\�U�H�Q�H���P�R�O�H�F�X�O�H���Z�L�W�K���J�U�D�S�K�H�Q�H�����7�K�H���L�Q�W�H�U�D�F�W�L�R�Q���L�V���V�L�P�L�O�D�U���W�R���W�K�H��

interlayer stacking of graphene sheets.  
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(DFT) modelling shows a preference to Au-Au-N than to Au-N-C bonds due to a 

lower rotation angle energy.108 This implies that it is not a nitrogen-carbon bond that 

determines the binding but rather the amine nitrogen by itself. 

�1�R�E�O�H���P�H�W�D�O�V���D�U�H���X�V�X�D�O�O�\���L�Q�H�U�W���D�Q�G���F�K�H�P�L�F�D�O�O�\���³�X�Q�L�Q�W�H�U�H�V�W�L�Q�J�´���L�Q���E�X�O�N���I�R�U�P����

at the Nano-scale a varied ligand chemistry is found. This is due to several possible 

oxidation scales present at the atomic scale, oxidation states from -I to +V are 

known.9 The +I oxidation state  is a linear ligand to the noble metal (ligand-noble 

metal-ligand) and relativistic effects are important in understanding these effects.109 

Figure 3.16 shows DFT computations of noble metal (+I) to thiolate complex; for 

copper (left), silver (right), and gold (right). The exact nature of the noble metal �± 

thiolate complex bond can affect the geometry. 

We will use two NP-mediated functionalization methods. First, as an 

intermediate linker between two amines,110 one bound to graphene and the other to 

Figure 3.16: Density Functional Theory (DFT) computations for the noble metal �± thiol complex 

bonding, for copper (left), silver (middle) and gold (right). All show some degree of covalence, 

copper is most polarized and gold is least polarized.9 
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a biomolecule. Second, we create a monodisperse layer of nanoparticles by thermal 

annealing,11 and readily bind amine modified biomolecules to them. The NP acts as 

an enhancement of the sensing signal since the graphene can detect electrostatic 

charge changes in close to its surface.111 

3.5 SENSING 

Sensors need good quality devices that transduce a response to a measurable 

output. After fabrication GFET arrays present excellent quality as shown by SEM, 

XPS, and Raman. Since GFETs will be used as electronic transducers, it is important 

to characterize the electrical properties of graphene. We measure the resistance of 

the graphene channel as a function of the applied gate voltage. The result is fitted to 

the model described in equation (2.12. Figure 3.17 shows the electrical responses 

for a single array after subtracting contact resistance, and the accumulated fitted 

values of Dirac voltage (0.5019 ± 2.712 V), and mobility (4952 ± 1682 cm2/V-s) for 

all the arrays in a single wafer. 

Figure 3.17: (a) Electrical response of a single GFET array. Resistance is measured as a function 

of gate voltage. (b) Dirac voltage, and (c) mobility; of all devices fabricated in a wafer calculated 

by mathematical modelling. 
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For our sensors, we use the Dirac voltage to track the target response. The 

Dirac voltage difference between the model response after the biomolecule and the 

target is calculated individually for each device. These average difference (within a 

standard error) have a correlation with the target concentration as described by Hill-

Langmuir dynamics in equation (2.16). 

3.6 SUMMARY 

In this chapter, we review all the equipment and methodology used to gather 

and evaluate data. We start with a description of imaging tools, electrical 

characterization, and spectral analysis. Then, we outline the GFET fabrication 

process and detail each tool used: Photolithography of both metallization and 

graphene, as well as cleaning protocols through annealing. Third, we describe the 

type of linkers used in this project: covalent, noncovalent, and nanoparticle. Finally, 

we discuss the sensing process, this includes the requirements of graphene quality 

and yield as well as the most common data processing protocol. 
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4 NANOPARTICLE BASED SENSORS 

This chapter outlines Nano/bio hybrid sensors that are functionalized with 

their biomolecules mediated by a noble metal nanoparticle (NP). First, we motivate 

this research and introduce previous NP/Graphene (NP-Gr) applications. We 

mention the limitations of previous approaches and outline the general advantages 

of the approach used here. Then, we detail two approaches on the methodology of 

NP deposition, and apply them to two different biomolecules. While this is done 

only on two projects it is possible to interchange the deposition method and 

biomolecules from the ones presented in this thesis. Four different sensors can be 

derived from this research; this highlights the flexibility of our approach towards 

NP mediated sensors.  

We start by using a thermal evaporated layer of gold to form a monodisperse 

layer of gold nanoparticles on a GFET channel. The gold nanoparticles bind to the 

nucleotide bases and immobilize a single strand DNA (ssDNA) chain. A 

complementary chain can then be sensed. Then we report a novel strategy for 

scalable fabrication of arrays of graphene field effect transistors (GFETs) modified 

with PtNP and then functionalized with HER3-specific scFv antibodies, to 

demonstrate selective and sensitive detection of the breast cancer biomarker protein 

HER3 in buffer solution. The devices showed high sensitivity (~300 fg/mL limit of 

detection) and excellent specificity as indicated by multiple control experiments. 
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4.1 INTRODUCTION 

Noble metal nanoparticle-graphene (NP-Gr) hybrid structures hold 

tremendous promise for label-free biosensing applications,112-117 in which graphene 

functions as an ideal transducer due to its 2D nature, biocompatibility, and high 

carrier mobility. In contrast to linker molecules such as pyrene,118, 119 diazonium120 

and BSA-streptavidin,121 noble metal NPs allow simple, fast and efficient 

immobilization of the functionalized receptor molecules on the biosensors through 

covalent bonds.  

So far most attempts have been devoted to biosensors based on reduced 

graphene oxide (rGO) for the detection of proteins,112 microRNA,117 and DNA 

oligomers.116 Encouraging progress has been achieved, including nM-level 

detection of target DNA in real-time.116 Despite the ease of preparation for rGO, it 

is difficult to control its thickness, uniformity and channel dimensions.122 

Consequently, device performance is frequently degraded compared to graphene-

based devices, with low carrier mobility (<10 cm2/V-s),123 on-off ratio (< 2)124 and 

yield. Dong et al.115 reported on a DNA biosensor based on chemical vapor 

deposited (CVD) graphene) decorated with gold NPs. However, their process was 

focused on single device preparation and they did not report on process 

reproducibility, control of graphene channel dimensions, and electrical performance 

such as carrier mobility. There is currently no report on a scalable, reproducible, and 

high quality fabrication process of NP-GFETs. 
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4.2 MONODISPERSE GOLD NP MODIFIED GFET FOUR PROBE 

ARRAYS FOR ssDNA DETECTION 

The results presented here have also appeared in: Ref 122.125 

4.2.1 Abstract 

We have developed a scalable fabrication process for production of DNA 

biosensors based on gold nanoparticle-decorated graphene field effect transistors 

(AuNP-GFETs), where monodisperse AuNPs are created through physical vapor 

deposition followed by thermal annealing. The FETs are created in a four-probe 

configuration, using an optimized bilayer photolithography process that yields 

chemically clean devices, as confirmed by XPS and AFM, with high carrier mobility 

(3590 ± 710 cm2/V-s) and low unintended doping (Dirac voltages of 9.4 ± 2.7 V). 

The AuNP-GFETs were readily functionalized with thiolated probe DNA to yield 

DNA biosensors with a detection limit of 1 nM and high specificity against non-

complementary DNA. Our work provides a pathway toward the scalable fabrication 

of high-performance AuNP-GFET devices for label-free nucleic acid testing in a 

realistic clinical setting. 

4.2.2 Introduction  

In this work, we demonstrate a novel, wafer-scale fabrication process for 

arrays of DNA biosensors based on AuNP-GFET measured in a four-probe 

configuration. The devices were of high quality, with hole mobilities of 3590 ± 710 
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cm2/V-s and Dirac voltages of 9.4 ± 2.7 V. This approach thus offers significant 

performance advantages over the NP-rGO materials discussed above. The high 

quality is attributed in part to the use of a photolithography process that includes a 

polydimethylglutarimide (PMGI) protective layer,126 which largely eliminates 

photoresist residues on the graphene channel, as confirmed by AFM, XPS, and 

electrical measurements. Physical deposition of a sub-monolayer of gold followed 

by thermal annealing was used to decorate the graphene with AuNPs with a high 

density (~ 400/µm2) and relatively tight diameter distribution (5.3 ± 1.2 nm), 

enabling dense functionalization with thiolated probe single-stranded DNA 

oligomers. After exposure to target DNA, a positive Dirac voltage shift is observed 

whose magnitude varies with target concentration, in agreement with an 

electrostatic gating mechanism.120 A detection limit of 1 nM was achieved, with 

good specificity against non-complementary ssDNA oligomers. This work provides 

a clear route to a scalable and reliable fabrication process for large arrays of high-

performance AuNP-GFET devices, with potential applications for label-free DNA 

biosensors and immunoassays.   

4.2.3 Materials and Methods 

Graphene synthesis and Au deposition: Graphene synthesis was carried out by low-

pressure chemical vapor deposition (OTF-1200X-4-C4-SL-UL, MTI Corp.). Cu foils (Alfa 

Aesar Item #46365) were cleaned with 5.4% HNO3 for 40 seconds and two DI water baths 

for 2 min, and then blown dry with N2 gas. The reaction chamber was pumped to a base 
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pressure of 50 mTorr. The Cu growth substrate was annealed at 1020 °C for 30 minutes 

with a gas flow of 500 sccm Ar and 80 sccm H2. Monolayer graphene was then grown 

using methane as a carbon source at a flow rate of 5 sccm for 5 mins and then 10 sccm for 

15 mins. The reactor was subsequently cooled to room temperature rapidly under a flow of 

80 sccm H2 and 10 sccm CH4. A layer of gold was then deposited onto the graphene by 

thermal evaporation to a nominal thickness of 2 Å at a rate of 0.15 Å/s, as determined by a 

quartz crystal microbalance monitor. 

AuNP-GFET sensor array fabrication: Standard photolithographic processing 

was used to define an electrode array for 24, four-probed graphene FETs on a highly p-

doped Si wafer with a 300 nm thermal oxide layer. The contact metallization was 5 nm Cr 

/ 40 nm Au, deposited by thermal evaporation. To minimize doping of the graphene FETs 

by substrate defects,93 the electrode array was treated with HMDS to yield a hydrophobic 

surface. Gold covered graphene was transferred onto the metallized SiO2/Si chip using the 

�3�0�0�$���D�V�V�L�V�W�H�G���³�E�X�E�E�O�L�Q�J�´���W�U�D�Q�V�I�H�U���P�H�W�K�R�G��2, 16 Briefly, PMMA coated Au/graphene/Cu 

was slowly immersed into a 0.05 M NaOH solution with a 20 V potential difference applied 

between the copper foil and the solution. PMMA supported Au/graphene was separated 

from the Cu foil by gas bubbles formed at the Cu surface. After three DI water baths, the 

PMMA/graphene film was transferred onto the metallized SiO2/Si chip with the gold layer 

oriented away from the substrate�����I�R�O�O�R�Z�H�G���E�\���D�L�U���G�U�\�L�Q�J���D�Q�G���E�D�N�L�Q�J���D�W�����������Û�&���I�R�U�������P�L�Q�X�W�H�V��

to enhance adhesion between the graphene and the substrate. After removal of PMMA with 

acetone, the chips were spin coated with a photoresist bilayer of PMGI (MicroChem Corp.) 

and S1813 (Shipley). Graphene channels were defined using by photolithography and 

oxygen plasma etching (Pressure: 1.25 Torr, Power: 50 W, Duration: 35 seconds). The 
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photoresist residue on graphene channels was removed by a N-Methyl Pyrrolidinone 

(NMP) based stripper (NANOTM Remover PG, MicroChem Corp.), acetone and IPA to 

obtain the array of 24 FETs.  Finally, the array was annealed in H2/Ar forming gas at 225 

�Û�&�� �W�R�� �U�H�G�X�F�H�� �S�K�R�W�Rresist residues and to allow the formation of relatively monodisperse 

AuNPs through a nucleation and growth process in which the free energy of Au clusters is 

minimized.127 

SEM, AFM and XPS characterization: The morphology of the AuNPs was 

characterized by field-emission scanning electron microscopy (SEM, JEOL, 7500F) with 

an acceleration voltage of 18 kV. An atomic force microscope (AFM, Icon Bruker) 

equipped with a probe with a tip radius of <10 nm (TAP300Al-G, Budgetsensors) was used 

to characterize the topography of the AuNPs. The graphene surface was investigated by 

XPS using a customized XPS spectrometer (VG Scienta AB, Uppsala, Sweden).128 XPS 

�D�Q�D�O�\�V�H�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���X�V�L�Q�J���D���P�R�Q�R�F�K�U�R�P�D�W�L�F���$�O���.�.���V�R�X�U�F�H�����S�K�R�W�R�Q���H�Q�H�U�J�\�����������������H�9������

The residual pressure in the analysis chamber was maintained at less than 10�í�� Torr. The 

spectrometer was calibrated according to ISO 15472:2001 with an accuracy of ± 0.05 eV. 

Survey and high-resolution spectra were acquired in constant-analyzer-energy mode with 

pass energies of 200 and 100 eV, respectively. The spectra were processed using CasaXPS 

software (v.2.3.16, Casa Software Ltd., Wilmslow, Cheshire, U.K.). Background 

�V�X�E�W�U�D�F�W�L�R�Q�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �W�K�H�� �6�K�L�U�O�H�\�í�6�K�H�U�Z�R�R�G�� �P�H�W�K�R�G���� �7�K�H�� �T�X�D�Q�W�L�W�D�W�L�Y�H��

evaluation of XPS data was based on integrated intensity using a first-principles model and 

�D�S�S�O�\�L�Q�J���3�R�Z�H�O�O�¶�V���H�T�X�D�W�L�R�Q.78 

Functionalization with probe DNA and testing against target or control 

solutions: Arrays of AuNP-GFET sensors were incubated in 1 µM aqueous solution of 
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thiolated probe DNA with a T10 spacer between the recognition sequence and the thiol 

functional group129 ((SH)-TTTTTTTTTTAGCCGGGCGAGATACCCAATGCGC �����¶ to 

���¶�������L�Q���'�,���Z�D�W�H�U���I�R�U�������K�R�X�U in a humid atmosphere to suppress the evaporation of the DNA 

solution. The array was then treated with 0.1% Tween 20 aqueous solution for 1 hour to 

remove probe DNA adsorbed nonspecifically on the graphene and to act as a blocker 

against non-specific binding of target DNA. This was followed by washing with two 0.05% 

Tween 20 solution baths and one DI water bath (2 min each) and drying with N2 gas. After 

electrical measurement, the probe DNA-immobilized AuNP-GFET devices were 

immersed in 12 mL of complementary target DNA (cDNA) 

���*�&�*�&�$�7�7�*�*�*�7�$�7�&�7�&�*�&�&�&�*�*�&�7�� �����¶ �W�R�� ���¶������ �R�U��a control solution of non-

complementary DNA (non-�F�'�1�$�������&�7�7�&�7�*�7�&�7�7�*�$�7�*�7�7�7�*�7�&�$�$�$�&�������¶ �W�R�����¶�������R�I��

different concentrations in 0.1 % Tween 20 solution for 2.5 hours to allow for DNA 

hybridization. The devices were washed with two 0.05% Tween 20 solution baths and one 

DI water bath, followed by drying with N2 gas before measurement of the electrical 

properties.  

