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ABSTRACT 

 

GRAPHENE BASED FLEXIBLE HALL SENSORS 

 

 

 

İnkaya, Uğur Yiğit 

Doctor of Philosophy, Physics 

Supervisor: Prof. Dr. Ahmet Oral 

 

September 2021, 97 pages 

 

 

Graphene is a two-dimensional material that has electronic properties such as having 

low density of charge carriers with high mobility, which are ideal for fabricating Hall 

sensors. Also considering its elastic properties, it is a promising material for flexible 

electronics including flexible Hall sensorics.  

Graphene was synthesized via atmospheric pressure chemical vapor deposition 

(CVD) on 20μm-thick copper by using methane as carbon feedstock. CVD-graphene 

was transferred onto EVA-coated PET film via lamination. By using the resultant 

graphene/EVA/PET laminate, we manufactured Hall devices. We characterized the 

devices by measuring their Hall sensitivity. The devices showed mostly linear sensor 

response with sensitivity of up to 1200 Ω/T. Also we studied graphene-based 

multilayered conductive films on EVA/PET by using Hall devices for the electronic 

characterization. The films were made via layer-by-layer transfer-printing graphene 

onto EVA/PET. Further characterization was performed by van der Pauw 

measurements. It revealed mobilities around 1000 cm2/(Vs) and the hole density 

increasing almost linearly with the number of laminations performed to make the 

film. The surface topography of the films were studied via atomic force microscopy. 
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Finally we performed Joule heating experiments that showed the surface temperature 

of the film can be increased up to ~100°C.   
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ÖZ 

 

GRAFEN TEMELLİ ESNEK HALL SENSÖRLERİ 

 

 

 

İnkaya, Uğur Yiğit 

Doktora, Fizik 

Tez Yöneticisi: Prof. Dr. Ahmet Oral 

 

 

Eylül 2021, 97 sayfa 

 

Grafen, düşük yoğunluklu ve yüksek mobiliteli yük taşıyıcılarına sahip olmak gibi, 

Hall sensör üretimi için ideal özellikleri olan iki boyutlu bir malzemedir. Ayrıca 

elastik özellikleri dikkate alınırsa, esnek Hall sensöriği dahil olmak üzere, esnek 

elektronik için umut vadeden bir malzemedir.    

Grafen, 20 μm kalınlığındaki bakır üzerinde, atmosferik basınçlı kimyasal buhar 

biriktirme (KBB) yoluyla, karbon kaynağı olarak metan kullanılıp sentezlendi. KBB 

grafen, EVA kaplı PET filmin üzerine laminasyon yoluyla aktarıldı. Sonuçtaki 

grafen/EVA/PET laminantını kullanarak Hall cihazları imal ettik. Cihazları, onların 

Hall duyarlılıklarını ölçerek karakterize ettik. Cihazlar çoğunlukla, duyarlılığı 1200 

Ω/T’ya varabilen, lineer sensör tepkisi gösterdi. Ayrıca, elektronik karakterizasyon 

için Hall aygıtlarını kullanarak, EVA/PET üzerinde grafen bazlı çok katmanlı iletken 

filmleri inceledik. Filmler, grafenin EVA/PET üzerine tabaka tabaka aktarılması 

yoluyla yapıldı. İleri karakterizasyon van der Pauw ölçümleri ile icra edildi.  

Ölçümler, 1000 cm2/(Vs) civarında mobiliteler ve filmi üretmek için yapılan 

laminasyon sayısıyla neredeyse lineer artan deşik yoğunluklarını açığa çıkardı. 

Filmlerin yüzey topografisi atomik kuvvet mikroskobu ile incelendi. Son olarak, 
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filmlerin yüzey sıcaklıklarının 100°C’ye kadar çıkarılabileceğini gösteren, Joule 

ısınması deneyleri icra ettik.  

 

 

Anahtar Kelimeler: Hall sensörü, Grafen, Kimyasal Buhar Biriktirme, Esnek Alttaş 

 



 

 

ix 

 

To my family



 

 

x 

 

ACKNOWLEDGMENTS 

 

First, I would like to express my deepest gratitude to my thesis supervisor Prof. Dr. 