Electrical measurement and evaluation: Electrical measurements were 

performed under ambient conditions in a probe station equipped with a probe card that can 

measure 24 devices simultaneously. Conductivity-gate voltage (�1-Vg) measurements were 

carried out using a Keithley 2400 sourcemeter, with a bias current of 10 µA, with a four-

probe geometry (Figure 4.1c) to eliminate the effect of the contact resistance or Schottky 

barriers formed at the graphene-electrode interface130. The gate voltage was applied using 

a Keithley 6487 voltage source. Dirac point voltage and hole carrier mobility were 

extracted by fitting the hole �E�U�D�Q�F�K���R�I���W�K�H���1-Vg curve to the equation (4.1)47, 131, 132: 
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(4.1) 

where �?�Ú is the gate capacitance per unit area for the 300nm thick SiO2 (11.5 nF/cm2), �ä is 

the hole carrier mobility, �8�½ is the Dirac voltage, and �ê�æ is the saturation conductivity as 

�8�Ú �\ 
F�» . This is a simplified equation derived from (2.12, where �J�4 and �4�æ are zero. 

Figure 4.1: (a) Schematic showing the AuNp-GFET fabrication process. A gold layer is 

deposited onto CVD graphene. The gold-graphene layer is coated with PMMA and transferred. 

GFET channels are patterned using photolithography followed by oxygen plasma etching. Finally, 

the photoresist is removed, and the array is annealed to form AuNPs on the graphene. (b) Schematic 

of the four-probe conductivity-gate voltage measurement set up. (c) Optical micrograph showing 

an individual four-probed GFET device. Inset: Optical image of a chip with 24 Au-GFET devices.  

(d) Optical image of a 4-inch wafer with 9 electrode arrays and a transferred graphene monolayer 

that covers the full region defined by the arrays (dashed line).  
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4.2.4 Results and Discussion 

Figure 4.1a shows a schematic of the sensor array fabrication process; details 

are provided in the Methods section. The process is designed for fabrication of nine 

arrays, each consisting of 24 devices in a four-probe configuration, on a 4-inch 

wafer (Figure 4.1b-d). Fabrication included the use of a resist bilayer (PMGI 

protective layer and S1813 imaging layer) to reduce photoresist residues on the 

graphene and thereby improve the performance of the FETs. The effectiveness of 

this approach was assessed by AFM, XPS, and electrical characterization of 

graphene FETs without AuNP decoration. When the photolithography process 

included only S1813, considerable contamination was observed by AFM (Figure 

4.2a, lower panel), while no evidence of a residue layer was found for a similar 

sample processed using the bilayer process ((Figure 4.2a, upper panel). Electrical 

characterizations were used to confirm these results, the �1-Vg curves show higher 

mobility and a more symmetric behavior between their conducting branches for 

samples with the PMGI protective layer. 
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To confirm the chemical identity of the residue, a quantitative XPS analysis 

of the graphene surface was performed before and after photolithographic 

processing. The overview XPS spectra shows that the dominant elemental 

components (Si, C, O) were the same before and after photolithography. On a finer 

Figure 4.2: Measurements of photoresist contamination on graphene after photolithographic 

processing. (a) AFM images of the Gr-FET surface after photolithography and thermal annealing. 

The bilayer process results in low surface contamination (top image), and single layer process 

leaves significant residue on the surface (bottom image). Scale bar is 100 nm. Vertical color scale 

�L�V�������Q�P�������E�����1-Vg curve of Gr-FETs fabricated using and a single layer (red). (c-d) XPS spectra of 

the C1s regions for the samples processed using PMGI/S1813 (panel c) and S1813 (panel d). Both 

spectra are normalized to Peak 1. Peaks 2-4 are significantly reduced in the spectrum from the 

sample processed using PMGI/S1813, indicating a lower level of chemical contamination. 
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scale (Fig. S2), the C1s region of the spectrum (~282-292 eV) shows a main peak 

at 284.1 eV, associated with the sp2 hybridized C-C bond of graphene, and three 

other peaks with chemical shifts of +1.3, +2.5, and +4.5 eV, which are assigned to 

C�±OH, C=O and HO-C=O functional groups, respectively.133. Immediately after 

transfer, the relative integrated intensity of the satellite peaks compared to the main 

peak are 12.6 ± 1.8%, 5.8 ± 0.2%, and 3.0 ± 0.3%, which presumably reflects a very 

small amount of residue from the PMMA layer used during transfer.  The graphene 

FET array processed using a single layer of S1813 (Fig. 2c), the intensities increased 

dramatically, approximately doubling, to 22.6 ± 0.5%, 8.5 ± 0.8%, and 7.4 ± 0.4%, 

confirming the presence of significant contamination. In contrast, the use of the 

bilayer resist scheme (Figure 4.2d) leads to negligible increase in the satellite peaks 

(13.7 ± 0.6 %, 6.4 ± 0.4 %, and 2.0 ± 0.1 %); in fact, the peak associated with the 

HO-C=O functionality is reduced post processing. The XPS investigation thus 

confirms that PMGI acts as an effective protective layer in the photolithography 

process, resulting in a chemically cleaner surface for the GFET.   

The electronic effect of the contamination was assessed using four-probed �1-

Vg measurements of complete arrays of 24 graphene FETs processed using the two 

approaches (Figure 4.2b). The �1-Vg curve for the FET fabricated using the bilayer 

process shows symmetry between the hole and electron branches, and analysis of 

measurements of a full array show high hole carrier mobility of 3720 ± 170 cm2/V-

s and electron mobility of 3100 ± 450 cm2/V-s and low doping as indicated by the 
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Dirac voltage of 5.2 ± 0.5 V. In contrast, the �1-Vg curve for the FET processed using 

a single layer of S1813 is strongly asymmetric, with significantly lower mobility 

(hole: 1860 ± 250 cm2/V-s, electron: 390 ± 290 cm2/V-s)  and greater doping (Dirac 

voltage of 11.6 ± 1.5 V). These observations are attributed to the fact that 

conventional imaging photoresists such as S1813 contain aromatic components that 

can bind strongly to t�K�H�� �J�U�D�S�K�H�Q�H�� �V�X�U�I�D�F�H�� �W�K�U�R�X�J�K�� �Œ-�Œ�� �V�W�D�F�N�L�Q�J�� �L�Q�W�H�U�D�F�W�L�R�Q�V126, 134 

and degrade the electrical performance of graphene FETs. PMGI, which is free of 

Novolac resin, can act as a protective layer for the graphene and reduce the 

photoresist residues. A similar method has previously been shown to effectively 

reduce the contaminant layer of photoresist on carbon nanotube FETs.126 Our 

process therefore provides a strategy for cost-effective, large-scale fabrication of 

high-performance graphene FET arrays and compares very favorably with other 

reports of graphene FETs produced by photolithography, where the hole carrier 

mobility is typically lower than 2500 cm2/V-s.97, 135  

SEM shows that thermal deposition of 2Å of gold on to graphene led to the 

formation of small gold clusters on the surface (Figure 4.3a). After definition of the 

FET channels, these gold clusters were transformed by annealing into nanoparticles 

with a uniform number density of ~ 400/µm2 (Figure 4.3c). AFM topographic 

images (Figure 4.5a) show the nanoparticle size is 5.3 ± 1.2 nm (Figure 4.5b). 
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The Raman spectrum (Figure 4.4) of the AuNP-Gr hybrid layer reveals a 2D 

band located at 2689 cm-1 with a Lorentzian full-width at half-maximum (FWHM) 

of 51 cm-1, larger than that of the bare graphene (31 cm-1), indicating that the 

graphene is doped by the AuNPs.136 The Raman spectrum also shows a very small 

D band at ~1346 cm-1, with ID/IG ratio of ~0.11, slightly larger than that of the 

pristine graphene (ID/IG ~ 0.07). This low ID/IG ratio suggests that the hybrid AuNP-

Gr layer retains its high material quality.135 

Figure 4.3: (a) SEM image of graphene after thermal evaporation of a gold layer shows the 

formation of small (~2 Å thick) Au clusters. (b) SEM image showing the four-probe AuNP-GFET, 

where gold electrodes contact the graphene from below. (c) SEM image of the highlighted area in 

(b), showing a uniform distribution of AuNPs. The number density is approximately 400/µm2, 

consistent with the AFM characterization 

Figure 4.4: (left) Raman spectrum of graphene after photolithographic processing using bilayer 

PMGI/S1813. (right) Raman spectrum of AuNP-Gr hybrid layer after bubble transfer onto the SiO2 

substrate and thermal annealing.  



67 

 

Four-�S�U�R�E�H�� �1-Vg measurements conducted on AuNP-GFET arrays to 

confirm graphene quality. Mobility is calculated at 3590 ± 710 cm2/V-s (Figure 

4.5c), only slightly less than the value found for undecorated GFET devices. 

Compared to earlier reports on AuNP-rGOFETs,123 AuNP-GFETs show superior 

performance, with mobility more than two orders of magnitude higher; indeed, the 

mobility values reported here are to our knowledge the highest to date for metal NP-

Graphene hybrid structures. The Dirac voltage of the AuNP-Gr-FET shows a 

Figure 4.5: (a) AFM image showing the formation of uniform AuNPs on graphene after annealing. 

The corresponding AFM line scan is shown below the AFM image. (b) AuNP size distribution. 

The AuNP diameter is 5.3 ± 1.2 nm. Histograms of (c) hole mobility and (d) Dirac voltage with 

Gaussian fits (black curve) of AuNP-Gr-FETs based on three separate arrays, with 24 devices each. 
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positive shift to 9.4 ± 2.7 V (Figure 4.5d) higher than devices without AuNPs (5.2 

± 0.5 V), corresponding to an induced dopant density of ~ 3.0 × 1011 cm-2 due to the 

AuNP decoration. This effect is ascribed to the work function difference between 

graphene (~4.66 eV)137 and gold (5.1-5.47 eV) which leads to graphene p-doping.  

To complete the fabrication of the DNA biosensor (Figure 4.6a), the 

nanoparticles were functionalized with thiolated probe DNA by application of a 1 

�PM solution in DI water. Devices were treated with a solution of 0.1% Tween 20 in 

DI water in order to block exposed graphene that would enable undesirable non-

specific binding of arbitrary DNA oligomers.138, 139 Tween 20 is a nonionic 

surfactant with good affinity for graphene that has been reported to deter non-

specific binding of proteins on carbon nanotubes140 and bacterial cells on rGO.141 

Tween 20 is also used in PCR-ELISA to reduce non-specific binding of analyte 

DNA to enable detection of a specific PCR product. Four-�S�U�R�E�H���1-Vg measurements 

were conducted after each step. As shown in Fig. 4b, treatment with probe DNA led 

to a significant increase in the Dirac voltage (�û�9D =59.6 ± 3.2 V), attributed to the 

chemical-gating effect132 of probe-DNA molecules that become negatively charged 

due to ionization of phosphate groups in residual water. Mobility of the AuNP-Gr 

FET was also reduced by ~70 % to 1100 ± 360 cm2/V-s, presumably due to 

scattering associated with the bound, negatively charged DNA. Application of the 

Tween 20 blocker led to a negative Dirac voltage shift of 16.0 ± 2.2 V and an 

increase in carrier mobility to 1470 ± 60 cm2/V-s, both consistent with the 
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expectation that Tween 20 saturates the graphene surface and displaces 

nonspecifically bound probe DNA. Assuming chemical gating of 34 negative 

charges for each probe oligomer, the density of immobilized probe DNA is                   

~ 850 /µm2, corresponding to about two probe DNA oligomers per AuNP.  

Biosensor testing against target DNA was also carried out in 0.1% Tween, 

which allows specific binding of target oligomers with probe DNA to generate a 

sensor output but prevents undesirable non-specific binding of DNA on the 

graphene surface. To avoid cross-contamination, each array of biosensors was tested 

�D�J�D�L�Q�V�W�� �D�� �V�L�Q�J�O�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �F�R�P�S�O�H�P�H�Q�W�D�U�\�� �W�D�U�J�H�W�� �'�1�$�� ���³�F�'�1�$�´��. Figure 

4.6b shows results from a typical experiment, where exposure to cDNA at a 

concentration of 100 nM in 0.1% Tween leads to a Dirac voltage shift of +13.6 ± 

0.7 V. The sensor response for various concentrations of cDNA (c) is reported as 

�¿�8�½
�å�Ø�ß, the Dirac voltage shift relative to the shift measured upon exposure to 0.1% 

Figure 4.6: (a) Schematic of the AuNP-G�)�(�7�� �'�1�$�� �E�L�R�V�H�Q�V�R�U���� ���E���� �1-Vg curves after chemical 

functionalization and exposure to target cDNA. After functionalization with probe DNA and 

Tween-20 blocker, exposure to 100 nM cDNA leads to a Dirac voltage shift of 13.6 V (green to 

red).  (c) Sensor response as a function of cDNA concentration. The limit of detection is 1 nM. 
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Tween in DI water (+ 7.7 V). The data is consistent with an electrostatic gating 

mechanism,130, 142 where hybridization of target cDNA with probe DNA on the 

AuNP provides additional chemical gating of the graphene FET channel. The 

measurements agree well with a Hill-Langmuir model. 
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 (4.2) 

where A is the maximum response with all binding sites occupied, c is the cDNA 

concentration, and Ka represents the concentration at which half of the available 

binding sites are occupied. The cooperativity �J is set to 1. The best fit to the data 

yields values A = 8.2 ± 0.4 V; assuming chemical gating by 24 negative charges for 

each oligomer, the density of bound cDNA is ~250 ���P-2. Based on the probe DNA 

density inferred above, hybridization rate is ~30%, in good agreement with the 

expectation of 25-56% at room temperature .143 Ka = 22.5 ± 9.4 nM, which is 

consistent with surface plasmon resonance experiments.144 In a control experiment, 

a biosensor array tested against 1µM (random sequence) non-cDNA had a Dirac 

voltage shift of 7.7 ± 1.0 V, essentially identical to the Dirac voltage shift for pure 

buffer (0.1 % Tween in DI water), showing that the DNA biosensor has high 

specificity. The results suggest a limit of detection of approximately 1 nM (relative 

Dirac voltage shift of 1.3 ± 1 V) for this choice of cDNA.  
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4.2.5 Conclusion 

In summary, a reproducible, high-quality fabrication process for large arrays 

of AuNP-GFETs has been developed. The devices are shown to be suitable for use 

as DNA biosensors. Fabrication incorporates chemical vapor deposited graphene 

with a thermally evaporated gold layer that through annealing forms nanoparticles, 

and an optimized photolithography process with a four probe design for the channel.  

The fabrication process leads to AuNP-GFETs with mobility of 3590 ± 710 

cm2/V-s and a Dirac voltage of 9.4 ± 2.7 V. The photolithography step relies on the 

use of a PMGI layer that effectively avoids contamination of the graphene, as 

assessed by AFM and XPS. Annealing is used to form AuNPs on the graphene 

surface at a high density (~400/µm2) with a tight diameter distribution (5.3 ± 1.2 

nm). After attachment of probe ssDNA to the AuNPs, the devices act as DNA 

biosensors with high specificity against non-target DNA and a limit of detection of 

1 nM. Similar experiments in rGO show lower mobility, yield and reliability.  