Ahmet Oral for his support and mentorship throughout my PhD work. Working in 

his lab was a challenging but fruitful experience for me. I was inspired very much 

by his perspective and way of thinking in applied physics, which made me change 

my mentality and adopt a more experiment-based scientific attitude. Many times, his 

viewpoint and suggestions helped me overcome the problems I encountered during 

the development of this thesis. He taught me the importance of attacking problems 

without worrying or hesitation. I feel very lucky to have worked with such a 

research-minded and inspiring advisor. I believe that I have become a much better 

researcher thanks to him. 

I would like to thank my thesis advisory committee members Prof. Dr. Coşkun 

Kocabaş and Assoc. Prof. Dr. Alpan Bek for their inspiring questions and 

suggestions, which helped me develop this thesis. I must also add that I owe Dr. Bek 

a great debt of gratitude for his help at many critical points. 

I would also like to thank Prof. Dr. Coşkun Kocabaş, Assoc. Prof. Dr. Alpan Bek, 

Assoc. Prof. Dr. Emre Yüce and Prof. Dr. Tofig Memmedli for being on my thesis 

jury. I am especially grateful to Dr. Memmedli for his support and encouragement. I 

benefitted a lot from the discussions with him on applied physics. Working with him 

in the lab showed me the importance of having technical skills. 

I am indebted to Dr. Shumaila Karamat for sharing her knowledge and experience 

on CVD with me, Ekin Özgönül for his friendship and help in technical issues, and 

Yiğit Uysallı for suggesting me to use permanent marker ink as an etch resist. I am 

also indebted to the staff of NanoMagnetics Instruments Ltd. 

 



 

 

xi 

 

TABLE OF CONTENTS 

 

ABSTRACT ............................................................................................................... v 

ÖZ ........................................................................................................................... vii 

ACKNOWLEDGMENTS ......................................................................................... x 

TABLE OF CONTENTS ......................................................................................... xi 

LIST OF TABLES ................................................................................................. xiii 

LIST OF FIGURES ............................................................................................... xiv 

1 INTRODUCTION ............................................................................................. 1 

1.1 Motivation and Scope ..................................................................................... 1 

1.2 Outline ............................................................................................................. 1 

2 HALL SENSORS .............................................................................................. 3 

2.1 The Hall effect ................................................................................................ 3 

2.2 Hall devices ................................................................................................... 10 

3 GRAPHENE .................................................................................................... 15 

3.1 Electronic, Mechanical, and Thermal Properties .......................................... 15 

3.2 Production, Transfer, and Characterization .................................................. 20 

4 GRAPHENE-BASED HALL-EFFECT DEVICES ON FLEXIBLE 

SUBSTRATE ........................................................................................................... 45 

4.1 Manufacture .................................................................................................. 46 

4.2 Characterization ............................................................................................ 48 

5 GRAPHENE-BASED MULTILAYERED CONDUCTIVE FILMS ON 

FLEXIBLE SUBSTRATE ....................................................................................... 59 

5.1 Manufacture .................................................................................................. 59 



 

 

xii 

 

5.2 Characterization ............................................................................................ 61 

5.2.1 Characterization with AFM ...................................................................... 62 

5.2.2 Electronic characterization ....................................................................... 63 

5.3 Resistors ....................................................................................................... 75 

6 CONCLUSIONS ............................................................................................. 81 

REFERENCES ........................................................................................................ 85 

CURRICULUM VITAE ......................................................................................... 97 

 

 



 

 

xiii 

 

 

LIST OF TABLES 

TABLES 

Table 3.1 G and 2D peak positions, heights and FWHMs for the graphene samples 

transferred by using AZ5214 (red) and S1813 (blue). ............................................ 43 

Table 4.1 Average values and standard deviations for the two-dimensional hole 

densities (p) and current-related sensitivities (SI) pertaining to the two sets of Hall-

effect devices with active areas of 2x2 and 5x5 mm2. The average value and 

standard deviation are denoted by an overbar and σ, respectively. ........................ 56 

Table 5.1 Comparison of the resistance values of the resistors and the sheet 

resistance values of the graphene-based multilayered conductive films with respect 

to the number of laminations. Note that the reduction in the resistance is larger than 

that in the sheet resistance. This can be attributed to a large reduction in the contact 

resistance of the resistors. ....................................................................................... 78 



 

 

xiv 

 

LIST OF FIGURES 

FIGURES  

Figure 2.1. Schematic depiction of Hall’s original setup 7. A strip of gold leaf fixed 

onto a plate of glass. The gold leaf and the glass plate are represented by the letters 

m and 𝒈, respectively. b denotes the two slabs of brass in contact with the strip to 

drive a current through the metal in the direction denoted by an arrow. The screws 

used for maintaining the electrical contact between the leaf and the slabs are 

represented by S. e denotes the screws through which the current was introduced 

into the strip. There are two projections protruding from the middle of the strip. 