The scalability and sensitivity of the AuNP-Gr-FET devices are potentially 

applicable for gene-expression investigations and label-free genetic diagnosis. The 

device structure should also be suitable for protein functionalization and 

immunoassay development.  
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4.3 PLATINUM NP MODIFIED NANOHYBRID GFET ARRAY FOR THE 

DETECTION OF BREAST CANCER BIOMARKER  

The results presented here have also appeared in Ref 142.145 

4.3.1 Abstract 

Biosensors based on graphene field effect transistors (GFETs) decorated with 

antibody-functionalized platinum nanoparticles (PtNPs) are developed for the 

quantitative detection of breast cancer biomarker HER3. High-quality chemical 

vapor deposited (CVD) graphene is prepared and transferred over gold electrodes 

microfabricated on an SiO2/Si wafer to yield an array of 52 GFET devices. The 

GFETs are modified with PtNPs to obtain a hybrid nanostructure suitable for 

attachment of HER3-specific, genetically engineered thiol-containing single-chain 

variable fragment antibodies (scFv) to realize a biosensor for HER3. Physical and 

electrical characterization of Bio-GFET devices is carried out by TEM, AFM, 

Raman spectroscopy, and electrical measurements. A concentration-dependent 

response of the antigen is found in the range 300 fg/mL to 300 ng/mL and is in 

quantitative agreement with a model based on the Hill�±Langmuir equation of 

equilibrium thermodynamics. Dissociation constant is estimated to be 800 pg/mL, 

indicating that the high affinity of the scFv is maintained after immobilization. The 

limit of detection is 300 fg/mL, showing the potential for PtNP-GFETs to be used 

in label-free biological sensors. 



73 

 

4.3.2 Introduction  

Various techniques have been developed for cancer cell detection, including 

cytologic testing, fluorescent imaging, magnetic resonance imaging, computerized 

tomography, X-ray radiography, and ultrasound.146-149 However, these techniques 

have disadvantages of high cost and long time required for either experimental 

process or instrumentation. Therefore, it is highly desirable to develop fast, and cost-

effective methods for early detection of cancer cells in preclinical diagnosis for 

reduction in mortality for certain cancers. In this respect, point-of-care hand held 

devices offer promising alternatives to existing laboratory-based tests. 

Electrical detection methods like field-effect transistor (FET) based 

biosensors exhibit highly sensitive detection of chemical and biological species 

when designed so surface�±analyte or ligand�±receptor binding occurs very close to 

the FET channel.142 Carbon-based nanomaterials such as carbon nanotubes 

(CNTs),150-155 reduced graphene oxide (rGO),156 and graphene (Gr)120, 157-161 have 

received considerable attention for label-free FET-biosensors with high sensitivity 

because of their unique electrical properties and suitability for miniaturization in an 

array format. Compared to CNT and rGO, large-area graphene grown by chemical 

vapor deposition (CVD) offers advantages of overall electrical conductivity,162 

device reproducibility, low noise, and superior carrier mobility,163 which are 

expected to lead to greater sensitivity.  
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The direct immobilization of proteins on CNTs140 or rGO156 has been 

reported to be unstable and washed off easily (unless covalent immobilization 

through special surface treatment and additional steps of carbodiimide chemistry of 

protein binding is involved), which results in undesirable effects such as poor device 

sensitivity, poor reliability, and non-specificity of the sensor. This has been avoided 

by stable bimolecular immobilization through metal nanoparticles on graphene,164 

as their 3D geometry enables high bioreceptor loading with controlled orientation 

for ligand binding and thus are widely used in biosensing applications.165, 166 In this 

�Z�R�U�N���� �Z�H�� �X�V�H�� �S�O�D�W�L�Q�X�P�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� ���3�W�1�3�V���� �-�� � �� �������� �H�9���� �L�Q�V�W�H�D�G�� �R�I�� �W�K�H�� �P�R�U�H��

commonly us�H�G���J�R�O�G���Q�D�Q�R�S�D�U�W�L�F�O�H�V�����$�X�1�3�����- �§ 5.3 eV) because PtNPs are reported 

to provide improved electrical signals in CNT-based FET biosensors.167, 168 This was 

attributed to enhanced electron transfer from the CNT cha�Q�Q�H�O�����-��� �����������H�9�����W�R���W�K�H��

PtNPs, thereby increasing the hole carrier density, leading to improved biosensor 

characteristics. Since the transduction mechanism in FET-based biosensors is 

largely electrostatic,16, 142 the use of single-chain variable fragment antibodies 

(scFvs; 2�±3 nm in size) in place of conventional antibodies is expected to offer 

performance advantages.152 
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4.3.3 Results and Discussion 

GFET devices were fabricated as described in the Experimental Section. 

Briefly, large-area monolayer graphene was prepared by low-pressure catalytic 

chemical vapor deposition process on a copper foil with CH4 as a precursor source. 

The graphene thin film was then transferred using a polymethyl methacrylate 

���3�0�0�$���� �D�V�V�L�V�W�H�G�� �³�E�X�E�E�O�L�Q�J�´�� �W�U�D�Q�V�I�H�U�� �P�H�W�K�R�G�� �R�Q�W�R�� �D�� �S�U�H-patterned SiO2/Si 

substrate with an array of 52 pairs of metal electrodes each having a dimension 100 

���P���Z�L�G�H���V�H�S�D�U�D�W�H�G���Z�L�W�K���D�����������P���J�D�S���E�H�W�Z�H�H�Q���W�K�H���V�R�X�U�F�H���D�Q�G���W�K�H���G�U�D�L�Q���H�O�H�F�W�U�R�G�H����

After transfer, GFET channels were patterned using standard photolithography and 

oxygen plasma etching, as described in Figure 4.7. The GFETs were then annealed 

at 250 °C under flowing N2 gas to remove residual photoresist contamination. 

Figure 4.7: Schematic representation of fabrication process for an array of 52 GFETs. Metallization 

of contacts is done through photolithography patterning and a Cr/Au evaporation. Graphene is 

�W�U�D�Q�V�I�H�U�U�H�G���E�\���³�E�X�E�E�O�L�Q�J�´���W�R���W�K�H���P�H�W�D�O�O�L�]�H�G���Z�D�I�H�U�����D�Q�G���E�\���D���V�H�F�R�Q�G���U�R�X�Q�G���R�I���S�K�R�W�R�O�L�W�K�R�J�U�D�S�K�\���D�Q�G��

plasma etch the graphene channels are defined. Each array has a total of 52 GFET devices. 
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The Raman spectrum of the GFET channel showed the G band at 1580 cm�í1 

and the 2D band at 2670cm�í1, with an IG/I2D intensity ratio of 0.6 (Figure 4.8). The 

symmetric 2D peak was well fit by a single Lorentzian with a full width half-

maximum of 31 cm�í1, and the D (disorder) peak located at ~1350 cm�í1 was nearly 

undetectable. The spectra is indicative of a high-quality monolayer graphene169, 170 

channel in GFETs after processing. 

The GFETs were first modified with PtNPs by using the bifunctional 

molecule, 1-methyl pyrene amine (Pyrene-NH2). The pyrene terminal binds to 

�J�U�D�S�K�H�Q�H���Y�L�D���Œ�±�Œ��interaction, and the amine terminal binds to the PtNP, as described 

in section 3.4.3.107 High-resolution transmission electron microscopy (TEM) was 

Figure 4.8: Raman spectra of CVD graphene transferred to Si/SiO2 wafer. G peak is centered at 

1580 cm�í1 and the 2D band at 2670 cm�í1, with an IG/I2D intensity ratio of 0.6 and negligible D 

intensity, indicative of good quality, monolayer graphene.  
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carried out on samples of graphene decorated with PtNPs by this method (Figure 

4.9a) and showed that the small PtNPs were uniformly dispersed on the graphene 

surface. Typically, the size distribution of nanoparticle size varied between 1 nm 

and 3.7 nm, with an average size of about 1.8 nm and 2.4 nm. This has been further 

elucidated by scanning electron microscopy images (Figure 4.9b) showing PtNPs 

uniformly distributed without agglomeration over the entire graphene surface 

channel of the GFET. 

The PtNPs on the GFET were then functionalized by site-specific 

immobilization of HER3-specific scFv antibodies, which act as bio-receptor for 

immunoreaction with target HER3 antigen. HER3 monoclonal antibody were 

engineered into an scFv antibody171 with a pair of cysteine (thiol) residues inside 

the loop sequence bridging the VH and VL segments, allowing it to be immobilized 

on the PtNPs. Figure 4.10 is a diagram of the functionalization process to obtain 

Figure 4.9: (a) TEM image of the PtNP-Gr structure. Inset: Size distribution of Pt nanoparticles, 

with an average size of about 1.8-2.4 nm. (b) SEM of a PtNP-Gr nanohybrid FET, 100 000X 

magnification and 10.0 kV accelerating voltage. 
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PtNP-GFET biosensors to HER3. The electronic properties of Pt-decorated 

graphene change more significantly than that of intrinsic graphene after molecular 

adsorption of cysteine, which makes it promising candidate for sensor 

development.172 

AFM imaging shows the topography of CVD graphene, PtNP-graphene, and 

scFv immobilized on PtNP-graphene (Figure 4.11a-c). From the height profile, the 

thickness of the CVD-graphene sheet is 0.3�±0.5 nm, consistent with monolayer 

graphene. After modification with PtNPs, the sample showed a height profile of 2.0 

± 0.5 nm. This together with a fine particulate feature of the hybrid structure showed 

that the PtNPs were well-distributed over the graphene surface. After further 

Figure 4.10: Diagram of the fabrication process for scFv-functionalized PtNP-GFET arrays. 

Graphene is transferred to a metalized wafer. Pyrene-NH2 is used to immobilize PtNP near the 

graphene surface.  
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modification with scFv antibodies, the device showed a height profile of 4.0 ± 0.5 

nm with globular features that are significantly larger than the PtNP-graphene. The 

height profiles for graphene, PtNP-Gr and scFv-functionalized PtNP-Gr are shown 

in Figure 4.11d. the height difference of 2.0 nm is consistent with the expected 

height of the scFv antibody (2.5 nm), indicating the formation of scFv-PtNP 

conjugates bound to the GFET channel (Figure 4.11e).  

We measured the channel current as a function of gate voltage (I-Vg) at 

constant 50 mV bias for all devices in the 52 GFET array. Measurement was done 

at each fabrication step: (1) metal (Au) electrode surface passivation with 1-

Figure 4.11: Atomic force microscopy image of a) graphene, b) PtNP-graphene hybrid, and c) 

scFv/PtNP-graphene, all on Si/SiO2. d) AFM line scans for each step in the fabrication (e) Particle 

height histograms of PtNP/GFETs, and scFv-functionalized PtNP/GFETs.  
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mercaptohexane (MCH), (2) GFET modification with PtNPs, and (3) scFv 

immobilization, to confirm the formation of the bio-GFET hybrid devices (Figure 

4.12). The Au source and drain electrodes were passivated with an MCH self-

assembled monolayer to block nonspecific protein binding and thus avoid undesired 

surface contamination with scFv protein during bio-functionalization of the GFET 

channel. The device was rinsed thoroughly in water, and dried in a compressed air 

stream before taking measurements. 

 

Figure 4.12: Electrical characteristics of GFET devices at different stages of surface modification, 

with a representative set of 52 I�±Vg curves in each case. (a) As-fabricated GFET, (b) after electrode 

passivation with MCH, (c) PtNP/GFET hybrid, and (d) scFv-PtNP/GFET nanohybrid device. Insets 

show histograms of carrier mobility and Dirac voltage along with Gaussian fits (black curves). 
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The Dirac voltage of the GFETs �Z�D�V���W�\�S�L�F�D�O�O�\���L�Q���W�K�H���U�D�Q�J�H���í���������W�R�������������9����

with an average carrier mobility of 1197 ± 56 cm2/V-s (Figure 4.12a), which 

indicates a relatively clean transfer of graphene. After MCH passivation of the Au 

electrodes, a positive shift in the Dirac point was observed to be 6.5 ± 0.5 V with a 

comparatively high charge mobility 1719 ± 31 cm2/V-s (Figure 4.12a). This may be 

understood in terms of a shift of the electrode Fermi level to an energy closer to the 

graphene valence band, which reduces the Schottky barrier at the Au�±graphene 

interface and enhances hole injection, as reported earlier for carbon nanotube FETs. 

The Pyrene-NH2 binding to the PtNP on the GFET channel reduced the carrier 

mobility by 651 ± 21 cm2/V-s and caused a negative shift in the Dirac voltage of 

0.92 ± 0.25 V, ascribed to increased scattering by the basic Pyrene-NH2.142, 173 

Following antibody attachment the carrier mobility increased to 1330 ± 14 cm2/V-s 

with a positive shift in the Dirac voltage of 26.4 ± 1.0 V, suggesting a decrease in 

carrier scattering by scFv attachment. 

Figure 4.13 shows the I�±Vg characteristics of an individual GFET device 

functionalized as described above and then treated with a blocking reagent (0.1% 

Tween 20 + 0.1% bovine serum albumin), which served as a barrier to nonspecific 

protein adsorption on the metal nanoparticles and GFET channel,112 followed by 

immunoreaction upon exposure to the HER3 antigen in buffer (pH 7.3) at 

concentrations in the range 300 fg/mL to 300 ng/mL. For each measurement, the 

GFET was incubated in a solution with a given HER3 concentration for 1 h, gently 
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dried with compressed air, and electrically characterized. The Dirac voltage of the 

Bio-GFET showed a successive positive shift with increasing HER3 concentration. 

Figure 4.13a shows the shifts in Dirac voltage for an individual GFET at each 

successive stage of chemical modification/bio-functionalization with a positive shift 

of 7.0 V upon exposure to 300 ng/mL of HER3. Figure 4.13b shows the response of 

an individual device to 30 ng/mL of HER3, insets show the response to 300 fg/mL 

of HER3 (positive shift of 1.7 V) and pure buffer as a negative control (shift less 

than 1.0 V).  

A significant positive shift in Dirac voltage was observed upon exposure to 

HER3 antigen, which is readily distinguishable from the very small response 

observed for a pure buffer sample. The observed Dirac voltage shifts may be 

attributed to electrostatic chemical gating of the GFET associated with increasing 

binding of antigen to scFv receptors bound on the graphene surface. 

Figure 4.13: (a) Current�±gate voltage (I�±Vg) characteristics of a representative GFET device after 

fabrication and after each successive surface modification leading to formation of anti-HER3 scFv 

functionalized PtNP/GFET and on exposure to 300 ng/mL HER3 in PBS. (b) The sensing 

performance of the device against 30 ng/mL HER3; Insets: (upper left) shows sensor response to 

300 fg/mL HER3, and (upper right) sensor response to PBS (without antigen). 
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There was a systematic dependence of the VD shift with varying antigen 

HER3 concentration. Each concentration tested independently on 6�±10 

functionalized devices for signal averaging and to avoid sample contamination 

across trials. The variation of the average measured shift in the Dirac voltage as a 

function of HER3 concentration is displayed in Figure 4.14, where the error bars 

reflect the standard error of the mean. The sensor responses agree with a model 

based on the Hill�±Langmuir equation describing the equilibrium binding of a ligand 

by a receptor, as described in section 2.2.3. 

Figure 4.14: Response of the PtNP �E�L�R�V�H�Q�V�R�U�� �V�K�R�Z�L�Q�J�� �'�L�U�D�F�� �Y�R�O�W�D�J�H�� �V�K�L�I�W�� ���û�9����response as a 

function of HER3 concentration (300 fg/mL to 300 ng/mL). The data is fitted to a Hill-Langmuir 

model (red curve); Inset: Comparison of device responses for various control experiments. Fully 

prepared biosensor to target HER3 at 30 ng/mL (light blue bar). Fully prepared biosensor to 

negative controls plain PBS buffer (red bar) and non-complementary protein marker osteopontin 

(OPN; dark blue bar). Also shown is the response in a negative control experiment where a device 

prepared without the scFv antibody was exposed to the target HER3 at 30 ng/mL (green bar). 
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here �? is the HER3 antigen concentration, �# is the sensor response at saturation 

when all binding sites are occupied, �< is an offset to account for the response to pure 

buffer, �-�Ô is the dissociation constant describing the concentration at which half of 

available binding sites are occupied, and �J is the Hill coefficient describing 

cooperativity of binding. The best-fit parameters were �-�Ô = 790 ± 160 pg/mL. The 

low value of �-�Ô indicates strong binding affinity of the scFv for HER3 antigen at 

the electrode surface, which may reflect high antibody loading of the PtNPs. The 

value of the offset parameter Z = 0.90 is in good agreement with measured responses 

of devices to pure buffer (0.89 ± 0.2 V; indicated by the dashed line in Figure 4.14). 

The results indicate that a collection of 6�±10 bio-GFET devices can readily 

differentiate between pure buffer (0.89 ± 0.2 V) and a solution containing 300 fg/mL 

HER3.  

Multiple control experiments were conducted to gauge the specificity of the 

device (inset to Figure 4.14). First, A fully functionalized bio-GFET device was 

tested against 30 ng/mL of OPN, the resulting response (0.91 ± 0.2 V) was 

indistinguishable from the device response to pure buffer. And second, the response 

of an unfunctionalized GFET device to 30 ng/mL of HER3 (1.19 ± 0.2 V) was again 

comparable to the buffer response, which is significantly smaller than the response 
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of a functionalized bio-GFET to the same HER3 concentration (5.71 ± 0.49 V) 

suggesting that bio-GFET response to HER3 target reflects specific ligand�±receptor 

binding with a negligible contribution from nonspecific binding. Although a precise 

quantitative understanding of the transduction mechanism remains to be developed, 

our results motivate the possibility that the present method could be further 

optimized to develop a new class of scalable graphene-based nanohybrid biosensors 

with the highly sensitive and specific chemical recognition characteristic of the 

protein for a useful diagnostic test. 

4.3.4 Conclusion 

We demonstrated a novel scalable fabrication process for biosensor arrays 

based on PtNP-Gr devices functionalized with an scFv with specific affinity for the 

breast cancer biomarker protein HER3. The device exhibited a concentration-

dependent response over a wide concentration range of HER3 that was in excellent 

quantitative agreement with a model based on the Hill-Langmuir equation of 

equilibrium thermodynamics. Control experiments indicated that the HER3 specific 

scFv antibody retains its highly specific binding characteristics on the PtNP-Gr 

hybrid structure, signifying the suitability of PtNPs for efficient biomolecular 

immobilization for enhanced loading of antibodies on graphene transistors. These 

observations of a good analytic range, high antigen�±antibody specificity, rapid 

response, and ease of use with a small sample volume makes this device superior to 

traditional immunoassay, suggesting its use as a point-of-care diagnostic tool. 
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4.3.5 Experimental Section 

Graphene synthesis: Done in a Low Pressure Chemical Vapor Deposition 

furnace. Cu foil was cleaned with acetone and isopropyl alcohol (IPA), and then 

dried by N2 gas. The reaction chamber was pumped to a base pressure of ~50 mTorr 

and 80 sccm hydrogen (H2) flow into the chamber. The furnace was heated to the 

process temperature of 1020 °C, followed by annealing of the Cu foil for 30 min. 

Growth is done under methane (CH4) introduced at a flow rate of 50 sccm for 35 

min for graphene growth. The reactor was subsequently rapidly cooled to room 

temperature under a flow of 80 sccm H2 and 50 sccm CH4.  

Device fabrication: A source and drain electrode array was patterned on an 

SiO2/Si water using a standard photolithographic process, based on a bilayer resist 

process of PMGI and Shipley 1813. Thermal evaporation was used to deposit 5 nm 

Cr and 40 nm Au, followed by lift-off with 1165 striper. CVD Graphene was 

transferred onto the Si/SiO2 chip with metal electrodes by the PMMA-assisted 

�³�E�X�E�E�O�L�Q�J�´�� �W�U�D�Q�V�I�H�U�� �P�H�W�K�R�G��92 After graphene transfer, GFET channels were 

patterned using bilayer photolithography similar to the metallization, followed by 

oxygen plasma etching (1.25 Torr, 80 W, 30 sec). Stripper 1165 removes residual 

photoresist. 

Biosensor fabrication: GFETs were incubated in a colloidal mixture of 100 

ppm PtNPs (Sigma) in 5mM 1-methyl pyrene amine in methanol for 2 h, followed 
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by extensive washing with methanol and IPA, and dried under flowing N2 to yield 

the PtNP/GFET hybrid structure. 

Expression and purification of Anti-HER3 scFv: The complete amino 

acid sequence of the variable heavy and light chains of the anti-HER3 A5 antibody 

was described previously.171 An scFv version of the A5 antibody was expressed and 

purified as previously described.174 Briefly, the pSYN-A5 scFv expression vector, 

which encodes for a 6x-HIS tagged version of the scFv, was transformed into TG1 

E. coli and protein expression was induced through addition of 1 mM IPTG 

���,�V�R�S�U�R�S�\�O�� ��-d-1-thiogalactopyranoside, Fisher Biotech) to a logarithmically 

culture. After 4 h of induction at 25 °C fully folded scFvs were extracted from the 

periplasmic space by osmotic shock in 30 mM Tris-HCl (pH 8), mM EDTA, 20% 

sucrose (w/v). Protein was dialyzed into phosphate buffered saline and purified by 

sequential immobilized metal affinity chromatography (IMAC) and size exclusion 

chromatography. 

Functionalization: �$���V�R�O�X�W�L�R�Q���R�I���V�F�)�Y���D�Q�W�L�E�R�G�L�H�V���������������J/mL; pH 7.3) was 

pipetted onto the PtNP-GFET array in a humid environment (to keep the solution 

from evaporating), over an incubation period of 1 h. This causes PtNPs to be 

functionalized with scFv through binding of thiol groups of cysteine residues. After 

incubation, the chips were cleaned sequentially in two DI water baths under 

agitation for a total of 2 min, and then blown dry in a gentle stream of nitrogen. 
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4.4 SUMMARY 

In this chapter, we explored two different nanoparticle-mediated 

functionalization methods. We applied each one to a different biomolecule through 

a thiol-nanoparticle bond, and as such the biomolecules are interchangeable with 

the nanoparticles. First, we developed a monodisperse layer of gold nanoparticles 

on a graphene channel field effect transistor (AuNP-GFET) by evaporating a gold 

layer onto CVD grown graphene and annealing after fabrication. Evaporating a gold 

forms clusters on top of the graphene and thermal annealing forms the nanoparticles 

from these clusters.  These nanoparticles are bound to thiolated DNA to realize a 

complimentary DNA sensor of high specificity and sensitivity. Second, platinum 

nanoparticles were immobilized to a graphene channel field effect transistor (PtNP-

GFET) by means of a 1-methyl pyrene amine linker (Pyrene-NH2).  A thiolated 

scFv fragment from a HER3 antibody is bound to the PtNP to form a   HER3 

antibody sensor. The antibody sensor retains the specificity of the antibody 

biomolecule and the sensitivity of the graphene transducer. 
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5 ANTIBODY/ANTIGEN BIOSENSORS 

This chapter outlines Nano/bio hybrid sensors that are functionalized with 

their biomolecules by chemical linkage. First, we motivate this research and 

introduce previous applications. We mention the limitations and outline the general 

advantages, and the flexibility of the approach used here. The flexibility of the 

chemical linkers presented here comes from one of their functional group that binds 

to an amine group. Amines are very prevalent in proteins, making both approaches 

presented here applicable to most natural and engineered proteins.  

First, we present a comparison between two chemical linking methods, 

covalent and noncovalent interaction to the graphene. Both linkers bind through a 

succinimde ester reaction, and the same antibody is used to properly compare the 

sensing response of both linkers. The linker 1-pyrenebutanoic acid succinimidyl 

ester (Pyrene-NHS) non-�F�R�Y�D�O�H�Q�W�O�\���E�L�Q�G�V���W�R���J�U�D�S�K�H�Q�H���W�K�U�R�X�J�K���Œ-�Œ���V�W�D�F�N�L�Q�J�����Z�K�L�O�H��

the linker 4-Azido-2,3,5,6-tetrafluorobenzoic acid, succinimidyl ester (Azide-

NHS). Finally, we developed the framework for a multiplexed measurement for 

simultaneous detection of a complex mixture of targets. The device array layout 

allows to functionalize groups of GFETs with different antibodies. We measure the 

response of each group to each individual target, and to the target mixture. 
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5.1 INTRODUCTION 

In the context of biosensors, the aim is to detect target molecules in effective 

concentrations and in various matrices (e.g. biofluids and environmental). Biochemical 

receptor molecules of interest, especially for medical applications, are antibodies due to 

their high specificity and selectivity to their target antigen.27, 175 It is crucial that the receptor 

molecule is bound to the transducer surface with high density without affecting its activity. 

Pyrene based compounds has been used to noncovalently functionalize reduced graphene 

oxide (rGO),176 CVD graphene,177 and nanotubes.178 Pyrene is a versatile, noninvasive 

strategy that will maintain the mobility of the transducer. On the other hand, 

�3�H�U�À�X�R�U�R�S�K�H�Qylazide (PFPA) has been used to covalent immobilize functional groups onto 

carbon surfaces and nanoparticles upon thermal activation or light irradiation of the azide 

functionality.102, 179-181 The PFPA conjugation method is simple, fast, reproducible, and has 

�E�H�H�Q�� �S�U�R�Y�H�Q�� �W�R�� �E�H�� �H�I�¿�F�L�H�Q�W�� �W�R immobilize synthetic polymers,179 graphene,180 and 

carbohydrates181 onto variety of substrates.  

Simultaneous detection of multiple biomarkers is a useful method to reduce 

both false positive and false negative diagnoses for biomedical applications where 

target biomarkers are present in complex bodily fluids. Arrays of Nano-enabled 

biochemical sensors suitable for multiplexed detection are a potential solution to 

this problem, where different areas of the sensing array can be dedicated to detect 

different targets of interest. Multiplexed detection using transduction devices such 

as nanowires,182 and MEMS (nanorods)183 have been reported. Graphene sensor 

arrays have not been widely implemented for multiplexed detection.  
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5.2 COVALEN T/NONCOVALENT FUNCTIONALIZATION OF GFET 

ARRAYS FOR BREAST CANCER BIOMARKER DETECTION 

5.2.1 Abstract 

We have developed a Graphene Field Effect Transistor (GFET) array that 

consists of a single-variable chain fragment (scFv) bounded to the device channel 

and the electrical readout is used to read out the binding response between the scFv 

and its corresponding antigen. The extracellular domain human epidermal growth 

factor receptor protein (Her3-ECD) is used as target. The GFET fabrication process 

involves an industry standard compatible photolithographic process with soft 

plasma etcher conditions and specific solvent exposure time to avoid graphene 

degradation, as confirmed Raman spectroscopy. One GFET array consist of one 

hundred devices (10 µm x 100 µm) with an average Dirac voltage of -3.4 ± 0.3 V, 

mobility of 2363 ± 87 cm2/Vs and 95% yield. Two binding chemistries are 

compared: a photoactivated covalent binding based on a perfluorophenyl azide 

(Azide-NHS), and a noncovalent binding based on pyrene compounds (pyrene-

NHS). Binding chemistries are used to attach the scFv to the graphene channel 

confirmed by Atomic Force Microscopy (AFM). Electronic transport measurements 

indicated the recognition of the binding between Her3-ECD and scFv, a 

concentration-dependent response in the Dirac Voltage was observed, with a 

detection limit of 3.1 pg/mL, a factor of 100x more sensitive than ELISA. The arrays 

exhibited excellent selectivity for Her3-ECD over other proteins as Upar. 
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5.2.2 Introduction  

Proper chemical tools to attach different biomolecules to the graphene 

surface are of great importance for any biochemical application. Graphene is a one 

layer continues sheet of sp2 hybridized carbon atoms arranged in a honey-comb 

lattice.184, 185 All carbon atoms are exposed to the environment and its high carrier 

mobility make graphene extremely sensitive to small electrostatic changes in its 

surroundings. These properties combined with its ease of fabrication, and well 

understood chemistry provide a unique platform for sensor applications.186, 187 

Graphene Field Effect Transistors (GFET) can act as a transducer and be used to 

measure these electrostatic changes.186, 187 GFET devices with a single back gate 

have been investigated by several groups for the detection of gases,188 organic 

compounds,189 and biomolecules.189, 190 Immunoglobulins (Ig) are glycoprotein 

molecules that have high binding affinity for a specific antigen related to a 

disease.191 Sometimes referred to as antibodies they serve as a recognizing agent for 

the immune system. The heavy chain and light chain (different amino acid chains) 

form the backbone of the structure known as the constant region (Fc). The single-

chain variable fragment (scFv) is the active region of the antibody   that bind to the 

biomarker.191 scFv chains are shorter than their Ig counterparts and when used in 

GFET sensors the electrostatic interaction for the biomarker is closer to the 

graphene surface, this enhances sensitivity. 
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 Here, we combine the exceptional properties of GFET arrays and the 

selectivity of immunoglobulins with two conjugation strategies to develop a 

powerful diagnostic tool. The GFET array fabrication method outlined here is high 

performance, scalable, and reproducible. The two bifunctional linkers used here 

(fig) are the commonly used [1-pyrenebutiric acid N-hydroxysuccinimide] (pyrene-

NHS) where the pyrene functional group stacks with graphene unchanging the 

device electronic properties, and [4-Azido-2,3,5,6-tetrafluorobenzoic acid, 

succinimidyl ester] (azide-NHS) a photoactivated molecule where the azide 

functional group forms two covalent bonds with graphene. Here we present a 

comparison between the two linker chemistries and present their advantages and 

drawbacks. 