The projections are in contact with the metal clamps by means of the screws 

denoted by S/. C/ represents the clamps. Electrical connection to the Thomson 

galvanometer is supported by the screws represented by i. ....................................... 5 

Figure 2.2. Schematic showing Hall’s experimental procedure applied to explore 

the directional dependence of the effect 7. ................................................................. 6 

Figure 2.3. Rectangular plate Hall device with length l, width w, and thickness t. S1 

& S2 and C1 & C2 denote sense/sensing and current contacts, respectively. Sense 

contacts are to be equipotential if there is no magnetic field through the device. 

When the bias current (I x) is applied by creating the potential difference V 

between the current contacts in the presence of the magnetic field (B z), the electric 

field ±EH y arises, depending on the charge carrier type (+ for holes and – for 

electrons), so one can determine the type of the charge carrier by measuring the 

Hall voltage between the sense contacts. .................................................................. 8 

Figure 2.4. Vector diagram illustrating the definition of the Hall angle ΘH. J 

represents the current density in the presence of the magnetic field B. Ee denotes 

the external electric field driving the current. The total electric field E = Ee + EH, 

where EH represents the Hall electric field. The Hall angle and electric field 

associated with electrons and holes are colored in blue and red, respectively. The 

Hall angle is measured relative to the total electric field so that its sign coincides 

with the sign of the charge carrier. .......................................................................... 10 



 

 

xv 

 

Figure 2.5. Four of the possible Hall plate geometries with which large geometrical 

correction factor can be easily attained. C and S denote current contacts and sense 

contacts, respectively. C/S designates the interchangeability of the current and 

sensing contacts. ..................................................................................................... 12 

Figure 3.1. Crystal structure of graphene. Left: Two-dimensional hexagonal lattice 

in real space with the basis of two nonequivalent carbon atoms A and B, each of 

which belongs to a different triangular sublattice shown in blue and red. The unit 

cell highlighted in gray is a rhombus with basis vectors highlighted in red. δi 

represents the nearest-neighbor vector i. The vertical edges are zig-zag and the 

horizontal edges are armchair. Right: Corresponding reciprocal lattice with basis 

vectors b1 and b2. The boundary of the first Brillouin zone is highlighted in red. 

The high symmetry points Γ, M, K and K’ are marked. ......................................... 16 

Figure 3.2. Left: Electronic band structure of graphene resulted from tight-binding 

approximation. Energy is in unit of t, with t = 2.7 eV and t’ = -0.2 t. Also shows a 

conical portion of the band structure close to one of the Dirac points. Reprinted 

with permission from A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. 

Novoselov, and A. K. Geim, The electronic properties of graphene, Rev. Mod. 

Phys. 81, 109 – Published 14 January 2009. Copyright 2021 by the American 

Physical Society. Right: Change in the resistivity of graphene caused by the electric 

field effect through the application of gate voltage Vg. The insets show change in 

the Fermi energy level with respect to Vg. Reprinted by permission from Springer 

Nature, Nature Materials, The Rise of Graphene, A. K. Geim et al., Copyright © 

2007. ........................................................................................................................ 19 

Figure 3.3. Outputs of four prominent graphene production methods. (a) Atomic 

force microscopy image of graphene obtained by micro-mechanical exfoliation or 

microcleavage of graphite transferred onto SiO2/Si substrate. Reprinted with 

permission from Balandin et al., Nano Lett. 2008, 8, 3, 902–907, Copyright © 

2008 American Chemical Society. (b) Graphene-N-methyl-2-pyrrolidone 

dispersions produced via shear exfoliation. Adapted by permission from Nature, 

Nature Materials, Scalable production of large quantities of defect-free few-layer 



 