Figure 5.1: Chemical structure of pyrene-NHS (left) and azide-NHS (right). Both have an [N-

hydroxysuccinimide, ester] group, active for amine reactions. 
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5.2.3 Methods 

Graphene growth by chemical vapor deposition (CVD): Graphene 

synthesis was carried out by low-pressure chemical vapor deposition (OTF-1200X-

4-C4-SL-UL, MTI Corp.). Cu foils (Alfa Aesar Item #46365) were cleaned with 

Acetone for 10 minutes and IPA rinse, and then blown dry with N2 gas. The reaction 

chamber was pumped to a base pressure of 50 mTorr. The Cu growth substrate was 

annealed at 1020 °C for 30 minutes with a gas flow of 80 sccm H2. Monolayer 

graphene was then grown using methane as a carbon source at a flow rate of 10 

sccm for 20 mins. The reactor was subsequently cooled to room temperature rapidly 

under a flow of 80 sccm H2 and 10 sccm CH4. Once the furnace cooled to 80 °C, 

the graphene/Cu foil (Gr/Cu) was removed from the furnace and stored. 

Array Fabrication . A two-step photolithography process is used to fabricate 

devices. First to define and deposit the gold contacts, second to define the channel 

after the graphene is transferred onto the metallized wafers. To define the contacts, 

we use Si/SiO2 wafers with 250 nm oxide (Virginia Semiconductor) we use a bilayer 

photolithography process with PMGI followed by a Shipley 1813. Samples are 

exposed to a photolithography mask in hard contact with dose of 80 mJ/cm2 and are 

developed in Shipley Microposit MF-319. A Lesker PVD75 evaporator is used to 

deposit a 5 nm layer of Cr and a 40 nm layer of 99.999% Au, an overnight soak of 

Stripper 1165 is used to lift-off the metal contacts after evaporation.  
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To transfer the graphene a layer of poly-methyl methacrylate (PMMA-A4) 

is spin coated to the Gr/Cu, as mechanical support. The Gr/PMMA is then 

transferred from the Cu foil by the �³�E�X�E�E�O�H�´��method through several baths of 

deionized water and finally transferred to the final substrate, the metallized wafer. 

To define the graphene channels a bilayer lift off process is used, as before. 

PMGI followed by a Shipley 1813. Samples are exposed to a photolithography mask 

in soft contact with dose of 80 mJ/cm2 and developed in Shipley Microposit MF-

319. A Reactive Ion Etching (RIE) Plasma system is then used to anisotropically 

etch the graphene. The lift-off process consists of Acetone, Remover 1165, and 

Acetone 5 min soaks. The sample is rinsed with IPA and dried with N2. Devices 

were annealed in 1000 sccm Argon and 250 sccm H2 for 1 h at 225 °C. The arrays 

yield ranged from 95% to 99%.  

Graphene-FET Functionalization. The GFET arrays were exposed to a 

linker solution. A 10 mg of pyrene-NHS (Sigma-Aldrich) solution in 25 mL of 

methanol for 1 h, followed with 2 min in methanol and 2 min in IPA to remove the 

unattached pyrene molecules.132 Droplets of 10 µg/mL scFv (HER3 scFv-A5) 

solution in PBS buffer (provided by Mathew Robinson, Fox Chase Cancer 

Center192) are placed to the GFET arrays for 1 h under high humidity conditions. 

Arrays were then cleaned with 3 baths of Deionized Water (DI-W) for 2 min each. 

To block the free NHS groups on the linker, we exposed the arrays to 300 uL of 

ethanolamine in 20 mL of 2 mM PBS (pH 8.5) for 30 min. The arrays were cleaned 
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with 3 baths of DI-W for 2 min each. Finally, the arrays were exposed to HER3 

(HER3-ECD) antigen solution in a concentration range from ug/ml to pg/ml for 1 h 

under high humidity conditions with similar cleaning process than the scFv step. 

In the second approach, a 2 mg azide-NHS (TCI America) solution in 20 mL 

of N,N-dimethylformamide (DMF) is used as linker (azide is light sensitive, and 

needs to be prepared under dark conditions). GFET arrays are placed in the linker 

solution and exposed to 3.5 J/cm2 UV-light (365 nm: 29 mW/cm2 for 2 min).  Arrays 

were cleaned with DMF, Acetone and IPA baths for 2 min each. scFv, blocker and 

target attachment steps were done as before. 

5.2.4 Results and Discussion 

We describe the development of wafer-scale GFET arrays (100 devices) with 

yield higher than 95%. Graphene samples are exposed to the PMMA supporting 

Figure 5.2: Functionalization strategies for creating Her3-ECD binding sensor. First, the graphene 

is functionalized with Azide-NHS or Pyrene-NHS. The NHS active groups recognize the primary 

amine of scFv-A5 receptor protein to form an amide bond. The unmodified NHS groups are 

blocked with ethanolamine and then the devices are exposed to a Her3-ECD solution.  
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layer, PMGI/Shipley 1813 resists, and a mild plasma etch; it is important to 

guarantee that the surface is residue free once the process is complete. AFM images 

of the GFET device in Figure 5.3A shows a clean graphene with low number of 

polymer residues and wrinkles. The Raman spectra in Figure 5.3B shows I2D/IG = 

1.4 and small ID/IG = 0.2. In Figure 5.3: Performance characteristics of annealed 

Graphene-FET array: (A) AFM image 4x4 µm, z=10 nm; (B) Raman Spectra; (C-

E) I-V response of 100 G-FET devices, 0.1 V and histograms of Dirac voltage and 

hole mobility. C-E, the I-V response for the G-FET shows ambipolar behavior with 

an average Dirac voltage of -3.4 + 0.3 V and average mobility of 2363 + 87 cm2/Vs. 

The low intensity D peak, clean AFM and the excellent electronic parameters of our 

G-FETs confirms a high quality monolayer graphene with low contamination.  

Figure 5.3: Performance characteristics of annealed Graphene-FET array: (A) AFM image 4x4 

µm, z=10 nm; (B) Raman Spectra; (C-E) I-V response of 100 G-FET devices, 0.1 V and histograms 

of Dirac voltage and hole mobility.  
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Previously we reported a diazonium salts based chemistry to attach 

antibodies to graphene FETs, the diazonium linker forms a covalent bond with one 

carbon atom of the graphene.120, 193 This new bond changes the C-C hybridization 

form sp2 to sp3 affecting the crystal structure and lowering carrier mobility.102, 120 

Now, we explore the azide-NHS chemistry that form a three-membered aziridine-

ring linkage with two neighborhood carbons, generated by photochemical activation 

of organic azides.179, 181 The divalent functionalization changes the C-C 

hybridization form sp2 to sp2+g and the Fluor atoms suppress the ring expansion 

reactions of the singlet phenyl-nitrene increasing the addition yield.102, 180 Also, we 

explore the noncovalent bond between pyrene-�1�+�6�� �D�Q�G�� �J�U�D�S�K�H�Q�H���� �W�K�L�V�� �G�R�H�V�Q�¶�W��

affect the sp2 environment as well the electronic properties of graphene.  

Figure 5.4 compares AFM scans for scFv-A5 proteins attached to graphene 

by the pyrene-NHS (Figure 5.4A) and azide-NHS (Figure 5.4C). The protein density 

increases a factor of four when the azide-NHS was used (131 proteins/um2) 

compared to the pyrene-NHS (32 proteins/um2). The higher protein density attached 

on graphene confirmed PFPA high reactivity and fast kinetics.105 The histogram for 

pyrene-NHS (Figure 5.4B) had its average height at ~2.5 nm, for the azide-NHS 

(Figure 5.4D) the average height of the features increases to ~5.5 nm and a large 

number of features larger than 8 nm. We attribute the lower height for Pyrene-NHS 

absorbs on graphene with low contribution on the protein height ~3 nm.102 
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Raman spectroscopy was done to characterize the GFET channel for the 

azide functionalization process. Figure 5.5 shows the spectra before and after 

incubation in Azide-NHS, after the UV-light exposition the D peak slightly 

increases. This minimum D peak change suggests that the graphene sp2 structures 

are not significantly perturbed after a weak C-C bond forms between the two 

bridgehead atoms. After the scFv-A5 attachment with Azide-NHS the D peak 

increases confirming the protein modification on graphene. The significant increase 

in ID/IG ratio is consistent with the breaking of graphene carbon-carbon bonds during 

the chemical and proteins functionalization.120, 132  

Figure 5.4: Atomic Force Microscopy (AFM) images and height histograms of scFv-A5 receptor 

proteins (gold dots) decorating the G-FET surface with: (A-B) Pyrene-NHS and (C-D) Azide-NHS, 

3.3 x 3.3µm, z = 5 nm. There is a factor of 4 difference in the protein attachment density between 

the Azide-NHS and the Pyrene-NHS. The height histograms of AFM features show a peak around 

2.5 nm and 5.5 nm for Pyrene-NHS and Azide-NHS, respectively.  
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GFET electrical characterization is done by measuring the source-drain 

current as a function of back gate voltage (I-Vg). Mobility slightly decreases, the 

absorption of pyrene-NHS �G�R�H�V�Q�¶�W affect the carrier scattering.132 After the Pyrene-

NHS treatment (Figure 5.6A), the Dirac voltage increases consistent with the 

presence of carbonyls groups near the graphene.132 The I-Vg curve of the 

photoactivated azide-NHS (Figure 5.6B) shows a slight increase of electron-hole 

mobility. Similar behavior was reported for graphene immobilized on a PFPA-

functionalized wafer where the carrier mobility increases a factor of two.105, 194, 195 

It has also been reported that graphene capped with fluoropolymers as CYTOP and 

Teflon-AF show an increase of mobilities, caused by the strongly polar nature of 

the C-F bonds in the polymer.196, 197  

Figure 5.5: Raman spectra of GFET before (blue) and after (red) exposure to Azide-NHS and after 

scFv-A5 (green). The strongly enhanced D-band near 1360 cm-1 after the functionalization 

indicates formation of numerous binding sites on the graphene surface. 



101 

 

Graphene curves are modelled using a linear approximation for the Schottkey 

contact resistance, as in section 2.1.6. Dirac voltage is extracted from the response 

curves, for all GFETs, at each step of the functionalization and sensing. The 

mechanism for this sensing response can be explained by local electrostatic gating 

caused by a conformational change in the scFv-A5 receptor protein upon binding 

its Her3-ECD target.198 For each device in the array, the Dirac voltage shift is 

calculated as the difference between the extracted voltages. The average response 

as a function of the concentration is fitted to a Hill-Langmuir curve that describes 

equilibrium binding of a ligand by a receptor (equation (5.1).199  
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Figure 5.6: I-V g curves in forward gate sweep after successive functionalization steps of GFET 

modified with: (A) Pyrene-NHS and (B) Azide-NHS. Note the Dirac voltage shift to positive values 

after exposure to a solution of scFv-A5, blocking step and Her3-ECD. 



102 

 

�? is the HER3 antigen concentration, �8�à�Ô�ë is the sensor response at saturation when 

all binding sites are occupied, �< is an offset to account for the response to pure 

buffer, �-�Ô is the dissociation constant describing the concentration at which half of 

available binding sites are occupied, and �J is the Hill coefficient describing 

cooperativity of binding. The best-fit parameters were �-�Ô = 1.7 + 0.9 ng/mL and 

�J 
L��0.5 + 0.3 for pyrene-NHS (Figure 5.7A) and �-�Ô = 0.1 + 0.03 ng/mL and �J 
L

��0.3 + 0.2 for azide-NHS (Figure 5.7B).  

The reported value of dissociation constant for the scFv-HER3 response is 

11 nM,132, 192 same order of magnitude as our value 70 nM. The response of 2 mM 

PBS plus one standard error represents the limit of detection of the GFET array and 

is represented in each curve (green line). Azide-NHS enhances the sensor sensitivity 

two times in comparison with pyrene-NHS linker, we attribute this to the C-F bonds 

that form a strong dipole net at the interface with graphene, enhancing any small 

electrostatic perturbation as the target-receptor interaction occurs. A control 

Figure 5.7: Sensor response (Dirac voltage shift) as a function of  HER3-ECD concentration. Each 

point consists of 25 statistically significant devices for (A) Pyrene-NHS and (B) Azide-NHS. 
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experiment was performed using 3.1 ng/mL UPAR target, on pyrene-NHS GFET 

the average of Dirac voltage shift is 5.7 + 0.5 V and for 2 mM PBS buffer is 5.8 + 

0.7 V. For reference, HER3-ECD target response at that concentration is 9.4 + 0.9 

V. For azide-NHS functionalized GFET the same control experiment yields a Dirac 

voltage shift of 13.8 + 0.7 V, while the 2 mM PBS 14.8 + 0.7 V, and HER3 11 + 1 

V. We conclude that the measured response for HER3-ECD was highly specific for 

both pyrene-NHS and azide-NHS linkers, however azide-NHS shows an 

enhancement in the measured sensor response. 

5.2.5 Conclusion 

We have showed that GFETs photochemically coupled with genetically engineered 

scFv of anti-HER3 have high sensitivity towards different HER3 concentrations with 

detection limits of lower pg/mL. Our GFET fabrication is simple, high yield, scalable, and 

compatible with current industry standards. The average Dirac voltage of a GFET array 

was -3.4 + 0.3 V, with mobility of 2363 + 87 cm2/Vs with > 95% yield. The photoactivated 

linker azide-NHS has dipolar C-F bonds that improves mobility, electron-hole transport, 

enhance the protein receptor density and target recognition signal with respect to the more 

commonly used pyrene-NHS linker. Electronic transport measurements indicated the 

recognition of the binding between HER3-ECD and scFv-A5, with a detection limit of 3.1 

pg/mL, a factor of 100 times more sensitive than ELISA. These devices exhibited excellent 

selectivity for HER3-ECD over other proteins as UPAR.  GFET-based detection offers 

significantly lower, quantifiable detection limits as well as fast, all-electronic readout that 

can be performed by any technician in a point-of-care diagnostic setting. 



104 

 

5.3 SENSOR FABRICATION FOR MULTIPLEXED DETECTION OF 

LYME DISEASE BIOMARKER PROTEINS 

5.3.1 Abstract 

We have developed a scalable fabrication process of multiplexed sensing 

array for Lyme disease detection based on Graphene Field Effect Transistors 

(GFETs). Graphene, grown by Chemical Vapor Deposition is �³�E�X�E�E�O�H�´���W�U�D�Q�V�I�H�U�U�H�G��

to a pre-patterned gold contact array wafer. Photolithography is used to define 

graphene channels, and thermal annealing is used to remove impurities. Devices 

show high mobilities (4800 ± 200 cm2/V-s) and low charge doping (Dirac voltage 

of 0.5 ± 0.2 V), and high transistor yield (98%). Sensors are then functionalized with 

an engineered Lyme antibody protein by a photoactivated perfluorophenyl azide 

linker chemistry. Four different antibodies specific to two different targets (two 

antibodies for each target) were measured and show a concentration dependent 

response. A mixture of the targets is then measured where the antibodies are 

multiplexed at different regions of the sensor array, showing a distinct detection 

between the two components of the mixture. 

5.3.2 Introduction  

Simultaneous detection of multiple biomarkers is a useful method to reduce 

both false positive and false negative diagnoses for biomedical applications where 

target biomarkers are present in complex bodily fluids. Arrays of Nano-enabled 

biochemical sensors suitable for multiplexed detection are a potential solution to 
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this problem, where different areas of the sensing array can be dedicated to detect 

different targets of interest. Lyme disease is the most common tick transmitted 

disease in North America and Europe.200, 201 The infection of Borrelia burgdorferi, 

commonly called Lyme disease, is transmitted through the bite of a black legged 

tick and clinical findings alone are often not sufficient for a diagnosis. Diagnosis of 

Lyme disease is currently done indirectly by measuring the antibody response to the 

presence of the bacterial infection, using either Enzyme-Linked Immunosorbent 

Assay (ELISA) or Western Blot. There is growing interest in development of 

approaches for improved early diagnosis of Lyme disease, with most research 

focused on improving the current diagnostic techniques.  A 2-tiered ELISA test has 

been reported to provide higher sensitivity with equal specificity as a standard 2-

tiered serological test (ELISA followed by immunoblotting).200, 201 A second 

approach is to test other bodily fluids. In Europe, there are several species of 

Borrelia burgdorferi which limits further the effectiveness of serological analysis. 

Here the standard is to test the cerebrospinal fluid. Research has also shown that a 

combination of the sensitivity of PCR (for which the risk of sample contamination 

outweighs its effectiveness) with an ELISA based antibody detection can produce 

higher specificity at equal sensitivity than the standard 2-tier serological test.202 

Nanotube transistors have been shown as effective sensors for Lyme disease, 

immobilizing Lyme antibodies to nanotube FETs and measuring concentration 

dependent electrical shift at different Lyme target proteins.203 There have been very 
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few efforts towards early diagnosis of the bacterium itself directly rather than the 

antibody response due to the complex nature of the serum solution. Graphene has 

been shown as a very effective electrical transducer for biological and 

environmental sensor applications,27, 120, 124, 132, 142, 186, 189, 190 due to its high mobility 

and surface to volume ratio. Graphene is ideally suited for the direct detection of 

Lyme disease making it a high sensitivity, low cost, and scalable alternative to the 

current diagnosis tools. 

In this work, we show the potential of a multiplexed graphene-based sensor 

array as a solution for direct detection of Lyme disease. The molecular targets are 

biomarker proteins from the Lyme organism, which offers redundancy in detection, 

for increased robustness against false positives and false negatives. We developed 

a wafer-scale fabrication process for arrays of all-electronic Lyme biomarker 

sensors, where each sensor is a graphene field effect transistor (GFET) 

functionalized with antibodies to specific target proteins of the Borrelia burgdorferi 

bacterium. Simultaneous detection is done through multiplexed electronic 

measurement of different areas of the array, each of which incorporates antibodies 

to a different Lyme protein target. GFETs are fabricated using photolithography 

compatible processes; they are of excellent quality confirmed with AFM, Raman 

spectroscopy and electrical measurements. Mobilities are measured at 4800 ± 200 

cm2/V-s and Dirac voltages of 0.5 ± 0.2 V with a yield of 98%. The process is 

scalable both in the number of GFETs per chip and the number of chips per wafer. 
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A photoactivated perfluorophenyl azide (PFPA) chemistry is used to create N-

hydroxidesuccinimide binding sites on the graphene surface.105, 194, 204 PFPA 

contains highly polar carbon-fluorine (C-F) bonds that serve to enhance graphene 

properties such as the mobility and Dirac Voltage.196, 197 Exposed amine sites on the 

antibody proteins react with these binding sites and create chemical recognition for 

the Lyme disease biomarkers. When reacting the linker to the graphene, and 

immobilizing the antibody a positive shift in the Dirac voltage is consistent with 

density of attachment. A concentration dependent, relative to buffer positive voltage 

response is shown to match the expected Hill-Lanmuir equation of binding. Further, 

we show that the multiplexing graphene sensor arrays can resolve a mixture of two 

Lyme targets at distinct concentrations, and the measured response closely 

resembles the expected concentration as compared to the Hill-Langmuir calibration 

curves. 

5.3.3 Methods 

Graphene Synthesis: Graphene was grown using Low Pressure Chemical 

Vapor Deposition (OTF-1200X-4-C4-SL-UL, MTI Corp.). A Copper foil (46365, 

Alfa Aesar) was cleaned under sonication with 5.4% Nitric Acid solution for 40 

seconds and two DI water baths for 2 minutes, then dried with Nitrogen (N2) gas. 

The furnace chamber is pumped down to ~50 mTorr, and then it is filled with 500 

sccm of argon gas. The furnace was heated to 1020oC and the copper foil annealed 

at that temperature under 80 sccm of hydrogen gas. methane is used as a carbon 
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source, 5 min of 5 sccm followed by 15 min of 10 sccm. The furnace is then rapidly 

cooled down to 500oC where methane flow is stopped.  

GFET Array Fabrication: Figure 5.8a shows the sensor array fabrication 

process. A standard two-layer photolithography process (Michrochem 

PMGI/Shipley S1813) is used to define contact electrodes for 11 sensor arrays on 

���´���6�L���6iO2 250nm wafers as shown in Figure 5.8d. The contacts are metallized with 

5 nm Cr as an adhesion layer and a 40 nm Au layer deposited by thermal 

evaporation, followed by lift-off. The back side SiO2 of the wafer is etched with 1% 

HF for 6 min to expose the bulk silicon, and rinsed with DI water, followed by 

evaporation of a 40 nm Au layer to provide electrical contact to the back gate. Each 

individual array has 50 pair of contacts (source and drain), grouped into the four 

corners of the chip to allow for multiplexing of up to four different targets. To lower 

the effects of substrate doping we need to increase the hydrophobicity, the wafer is 

treated with an HMDS layer by vapor phase deposition (YES EcoCoat 1224P).93 

HDMS only reacts with the SiO2 layer and leaves the gold surfaces bare.  

�$�����´���E�\�����´���S�L�H�F�H���R�I���&�9�'���J�U�D�S�K�H�Q�H���R�Q���F�R�S�S�H�U�����*�U���&�X�����L�V���F�R�D�W�H�G���Z�L�W�K���D���W�K�L�Q��

�O�D�\�H�U�� �R�I�� �3�0�0�$�� �I�R�U�� �P�H�F�K�D�Q�L�F�D�O�� �V�X�S�S�R�U�W�� �D�Q�G�� �³�E�X�E�E�O�H�� �W�U�D�Q�V�I�H�U�U�H�G�´�� �R�Q�W�R�� �W�K�H��

Si/SiO2/HMDS contact array wafer.120 The Cu/Gr/PMMA stack is submerged in a 

50 mM NaOH solution, and a 30 V potential is applied between the Cu and a counter 

electrode. Bubbles from hydrolysis form at the Cu surface and mechanically 

separate the Gr/PMMA, which is cleaned with a triple DI Water bath and transferred 
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to the final substrate. After drying and a 2 min bake at 150oC, the PMMA is removed 

by a 5 min acetone spray and a 1 hour acetone bath. GFET channels are then 

patterned using two-layer photolithography (Michrochem PMGI/Shipley S1813), 

and exposed graphene is etched in an oxygen plasma, at 1.25 Torr of Pressure and 

50 W power for 35 sec. Lift-off is done with a 2 min bath of Remover-PG 

(Michrochem) under agitation, a 5 min bath of Remover-PG, a 5 min bath in 

Acetone and a 2 min bath in IPA. The wafer is then cleaved into individual chips 

and they are further cleaned through thermal annealing in a tube furnace (Fisher 

Scientific TF55035A) under a gas flow of 1000 sccm of Ar and 250 sccm of 

hydrogen at 225oC. 

Figure 5.8: (a) Schematic of the GFET fabrication process. (b) Schematic of the electrical probe to 

characterize graphene devices. (c) Optical Image of a single GFET device. Silicon Oxide (Oxide) 

regions and graphene are differentiated by a difference in contrast. (d) Optical Image �R�I���D�����´���Z�D�I�H�U��

after completing fabrication. Process is done at the wafer scale.  
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5.3.4 AFM, Raman Spectroscopy, and Electrical Measurement: 

The topography of the graphene was characterized by an atomic force 

microscope (AFM, Icon Bruker) equipped with a probe with a tip radius of <10 nm 

(TAP300Al-G, Budgetsensors). The integrity of graphene was measured by Raman 

Spectroscopy (RAMAN-NSOM, NT-�0�'�7�������D�I�W�H�U���³�E�X�E�E�O�H�´���W�U�D�Q�V�I�H�U���R�Q�W�R���D���6�L�����6�L�22 

wafer. Electrical measurements were performed in a probe station (Cascade 

Microtech) at room temperature and atmospheric pressure, using a 200 pin probe 

card (Accuprobe). Resistance-Gate Voltage (R-Vg) measurements were done using 

two Keithley ammeters, a 2400 Source Meter to apply the source-drain bias voltage 

and measure the current and a Keithley 6487  picoammeter/voltage source to sweep 

a potential across the gate. A National Instruments 1024 Switching Matrix was used 

to define the actual device under test. Curve parameters were extracted by first 

removing the baseline (contact resistance) and fitting the measured curve to the 

form,45  
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where �4 is the resistance, �8�Õ is the bias voltage applied, �%�È�Ñ is the oxide 

capacitance per unit area, �8�Ú is the gate voltage; and we are finding �8�½ is the Dirac 

Voltage, �ä the mobility, and �J�4 the substrate doping per unit area. 
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Functionalization, Sensing and Multiplexing: Experiments were based on 

the linker molecule 4-Azide-2,3,5,6-tetrafluorobenzoic acid, succinimidyl ester 

(6977, Setareh Biotech) (azide-NHS). The GFET arrays are placed in a linker 

solution of 2.5 mg of Azide-NHS in 25 mL of N-N, Dimethylformamyde (DMF) 

and exposed to 3 J/cm2 of 345 nm light. Chips were then cleaned using a DMF, 

acetone, and Iso-Propanol (IPA) bath for 5 min each, then dried with compressed 

N2. After the linker, genetically engineered antibodies are immobilized to the 

graphene by placing a 10 uL droplet (20 ug/mL in 0.75 mM PBS) in each corner of 

the chip at 100% humidity for 3 hours.  

First we characterize the response for each antibody. This is done by 

functionalizing all GFETs of several chips to a single antibody. The devices are then 

measured electrically (100 mV bias, 1 mA current limit, and gate sweep from 0V to 

-60 V in 2 V steps). Each chip is then assigned a concentration to sense, a single 

200 ml droplet of the target solution is placed on the chip (0.75mM solution of the 

protein in dialysis buffer). The devices are again measured electrically under the 

same conditions. Dirac voltages are then extracted from curve fitting for each chip 

before and after target and the shift in Dirac voltage is calculated. This process is 

done for antibodies 1G2G1 (groS-1), 4B4C10 (groS-2) that are specific to groS 

target and 4G8D4 (flab-1), 3F11B10 (flab-2) that are specific to flaB target 

(antibodies were produced by Promab). 
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5.3.5 Results 

After fabrication of a device array, as described in Methods, the graphene is 

characterized to ensure it is both good quality monolayer graphene and there is 

minimum residue due to the photolithography and transfer processes. Raman 

spectrography is used to characterize the quality of the graphene after lithography, 

the peaks are then identified by a multi Lorentz peak fit shown in Figure 5.9a. 

Raman shifts of the G peak (1588 cm-1) and 2D peak (2679 cm-1) correspond with 

the expected shifts for graphene.80 The G/2D ratio (0.33) corresponds to the signal 

of monolayer graphene, and the D/G ratio (0.16) suggest a small amount of defects 

in the graphene. Residues from photoresists or PMMA would appear in the 

spectrum, no evidence of abnormal peaks suggests that the graphene devices are 

clean of residues of the processing polymers. Raman spectrum shows a good 

quality, clean monolayer graphene. Figure 5.9b shows the resistance for different 

back gate voltages for a typical device array after annealing. Each individual 

response is highly asymmetric; this difference is usually attributed to contact 

resistance effects.205 The curves are fitted to a resistance model, extracting the Dirac 

voltage, mobility, and neutrality charge. A histogram of the Dirac voltage, and 

mobility for all the arrays in a single processed wafer (11 arrays, each with 100 

devices) is shown in Figure 5.8c-d. Mobility is calculated at 4952 ± 1682 cm2/Vs 

and Dirac voltage at 0.5019 ± 2.712 V. Conventional imaging resists contain 

aromatic rings that can non-covalently bind to graphene through Van der Waals 
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interactions,125 and the use of a protective layer like PMGI is then necessary to allow 

a more effective surface cleaning of graphene. The effectiveness of our process is 

shown with the low Dirac voltage and high mobility across the entire wafer for the 

complete process. This allows for a scalable, high yield, and high performance 

devices compared to other processes. 97, 135 

 

Figure 5.9: (a) Raman spectrum for a fully patterned GFET channel. The G/2D ratio is 0.33 and 

D/G ratio is 0.16, in agreement with low defect monolayer graphene. (b) Graphene resistance as a 

function of gate voltage with subtracted linear baseline for an entire array of GFET. Device yield 

is 98%. (c-d) Histogram of the Dirac voltage (panel c) and mobility (panel d) for a total of 1100 

GFET devices (11 arrays of 100 devices each) from a single fabrication process.  
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The structure of Azide-NHS as well as the product of the reaction with 

graphene after photo-activation is shown in Figure 5.10a. The actual binding 

chemistry8, 102, 180, 195 is caused by a photoactivated Azide anion (N3) decomposed 

into a nitrogen molecule (N2) nitrene (N-) which binds with two contiguous carbon 

atoms. To complete the fabrication of the biosensor, an antibody is attached to the 

linker molecule using the procedure described before. Amine (NH2) groups that are 

very prevalent in most proteins can readily bind with the N-hydroxysuccinimide 

(NHS) from the linker. Atomic Force Microscopy is used to characterize both steps 

of the functionalization process. Figure 5.10b shows the AFM image of an as 

fabricated graphene device, a device after pyrene-NHS attachment and a device 

after the antibody attachment. Figure 5.10c shows a comparison of line scans on 

each of the corresponding images. From the line scans the average height of the 

graphene is 0.95 +/- 0.19 nm, and the average height of the Azide-NHS layer is 1.65 

+/- 0.20 nm. When protein binding occurs, the linker loses the succinimide ester 

group making the height measured by AFM lower than the actual protein height. 

The average protein height, measured as the difference between the high points in 

the line scan and the average height of the Azide-NHS layer, is 1.46 +/- 0.24 nm. 
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The responses of each of the antibodies is characterized by measuring the 

shift between the response before the target (after antibody) and after the target. The 

curves are modelled using equation (5.2, and the shift in Dirac voltage is calculated. 

Figure 5.11a shows the target binding against the antibody, and Figure 5.11b shows 

the resistance curve for a typical response of a target-antibody binding of a single 

device. A relative to the buffer response is used to determine the sensor calibration. 

Sensors are expected to respond under the Hill-Langmuir binding dynamics model.  

Figure 5.10: (a) Schematic for the binding chemistry of the linker molecule and the antibody 

protein. (b) AFM images of graphene at various steps in the process. Left: As-transferred graphene. 