 

xvi 

 

graphene by shear exfoliation in liquids, Paton et al. Copyright © 2014. (c) Atomic 

force microscopy image of the graphene grown on SiC surface after annealing at 

1530°C for 20 min. The inset shows corresponding low energy electron diffraction 

patterns obtained at room temperature (Scale bar: 2.5 μm). Adapted from Journal of 

Electron Spectroscopy and Related Phenomena Volume 184, Issues 3–6, Yu et al., 

New synthesis method for the growth of epitaxial graphene, Pages 100-106, 

Copyright (2021) with permission from Elsevier. (d) Graphene grain produced on 

copper by chemical vapor deposition. Reprinted by permission from Springer, 

Journal of Electronic Materials, Re-nucleation and Etching of Graphene During the 

Cooling Stage of Chemical Vapor Deposition, Liang et al. Copyright © 2019...... 21 

Figure 3.4. (a) Schematics illustrating temporary-support-layer-assisted transfer 

(left) and direct transfer (right) of graphene from metal growth-substrate to target 

substrate. Orange rectangle with black frame represents graphene-coated metal 

growth-substrate. Red rectangle represents temporary support layer. Blue and gray 

rectangles represent target substrates. Metal substrate is removed by peeling or 

chemical etching. Support layer is removed by peeling, dissolving, or thermal 

annealing. (b) Schematic depiction of direct transfer of graphene from copper onto 

flexible substrate via lamination. ............................................................................. 26 

Figure 3.5. Left: Atomic resolution image of graphene by transmission electron 

microscopy. Adapted with permission from Nano Lett. 2010, 10, 11, 4328–4334. 

Copyright © 2010 American Chemical Society. Right: Atomic resolution image of 

graphene on copper via Scanning Tunneling Microscopy. Reprinted from Science 

Bulletin, Volume 62, Issue 15, Xu et al., Ultrafast epitaxial growth of metre-sized 

single-crystal graphene on industrial Cu foil, Pages 1074-1080, Copyright 2021, 

with permission from Elsevier. ................................................................................ 28 

Figure 3.6. Two Raman spectra representative of pristine (top) and defective 

(bottom) graphene. Reprinted by permission from Nature, Nature Nanotechnology, 

Raman spectroscopy as a versatile tool for studying the properties of graphene, 

Andrea C. Ferrari & Denis M. Basko, Copyright © 2013....................................... 30 



 

 

xvii 

 

Figure 3.7. Schematic description of the Raman processes that give rise to the G 

and 2D peaks in graphene. Blue arrow represents photon absorption, red arrow 

represents photon emission, and dashed curvy arrow represents electron-phonon 

scattering. Top: The intrinsic case in which the Fermi level is at the Dirac point and 

thus all interband transitions allowed (left). The Fermi level is increased by n-type 

doping and thus some of the interband transitions are blocked due to the Pauli 

exclusion principle, i.e., transition to an occupied state is impossible (middle). The 

Fermi level is lowered by p-type doping and hence some interband transitions are 

blocked by the Pauli exclusion principle, i.e., transition from an unoccupied state is 

impossible (right). Bottom: Schematics for the double resonance Raman processes 

that give rise to the 2D peak involving two-phonon intervalley scattering. 

Illustrations in the middle and on the right are of small contribution. Solid arrows 

denote photon absorption (blue) and emission (red), and dashed arrows denote 

phonon emission. .................................................................................................... 33 

Figure 3.8. Hot-wall CVD system used for graphene growth. Gas cylinders are 

behind the wall. Vacuum flanges are cooled with chiller. ...................................... 35 

Figure 3.9. Top: Schematic for the CVD system. Middle: Graphical representation 

of the CVD process. Bottom: Cu strips before (left) and after (right) CVD. ......... 37 

Figure 3.10. Raman spectrum of the CVD-graphene on the copper foil. Three 

characteristic peaks are discernable. Inset shows the optical microscope image of 

the graphene-coated surface of the copper foil with the laser spot of the Raman 

system. Copper grains can be seen. Laser wavelength = 532 nm. .......................... 39 

Figure 3.11. Schematic description of process for transfer-printing graphene onto 

SiO2/Si wafer. ......................................................................................................... 41 