Middle: After azide attachment. Right: After antibody immobilization.  
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Figure 5.11: (a) Schematic of antibody/target binding. (b) R-Vg characteristic shows a shift after 

exposure to the target. Azide/antibody curve (black) is the reference and it shifts towards the target 

curve (red). (c-f) Concentration dependent responses (relative to buffer) of antibody/target pairs 

fitted by Hill-Langmuir model of binding dynamics. (c) GroS-1 antibody, (d) groS-2 antibody, (e) 

flaB-1 antibody, (f) flaB-2 antibody.  
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where �¿�8 is the relative to buffer response, c is the target concentration, �-�Ô is the 

dissociation constant (concentration where association and dissociation are in 

equilibrium), �8�4 is the saturation response, and �J is the cooperativity. We measured 

a total of two different targets, each one with two variants of antibodies shown in 

Figure 5.11c-f. 

A similar process as the one described in Methods is used to characterize the 

multiplexing response to different antibodies in the GFET array. The antibodies 

used were selected due to their similar cooperativity. Both responses show a steep 

change in the relative response, this allows for the concentrations to be tested to be 

of clinical significance. As in the insert of Figure 5.12, one section of the chip is 

functionalized with groS-1 antibody and a different section for flab-1 antibody. All 

previous steps before the antibody attachment are the same as described before, 

applied to the entire chip. For multiplexing it is important to keep the volume of the 

droplets in each section contained to avoid mixing, both during incubation and 

rinsing. The devices are then measured electrically (100 mV bias, 1 mA current 

limit, and gate sweep from 0V to -60 V in 2 V steps). A 200 ml droplet of the target 

mixture solution (30 ng/mL of groS and 3000 ng/mL of flaB in 0.75 mM PBS) is 

placed on the chip for 1 hour. The devices are measured electrically using the same 

conditions as before, Figure 5.12 shows relative voltage shifts for both sections of 

the same chip. For each section of the chip corresponding to the groS-1 and flab-1 

antibodies, devices are normally distributed with an average of 0.84 +/- 0.45 V and 
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13.94 +/- 0.27 V, respectively. These values are close to the expected values as 

given by the calibration curves of each of the antibodies (0.47 V for groS-1 and 

18.59 V for flab-1). 

Figure 5.12: Relative to buffer Dirac shift for two sets of arrays. Insert shows a schematic of the 

multiplexed array. Each array is functionalized with groS-1 antibody on the top section of the array 

and with flab-1 on the bottom section of the array. A mixture of groS target (30 ng/mL in 0.75 mM 

dialysis buffer) and flaB target (3000 ng/mL in 0.75 mM dialysis buffer) is sensed by the entire 

chip. An accumulated histogram of the responses (relative to buffer) for both chips is shown, top 

section in blue and bottom section in green. 
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5.3.6 Conclusion 

To summarize, a high yield, high quality, scalable fabrication process for 

graphene arrays has been developed. The fabrication process is a full wafer scale, 

photolithography compatible process. A full sheet of graphene is transferred to a 

pre-patterned metal contacts wafer where the graphene channels are then defined, 

the cleaning protocol includes a solvent soak and anneal is designed to remove most 

polymer residues while minimizing any damaging effects to the graphene.  

Graphene after fabrication shows a clean monolayer with low amount of 

dislocations as shown in their Raman spectra where the G/2D ratio is 33% and the 

D/G ratio is 16%, GFET arrays show excellent electrical properties with mobilities 

of 4952 +/- 1682 cm2/Vs and Dirac voltage at 0.5019 +/- 2.712 V. The linker 

chemistry used provides a high-density layer of antibodies (as shown by AFM 

imaging) covalently bound to the graphene with minimum effect on mobility, while 

chemically gating the devices causing a Dirac voltage shift. The sensors are 

calibrated by four different Lyme antibodies that correspond to two different targets 

(each target can bind to two antibodies). Mixture detection is then demonstrated by 

multiplexing the sensing signal to separated sections of the same chip, 

functionalizing each section with antibodies corresponding to the targets in the 

mixture.  The measured response shows a distribution of devices at different values, 

whose average closely resemble the expected values obtained from the calibration 

curves for each antibody/target pair.  
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5.4 SUMMARY 

In this chapter, we detail two chemical linkage mechanisms for protein 

functionalization to graphene. First, we compare the covalently linked azide-NHS 

to the non-covalent linked pyrene-NHS using scFv HER3 antibody for both linkers 

as a benchmark response. The photoactivated linker azide-NHS has dipolar C-F bonds 

that improves mobility, electron-hole transport, enhance the protein receptor density and 

target recognition signal with respect to the more commonly used pyrene-NHS linker. 

However, devices for both linker chemistries show excellent sensitivity and selectivity as 

tested against the non-target UPAR. We then show the capability of GFET arrays for 

multiplexing the sensing signal of complex mixtures, by functionalizing different 

regions of the array with different protein chains from the bacterium of Lyme 

disease. The sensors differentiate signals of the target mixture, and show a value 

that closely resemble the calibration curves for each antibody/target pair. 
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6 CONCLUSIONS 

In this chapter, we summarize the results of the experiments described in this 

thesis. We also detail research prospects that can be pursued based on the work 

presented here. 

6.1 SUMMARY 

Graphene has many properties to revolutionize modern technology. Since its 

discovery, it has been shown in several applications such as touch screen 

displays,206, 207 high frequency electronics,208, 209 energy storage,210, 211 and field 

emitter antennas,212 to name a few. Since the isolation of graphene through 

mechanical exfoliation our understanding of single layer materials has allow us to 

grow them through chemical vapor deposition (CVD).87, 213 Aside from graphene, 

other materials like Boron Nitride,214, 215 and transition metal dichalcogenides216 

have also been grown through CVD. Aside from excellent electrical, thermal, and 

mechanical properties graphene also exhibits properties like the Quantum Hall 

Effect217 and fractional Quantum Hall Effect218, 219. 

In this thesis, we aim to develop a set of tools necessary for wafer scale 

fabrication of graphene field effect transistor (GFET) arrays for biosensing 

applications. The GFET arrays are used as electrical transducers for biomolecules 

chemically bound to the graphene channel surface. The biomolecules will cause an 

electrostatic change when doing conformal changes in their structure (folding, or 
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binding a target) and the GFETs conductivity is a function of this electrostatic 

change. We start by developing a model for our GFET devices such that it matches 

electrical parameters that we can characterize in the laboratory and to understand 

the linking mechanism of biomolecules. Then we define two linking mechanisms, 

thiol binding mediated by nanoparticle (NP) and amine binding through a 

succinimide ester. 

The graphene model used is an approximation derived of first principles, 

where the conductivity of the graphene is calculated as the charge density in the 

channel. From band theory of solids, we show that the charge density depends 

linearly on the electric field applied on the back gate. Graphene underneath metal 

contacts is shown to exhibit both pinning and doping causing an electric field 

dependence for the contact resistance, which we model as a linear approximation. 

Considering all effects, we can write the graphene resistance as, 
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(6.1) 

where the details of the equation are shown in section 2.1. We also detail some 

important characteristics of the biomolecules presented in this thesis, 

deoxyribonucleic acids (DNA), and immunoglobulins (antibodies). It is important 

to understand the linking mechanisms to develop a comprehensive set of chemistry 

processes to link the biomolecules to graphene. 
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We detailed the processes and tools necessary for a wafer scale fabrication 

of graphene devices. The entire process is compatible with all microfabrication 

industry standards. We show that our CVD graphene shows minimal contamination, 

excellent structural, and electrical properties. Fabrication of GFET devices show 

above 95% yield, above 3000 cm2/V-s mobilities and approximately 0 V Dirac 

voltage. 

Nanoparticle mediated functionalization binds to a thiol in the biomolecule 

by forming a metal sulfide (e.g. AuS or PtS) bond. Here we present two approaches. 

First, we demonstrate DNA binding through a monodisperse layer of gold NP. Gold 

is deposited by thermally evaporating a thin layer before graphene transfer and 

thermally annealing after photolithography. We verify graphene quality and 

cleanliness by Raman spectroscopy and x-ray photoelectron spectroscopy (XPS), 

and NP deposition atomic force microscopy (AFM). Thiolated single strand DNA 

(ssDNA) is bound as a receptor biomolecule through a thiol bond to the NP to realize 

a very sensitive and highly specific biosensor. Then, we show a thiolated antibody 

binding through a pyrene functionalized platinum NP. Nanoparticles are chemically 

bound to the graphene surface by a pyrene amine linker, where the pyrene functional 

�J�U�R�X�S�� �Œ-�Œ�� �V�W�D�F�N�V�� �Z�L�W�K�� �J�U�D�S�K�H�Q�H�� �D�Q�G�� �W�K�H�� �D�P�L�Q�H�� �I�X�Q�F�W�L�R�Q�D�O�� �J�U�R�X�S�V�� �E�L�Q�G�V�� �W�R�� �W�K�H��

nanoparticle when in its +I oxidation state due to relativistic fluctuations. Graphene 

quality and cleanliness is verified through Raman spectroscopy, and NP attachment 

and distribution through AFM and SEM. An scFv HER3 antibody, a biomarker for 
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breast cancer, is used. We show a highly specific sensor response, with 10 pM limit 

of detection. Control experiments reveal a highly selective response against non-

targets, and non-specific binding. 

Primary amines are very frequently occurring in most proteins. Amines can 

react with succinimide esters to form an amide bond. We explore two different 

functionalization chemistries for graphene, covalent and non-covalent, both of 

which have a succinimide ester functional group available to react with an amine. 

�:�H���X�V�H���D���S�\�U�H�Q�H���E�L�I�X�Q�F�W�L�R�Q�D�O���O�L�Q�N�H�U���W�K�D�W���Œ-�Œ���V�W�D�F�N�V���Z�L�W�K���J�U�D�S�K�H�Q�H���W�R���I�R�U�P���D���Q�R�Q-

covalent functionalization. This method has the advantage of being non-invasive to 

the crystallographic structure of graphene. We also use a photoactivated 

p�H�U�À�X�R�U�R�S�K�H�Qylazide bifunctional linker that covalently attaches to both carbon 

atoms in each unit cell. A mobility increase from this functionalization is attributed 

to the dipole layer formed by the C-F bonds in the linker. An scFv HER3 antibody 

is used for which the covalent linker shows an enhanced response, similar limit of 

detection of a few nM. Control experiments are done towards the non-target UPAR 

and shows highly selective sensors due to the antibody response. Finally, we show 

the detection of complex mixtures by designing a multiplexing array. Regions of the 

array are functionalized with different antibodies corresponding to a Lyme disease 

target. Detection for each of the targets is shown individually and we measure the 

response curves. The sensors differentiate signals of the target mixture, and show a 

value that closely resemble the calibration curves for each antibody/target pair. 
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6.2 RESEARCH PROSPECTS 

Graphene Field Effect transistor arrays provide an excellent transduction 

platform for sensing applications. Combining excellent electronic properties with 

biomolecules yields highly selective, ultra-sensitive detection mechanisms for 

biological applications. While the results in this thesis are encouraging in terms of 

performance and scalability there is much work to be done for them to become 

commercially available. Here we present, a few approaches to improve the operation 

and design of these devices. 

6.2.1 Monodisperse Nanoparticles 

In this thesis, we presented nanoparticle (NP) mediated sensor arrays. The 

NPs are used as a linker to bind a biomolecule to the graphene channel in a GFET. 

It is important however to study the graphene-noble metal NP interaction to 

understand the electrostatic signal enhancement, and the deposition physics to be 

able to control the density and size of the NP. 

The most commonly reported interaction between graphene and noble metals 

is surface plasmon resonance (SPR), where photons from a light source resonate at 

the same frequency as the oscillations of an electron gas of the noble metal and SPR 

effects are enhanced by the graphene sheet. SPR enhancement has been reported for 

biosensors between graphene and noble metal films,220 noble metal nanoparticles,221 
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and for Surface Enhanced Raman applications.222 There has been very little research 

into electrostatic interactions between graphene and noble metal NP. 

Research done by Bechalany, et.al.11 focuses on the synthesis of gold 

nanoparticles by thermal annealing. The distribution of particle size and density is 

then studied as a function of its synthesis parameters, such as annealing temperature, 

gold thickness during deposition, and atmosphere during the annealing process. The 

study is done on thermally oxidized silicon wafers as substrate.  

Figure 6.1 and Figure 6.2 show the effects of temperature on the distribution 

of NP size. The mechanisms that drive the formation of nanoparticle can range from 

coalescence to Ostwald ripening, the former dominates at lower temperatures and 

NP are skewed to larger sizes while the latter dominates at higher temperatures and 

sizes tend to be smaller. As annealing temperature increases the dominant effect 

changes from coalescence to Ostwald ripening and NP become smaller. 

Figure 6.1: Variation of the Au nanodot area deduced from SEM images (a) and of the nanodot 

heights deduced from AFM measurements (b). All data have been taken after thermal annealing of 

Au island films on Si substrates in Ar for 1 h at various temperatures.11 
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Histograms in Figure 6.2 show NP size distribution with increasing 

temperature. Not only do NP get smaller but the deviation of particle size gets 

smaller as well. We attribute this to the systems effort to minimize surface energy 

for increasing temperatures. 

Figure 6.2: SEM and AFM images of a honeycomb Au mask prior to annealing (a) and SEM and 

AFM images of annealed Au island films on Si substrates in Ar for 1 h, and variation of the area 

distribution of Au nanoparticles depending on annealing temperature: (b) 400, (c) 600, (d) 800, and 

(e) 1000 °C.11 
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The amount of available material also influences the NP size distribution. All 

measurements were for NP annealed at 100oC in Ar atmosphere for 1 h. Figure 

6.3a-d are SEM images of NP distribution for increasing thickness of gold during 

deposition. Figure 6.3e shows NP size as a function of gold thickness, it is important 

to note the size limit reached after 200 nm. 

Figure 6.3: SEM images of hexagonal arrays of Au nanodots fabricated by annealing at 1000 °C in 

Ar atmosphere for 1 h. The diameter of the PS spheres was 1000 nm, and the thicknesses of the 

sputtered Au films varied: (a) 20 nm, (b) 100 nm, (c) 200 nm, and (d) 300 nm. Panel (e) shows the 

nanodot areas deduced from SEM data as a function of the thickness of the sputtered Au films 

measured by a quartz crystal microbalance.11 
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Figure 6.4 shows the effect of the atmosphere during annealing on the 

distribution of the NP. While Ar and Air seem to have similar distributions, N2 is 

much sharper. This suggests that nitrogen lowers the deviation of nanoparticle size. 

H2 and vacuum have a negative effect on the distribution, hampering the synthesis 

of well-formed NP. 

Figure 6.4: SEM images of Au nanodot arrays that formed after Au film sputtering (200 nm thick) 

through PS sphere shadow masks onto Si substrates and after annealing at 1000 °C for 1 h in 

different atmospheres: (a) Ar, (b) air, (c) N2, (d) mixture of Ar and H2, and (e) vacuum.11 
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We then propose a similar study where the substrate is as-grown CVD 

graphene (on the copper foil) and transferred to a thermally oxidized silicon wafer. 

Limitations to the parameters need to be considered such as the temperature during 

the anneal such that graphene retains good electrical properties. Additionally, we 

want to characterize the effects of changes in density and size of NP to the graphene 

conductance. 