Figure 3.12. Raman spectra of the CVD graphene transferred onto 300nm-thick-

SiO2/Si wafer with superposed Lorentzian fits on G and 2D peaks. Insets show 

smoothed G* peaks. The graphene sample transferred by AZ5214 is much more 

defective than that transferred by S1813, according to the heights of the D peaks 

83,89. In the right side, the magnified 2D peaks are shown with the superposed 

Lorentzian fits. That the 2D peaks can be fitted well with single Lorentzians 



 

 

xviii 

 

indicates the existence of single-layer graphene although I2D / IG < 1, where ‘I’ 

denotes the intensity 1,20. However, it was shown that I2D / IG depends on the 

doping level of graphene 85. I2D / IG ≈ 0.76 and 0.75 for the graphene transferred by 

using AZ5214 and S1813, respectively (Table 3.1), which could be resulted from 

water- and photoresist-induced hole doping levels of ~3x1013 cm-2 1,85,87. This hole 

concentration also could yield Raman shifts of ~1610 and > 2700 cm-1 85, thereby 

explain the G and 2D peaks except for the full width at half maximum (FWHM) of 

the G peaks (Table 3.1), which, contrary to the FWHM of the 2D peak, decrease 

with increase in the doping concentration 85. Additional increase in the FWHM of 

the G peak could be attributed to the strain induced by the photoresist-assisted 

transfer process (Figure 3.11). Insets show G* peaks smoothed by using the 

Savitzky-Golay filter with 20 points of window. The sharpness of the G* peak of 

the sample transferred by AZ5214 indicates the existence of single-layer graphene, 

while the shape of the other suggests the possibility for the existence of few-layer 

graphene 83. .............................................................................................................. 42 

Figure 3.13. Top: Optical microscopy images the surface of the EVA layer of the 

lamination film before the lamination with graphene-carrying copper foil (left) and 

of the surface of the copper foil after the CVD process (right). Bottom: Optical 

image of the surface of the EVA layer after the lamination. ................................... 44 

Figure 4.1. Schematics for the process flow of the manufacture. Black parts are the 

parts of the copper layer covered with waterproof ink, which acts as an etch resist 

during the wet etching with FeCl3(aq). Two sets of devices with different Hall-

cross sizes manufactured. 5 devices with smaller Hall-cross were manufactured. 

The other set contains 28 devices. ........................................................................... 48 

Figure 4.2. (a) Sample holder. (b) Sample holder with a device inserted into its 

case, fixed between the poles of the electromagnet, and connected to the electronics 

of the HEMS. (c) Schematics of the four-probe Hall-effect measurement. The 

magnetic induction is to be perpendicular throughout the graphene layer. ............. 49 

Figure 4.3. Exemplary graphs stemmed from the I-V and Hall effect measurements 

of one of the devices, corresponding to the series resistance of ~7 kΩ and current-



 

 

xix 

 

related Hall sensitivity of ~1000 Ω/T. A bias current of 0.1 mA was applied for the 

Hall-effect measurement. ........................................................................................ 50 

Figure 4.4. Plotted data resulted from the Hall-effect measurement of the device 

mentioned in Figure 4.3, for the bias currents of 100, 300, and 500 μA. Absolute 

sensitivity of the device is given by the slope of the linear fit. Inset shows the 

current-related sensitivity SI for the bias currents. .................................................. 51 

Figure 4.5. The histogram of the series resistance measurements of the devices with 

larger Hall cross. Dashed curve is a gaussian fit. The minimum and maximum 

values, mean value and standard deviation are 3.8 and 27.2, 8.4 and 6.4 kΩ, 

respectively. ............................................................................................................ 52 

Figure 4.6. Histograms of the Hall-effect measurement results pertaining to the 

devices with the larger active area. Curves are gaussian fits. ................................. 53 

Figure 4.7. Box plots of the Hall sensitivity (top) and hole density (bottom) of the 

devices with the larger active area. ......................................................................... 54 

Figure 4.8. Non-linearity extracted from the data plotted in Figure 4.4, with respect 

to magnetic induction, for bias currents 100, 300, and 500 μA. ............................. 55 

Figure 4.9. Upper: Hall-effect measurement results of one of the devices with 

smaller active area, for bias currents 100, 300, 500 μA (Inset shows change in the 

current-related sensitivity of the device with respect to the bias current.). Lower: 