6.2.2 Linker Density 

Linker density is an important parameter for sensitivity, it determines 

biomolecule density which enhances the electrostatic signal to be detected by the 

GFET transducer. In this thesis, we presented two chemical linkers, covalently 

linked and noncovalently linked, that produced a sparse layer of biomolecules of a 

few hundred biomolecules per ��m2.  

Ping, et.al.12 show that pyrene-NHS can be used as a chemical linker to 

immobilize probe DNA molecules onto graphene with such a high density that 

individual biomolecules cannot be distinguished by AFM (Figure 6.5a). They note 

however that the height increase is consistent with the expected size of the DNA 

chain, about 1.2 nm. The positive shift in Dirac voltage (Figure 6.5b) is attributed 

to hole doping in the graphene caused by chemical gating from the negative charges 

of DNA. It is calculated that carrier density is �1�u�ä�r
H�s�r�5�6 ��m-2. Assuming 22 
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negative charge in the DNA chain, the separation between biomolecules is ~25 nm, 

causing a very dense layer as seen by AFM. 

The methodology for linking the DNA to graphene with pyrene-NHS is like 

the one used in this thesis. The incubation time in the linker solution is done for 20 

h, which suggests that the has longer incubation times lead to better coverage of the 

linker. It seems to be a self-regulating process that once full coverage is achieved 

no more linker is deposited in the surface. Further research into the time dependent 

kinematics of the pyrene-graphene binding need to be done, as well as the density 

effect that it will have on other biomolecules. 

For azide-NHS the parameter that controls the attachment density is the 

amount of active reacting molecules. Azide is a photochemically activated 

compound, with the addition of light (or heat) the azide decomposes to a nitrene. 

Figure 6.5: (a) AFM line scans of (1) annealed graphene, (2) PBASE functionalized graphene, and 

(3) graphene functionalized with PBASE and aminated DNA. Inset: AFM images showing the scan 

lines plotted in the main figure. Scan lines are �����������P�����=-�V�F�D�O�H���������P�������E�����,�í�9�J���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���I�R�U���D��

typical GFET that was annealed, functionalized with PBASE, reacted with 22-mer aminated probe 

DNA, and exposed to 10 nM target DNA in deionized water.12  
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The cycloaddition of nitrene with graphene is extremely fast due to its highly 

reactive nature. The attachment density depends on the amount of available nitrene 

groups in the graphene surface, which is controlled by the dose of energy density 

during light exposure. Figure 6.6 shows AFM images for two processes with two 

doses of energy density. Exposure for lower times shows increased roughness 

indicating a sparse attachment compared to its longer time counterpart. 

We characterize the effects of higher attachment density of antibodies. Figure 

6.7a shows the Resistance as a function of gate voltage for two GFET devices, where 

dashed lines show devices before functionalization and solid lines show devices 

after azide-NHS/antibody functionalization, for 2 min exposure (red curve) and for 

30 min exposure (blue curve). Figure 6.7b shows the concentration dependent 

response from sensing the corresponding target, for 2 min exposure (red curve) and 

for 30 min exposure (blue curve).  We note an increase in the Dirac voltage shift 

Figure 6.6: (a) Height profile of two linkage chemistry processes for azide-NHS taken by AFM. 2 

min exposure (black-dashed) and 30 min exposure to 25 mW/cm2 365 nm light. (b-c) AFM image 

of (b) 2 min exposure, and (c) 30 min exposure. 
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and an increase in saturated sensor response. The ratio between the Dirac voltage 

shifts is 0.33 V and the ratio between the saturated responses is 0.34 V. We attribute 

both changes to an increase in the chemical gating to higher attachment density.   

6.2.3 Engineered Biomolecules 

The selectivity, specificity and selectivity from the Nano/bio hybrid sensors 

presented here comes from the engineered biomolecules. We used a genetically 

engineered antibody fragment, the single chain variable fragment (scFv) that is the 

active binding region of the immunoglobulin. The use of scFv can be extended for 

multiplexing to improve the sensitivity of results. There are additional modifications 

that can be done to proteins to further enhance the electrostatic signal. Yongki, 

et.al.16 show the effect of genetically increasing the electrical charge at a specific 

location of the protein chain. In their research, they fabricated carbon nanotube field 

effect transistor (CNTFET) based sensors that consist of a single nanotube channel, 

Figure 6.7: (a) R-Vg curves for two GFET devices (colored red and blue), dashed lines show 

devices before functionalization and solid lines show devices after azide-NHS/antibody 

functionalization. (b) Hill-Langmuir concentration dependent response for 2 min exposure (red) 

and for 30 min exposure (blue).  
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and a single biomolecule attached. They measure the response signal of a Lysozyme 

molecule completing a function over several cycles. Figure 6.8 shows the protein 

response, when positions 83 and 119 of the chain were mutated to have different 

charges (+2, +1, 0, -1, -2). The sensor response is shown to depend on the charges 

close to the graphene. The effect of engineering additional charges in the antibody 

chain such that these charges are in proximity to graphene could further enhance the 

electrostatic signal transduced by the GFET arrays in this thesis. 

Figure 6.8: Average transduction by seven charged variants. (A) Lysozyme positions 83 and 119 

were mutated to have positive (blue), neutral (yellow), or negative (red) charged side chains. The 

�H�I�I�H�F�W�L�Y�H���J�D�W�L�Q�J���û�9�*���E�\���H�D�F�K���Y�D�U�L�D�Q�W���Y�D�U�L�H�G���I�U�R�P�����������W�R���í���������P�9�����Z�L�W�K���D���Y�D�O�X�H���R�I���í�������P�9���I�R�U���W�K�H��

neutral N = 0 varia�Q�W�������%�����)�R�U���D�O�O���Y�D�U�L�D�Q�W�V�����û�9�*���L�V���Q�H�D�U�O�\���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���1�����Z�L�W�K���D���V�O�R�S�H���R�I���í�������“��

2 mV per unit charge. Raw data (open squares) shifted up +34 mV (solid squares) results in a 

response symmetric around zero. Error bars indicate three standard deviations as determined from 

n (indicated in parentheses) different devices fabricated with each particular variant.16 
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A second option to improve sensitivity and selectivity are aptamer beacons. 

Aptamers are oligonucleotides that have been selected to bind to a specific 

molecular target. They can consist of RNA, DNA or modified nucleotides and are 

typically less than 100 bases long.223, 224 Aptamers have been used for biosensor 

applications with reduced graphene oxide (rGO),225 graphene,226 carbon 

nanotubes,227 nanorods,228 and nanoparticles.229 The oligonucleotide primary and 

secondary structure are designed such that on folding they conform to a desired 

shape and allow binding to a specific biomolecule. 

Figure 6.9: (A) Three-dimensional structures of AP273 and AP211. The motifs of AP273 can be 

folded into 2 kinds of structures, AP273-1 and AP273-2. (B,C) A docking model between AP273-

1 and AFP protein. In particular, dC9, dC10, dT11, dA13, dA19, dC20 are in close contact with 

AFP. C, T and A represent the bases and the number represents the location of the base in the 

ssDNA sequence. (C) A 3-D interacting mode observed from two views.15 
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6.2.4 On-Chip Processing 

The fabrication process presented in this thesis is fully scalable on the 

number of devices built into the chip. However, currently measurements of all 

transistors in the array, becomes significantly slower with increasing device 

number. While our current measurements are done with a switching matrix that 

rapidly changes from one device to the next, the process can become too slow for 

the time scale required for biomolecules. On-chip processing is one solution to this 

problem, where a full array of GFET devices could be probed using a single set of 

outputs. Signal averaging of the sensor responses is done directly on-chip. 
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A. APPENDIX: RECIPES 

A.1. GRAPHENE GROWTH 

Copper Foil Preparation 

1. Cut a 99.9% Copper foil piece, such that it fits flat inside the furnace chamber 

(usually a quartz holder is needed) 

2. Clean the foil in 5.4% HNO3 for 40 sec 

3. Transfer two DI water baths for 2 min and blow dry with N2 

4. Place the side of the foil (side NOT touching glassware) face down on the 

quartz holder. This bottom part of the copper will have the highest-quality 

Graphene 

Graphene Growth 

1. Ensure the furnace is placed such that there is enough space to slide it out of 

the sample area after the process is complete. Rapid cooling is vital for proper 

graphene growth 

2. Load the holder and copper foil into the tube furnace 

3. Pump vacuum in chamber down to 50 mTorr 

4. Start a gas flow of 500 sccm Ar, and 80 sccm of H2 

5. Heat furnace up to 1020 oC 

6. Anneal at 1020 oC for 30 min 

7. Flow 5 sccm of CH4 for 5 min, then increase to 10 sccm 
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8. After 20 min growth (5 min at 5 sccm and 15 min at 10 sccm of CH4) cool 

the furnace by turning off the heating and slightly cracking open the furnace. 

CH4 flow remains on 

9. At 900 oC slide the furnace away from the sample area 

10. At 500 oC fully open the furnace and turn off the CH4 flow 

11. At 80 oC the furnace can be return to atmospheric pressure and the 

copper/graphene removed and stored 

A.2. METALIZATION PHOTOLITHOGRAPHY 

Metal Contacts Pattern 

1. Spin coat resist layer:  

a. PMGI �± 4000 rpm, 1000 rpm/s, 45 s. Hotplate bake 210 °C for 5 min 

b. 1813 �± 5000 rpm, 1000 rpm/s, 45 s. Hotplate bake at 115 °C for 2 min 

2. Expose the Si/SiO2 wafer with the metal contact mask. Use Hard Contact 

Lithography and expose for 140 mJ/cm2 (for a 50 mW/cm2 362 nm lamp 

exposure time is 2.5 sec) 

3. Drop into developer (typically MF319) bath, blow gently at chip with plastic 

pipette. Should develop in ~ 1 min but needs to be monitored 

4. Move sample to running DI water bath for 30s, blow dry with N2 
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5. Evaporate 5 nm Cr and 40 nm Au in a metal evaporator, without removing 

vacuum to avoid oxidation. General rate is 0.1 A/s for chrome and 1 A/s for 

gold evaporation 

6. Drop sample into resist remover (typically Remover PG or 1165) bath and 

sonicate for 10 m at 60 °C 

7. Move to fresh remover bath and leave overnight 

8. Drop in acetone bath for 5 m. Rinse clean with IPA 

Metal Back Gate 

1. Spin coat resist layer:  

a. 1813 �± 5000 rpm, 1000 rpm/s, 45 s. Hotplate bake at 115 °C for 2 min 

2. Etch the backside of the SiO2 by submerging in a BOE (6% Hydrofluoric 

Acid) for 6m, clean by submerging in a DI water circulating bath 

3. Evaporate 40 nm Au in a metal evaporator, general rate is 1 A/s 

4. Drop sample into resist remover (typically Remover PG or 1165) bath and 

sonicate for 10 m at 60 °C 

5. Move to fresh remover bath and leave overnight 

6. Drop in acetone bath for 5 m. Rinse clean with IPA 

7. Use the dicing saw to cut the wafer into small chips to use later 

8. Clean in an acetone bath, spraying with acetone before. Leave for 5 minutes. 

Rinse clean with IPA 
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A.3. GRAPHENE PHOTOLITHOGRAPHY 

Graphene Photolithography 

1. Starting with a fully transferred Graphene piece on a metal contacts wafer or 

chip. Spin coat resist layers:  

a. PMGI �± 4000 rpm, 1000 rpm/s, 45 s. Hotplate bake 125 °C for 5 min 

b. 1813 �± 5000 rpm, 1000 rpm/s, 45 s. Hotplate bake at 115 °C for 2 min 

2. Align and expose the graphene-Si/SiO2 wafer with the channel mask. Use 

Soft Contact Lithography and expose for 140 mJ/cm2 (for a 50 mW/cm2 362 

nm lamp exposure time is 2.5 sec) 

3. Drop into developer (typically MF319) bath and gently agitate. Should 

develop in ~ 1 min but needs to be monitored 

4. Move sample to running DI water bath, swirl gently for 30 s 

5. Blow dry with N2 

6. Plasma etch to clean graphene excess. 30 sec etch at 50W, oxygen flow is set 

such that pressure is 125 mTorr 

Cleaning 

1. Drop sample into a resist remover bath (typically Remover PG or 1165) for 

2 min and gently agitate 

2. Drop into a fresh remover for 10 min 

3. Move sample to Acetone bath for 5 min 
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4. Rinse with IPA and dry with N2 

5. Furnace anneal at 225 °C, 1000 sccm Ar, 250 sccm H2 for 1 h 

A.4. CHEMICAL LINKERS 

Pyrene Linker 

1. Prepare the pyrene solution by weighing 2 mg of 1-Pyrenebutiryc acid N-

hydroxysuccinimide ester (pyrene NHS) on a metal weighing dish, dilute 

with 25 ml of N,N-Dimethylformamide (DMF). Be sure to not use any plastic 

containers for the solvent 

2. Sonicate the pyrene NHS solution for 10 sec to mix well 

3. Take one or several annealed graphene FET arrays and place them on the 

linker solution for a time between 2 h 

4. Place on a DMF bath for 5 min 

5. Move to an Acetone bath for 5 min 

6. Rinse with IPA and dry with N2 

Azide Linker  

1. Under orange light (cleanroom recommended) prepare the azide solution by 

weighing 2mg of 4-Azido-2,3,5,6-tetrafluorobenzoic acid, succinimidyl 

ester] (azide NHS) on a metal weighing dish, dilute with 20 ml of N,N-
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Dimethylformamide (DMF). Be sure to not use any plastic containers for the 

solvent 

2. Sonicate the azide NHS solution for 10 sec to mix well 

3. Take an annealed graphene FET chip (or several) and place them on the 

linker solution 

4. Expose using mercury lamp to 3.5 J/cm2 keeping the dose consistent across 

different runs 

5. Place on a DMF bath for 5 min 

6. Move to an Acetone bath for 5 min 

7. Rinse with IPA and dry with N2 

A.5. PROTEIN IMMOBILIZATION 

Antibody Protein 

1. Setup the humid chamber by putting a small petri dish bottom and a glass 

slide inside a large petri dish bottom with cover 

2. Place the chips on the glass slide 

3. Pipette about 10 ��L of antibody (aprox. 20 ��g/ml in 0.75mM of Buffer) to 

each region in the chip 

4. Fill the small petri dish bottom with boiling water (careful not to spill any 

near the chips) and cover the large petri dish, this will keep the relative 

humidity at 100%. Refill with fresh boiling water every 1 h 
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5. Let it sit in the antibody solution for a total of 3 h 

6. Place on 400 ml of DI water for 5 min 

7. Dry with N2, very gently with a small amount of flow and at a steep angle 

(almost parallel to the chips surface) 

Target Protein 

1. Setup the humid chamber by putting a small petri dish bottom and a glass 

slide inside a large petri dish bottom with cover 

2. Place the chips on the glass slide 

3. Pipette about 5 ��L of target (varying concentrations in 0.75mM of Buffer) to 

each region in the chip 

4. Fill the small petri dish bottom with boiling water (careful not to spill any 

near the chips) and cover the large petri dish, this will keep the relative 

humidity at 100% 

5. Let it sit in the antibody solution for a total of 1 h 

6. Place on a 400 ml of DI water for 5 min 

7. Dry with N2, very gently with a small amount of flow and at a steep angle 

(almost parallel to the chips surface) 
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