Current-related sensitivities of all 5 of the devices with smaller active area. ......... 57 

Figure 5.1. Schematics for the manufacturing process yielding conductive thin 

films on the EVA/PET via layer-by-layer transfer-printing graphene. Only the 

fabrication of the cross-shaped device shown, but we also manufactured square 

shaped samples with triangular copper contact pads at their corners. L and N 

denote the iteration number for the lamination and the desired number of 

laminations, respectively. ........................................................................................ 61 

Figure 5.2. A mapping from an array of the AFM topographical images of the 

graphene-based thin film surfaces and EVA-coated surface of the lamination film 

to the RMS roughness, which appears to converge some value below 50 nm. 

Isolated points on the vertical axis represent the EVA-coated surface of the 



 

 

xx 

 

lamination film after laminating with the cleaned copper foil followed by wet 

etching the copper layer with aqueous FeCl3 solution. They indicate ~50% decrease 

in the roughness of the copper foil as a result of the CVD process. ........................ 63 

Figure 5.3. Setup for the electronic characterization of the cross-shaped Hall-effect 

devices Set 1. (a) Dimensions of the cross-shaped Hall-effect device. (b) the 

sample holder loaded with one of the devices connected to the electronics of the 

HEMS and placed between the poles of the electromagnet of the HEMS. (c) 

Schematics for the Hall-sensitivity measurements: the magnetic induction B 

created by the electromagnet is to be perpendicular throughout the surface of the 

device. After maintaining the bias current IC is by applying the voltage VC between 

the current contacts of the device, the Hall voltage VH between the sense contacts is 

measured for each value of B. (d) The sample holder inserted between the poles. 65 

Figure 5.4. Plotted data obtained from the Hall-sensitivity measurement of one of 

the cross-shaped devices in Set 1, where the bias current IC = 20 mA. Linear fit can 

be approximately represented by the equation VH = (0.3807 mV/G) B with R2 value 

of 0.9988. Dividing the slope of the equation, 0.3807 mV/G, by the bias current 

approximately gives the current-related Hall sensitivity of the device SI = 190 Ω/T. 

Inset shows the non-linearity of the sensor response of the device, which was 

manufactured by transfer-printing graphene twice. (Equation 4.1 was used for the 

calculation of the non-linearity. Similar to the nonlinearity results presented in 

Figure 4.8, the device manifested very large nonlinearity for |Magnetic induction| < 

1 kG, but |Nonlinearity| < 10% for |Magnetic induction| > 1 kG. ........................... 66 

Figure 5.5. Plotted data extracted from the Hall-effect measurements of the devices 

in Set 1. The numbers in the legend below the graph represent the number of 

laminations done for making the devices. The Hall sensitivity was calculated for 

the bias currents of 0.1, 0.3, 0.5, 0.7, 0.9, 1.0, 3.0, 5.0, 7.0, 9.0 mA. ...................... 67 

Figure 5.6. Plotted data produced by calculating hole density of each device in Set 

1. Except for the (red) data point corresponding to N = 10, the (blue) data points 

could be well fitted with the line represented by the equation p = (2.4x1012 cm-2) N, 



 

 

xxi 

 

with R2 value of 0.9947, where p and N denote the hole density and the number of 

laminations. ............................................................................................................. 68 

Figure 5.7. Variation of the maximum bias current (Imax) with respect to the number 

of laminations (N). Blue line and red line are linear fits representing two linear 

trends in the data, expressed by the equations Imax = (11.3 mA) N and [Imax = (3.8 N 

+ 29.2) mA], with R2 values 0.9986 and 0.9643, respectively. The former suggests 

that the maximum current density that the thin film could withstand remained 

constant up to N = 4. ............................................................................................... 70 

Figure 5.8. Setup for characterizing the devices in Set 2. (a) The sample holder of 

the ezHEMS loaded with one of the devices. Electrical connection was maintained 

by 4 of the 6 spring-loaded copper probes of the sample holder, which is a part of 

ezHEMS head. Each probe is associated with a number written above in green. 

1&3 and 2&4 were selected as the current contacts and sense contacts, 

respectively. (b) The sample holder loaded with the device encased and ready for 

the Hall-effect measurement. (c) The sample holder inserted between the poles of 

the permanent magnet, where a uniform magnetic field with the intensity of 5300 G 

exists. In this configuration, V42 was measured with respect to I13. To eliminate the 

offset voltage in the Hall voltage, we measured V42 for both directions of the 

magnetic field. To this end, after having completed the measurement for this 

orientation, we reversed the direction of the magnetic field relative to the sample 

holder by reinserting the ezHEMS head after rotating it by 180°. .......................... 71 

Figure 5.9. Plotted data resulted from the Hall-effect measurement of one of the 

devices in Set 2. The linear fit can be represented by the equation VH = (207 Ω) IC. 

Since the intensity of the uniform magnetic field used for the measurement is 5300 

G (= 0.53 T), the Hall sensitivity of the device ≈ 391 Ω/T. The device was 

manufactured by transfer-printing graphene once. ................................................. 72 

Figure 5.10. Dependence of the Hall sensitivity and the sheet hole concentration p 

on the number of layers N. The equation of the linear fit is p = (2.28 x 1012 cm-2) N, 

with R2 value 0.96. .................................................................................................. 73 



 

 

xxii 

 

Figure 5.11. Electronic properties of the graphene-based thin films with respect to 

the number of laminations. Inset photo shows of one of the square-shaped van der 

Pauw samples used for the characterization of the thin films. ................................ 74 

Figure 5.12. (a) A resistor manufactured by transfer-printing graphene once. (b) 

One of the resistors placed onto the sample holder of an ezHEMS head to test its 

current-carrying capacity. (c) Setup for joule heating measurements of the resistors.

 ................................................................................................................................. 76 

Figure 5.13. Change in the resistance, current-carrying and ohmic heating capacity 

of the resistors with respect to the number of laminations. ..................................... 77 

Figure 5.14. Comparison of maximum bias current for the cross-shaped Hall 

devices (top) and for the rectangular resistors (bottom). Inspite of the difference in 

geometry, their data show similar trends. As can be seen from Table 5.1, this can 

be attributed to the large reduction in the contact resistances of the devices up to N 

= 4. ........................................................................................................................... 79 



 

 

1 

 

CHAPTER 1  

1 INTRODUCTION  

1.1 Motivation and Scope 

Graphene is a two-dimensional crystal of sp2-bonded carbon atoms. First 

experimentally studied by Novoselov et al. 1, it has extraordinary properties. Its band 

structure allows for the reduction of the density of its charge carriers indefinitely 

small values through field effect. In addition, its charge carriers have mobilities 

~10,000 cm2/(Vs) in ambient conditions. Therefore, graphene is a perfect material 

for fabricating extremely sensitive Hall sensors 2. 

Hall sensors are Hall devices applied as magnetic sensors. Their principle of 

operation is based on the Hall effect 2. Although there are materials such as III-V 

semiconductors used to fabricate highly sensitive Hall sensors 2, they are not 

compatible with flexible electronics. However, the mechanical properties of 

graphene 3 indicate a promise for graphene-based flexible electronics. 

This thesis aims to study graphene-based conductive films on flexible substrates by 

manufacturing devices and to explore the performance of graphene on flexible 

substrates in Hall devices.               

1.2 Outline 

Chapter 1 explains our motivation behind this work by relating the properties of 

graphene with our aim. 
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Chapter 2 gives a brief account of the Hall effect and its applications and presents 

practical issues about the Hall devices. 

Chapter 3 contains general information about graphene, its methods of production, 

transfer, characterization, and our graphene synthesis and characterization process. 

Chapter 4 presents our manufacture process of graphene-based Hall sensors on 

flexible polymeric film and their electronic characterization. 

Chapter 5 presents our manufacture process for obtaining graphene-based 

multilayered conducting films on flexible polymeric foil, their electronic and 

structural characterization, and their application as heaters. 

Chapter 6 provides a conclusion and perspective for possible future work. 
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CHAPTER 2  

2 HALL SENSORS 

Hall sensors are electronic transducers that linearly converts magnetic flux density 

as input into voltage signal. They are magnetic field sensing devices whose principle 

of operation is based upon the Hall effect.  

Although the Hall effect was discovered in 1879, the application of Hall devices as 

magnetic sensors became feasible only when suitable semiconductor materials were 

produces in 1950s 2,4. With the advent of integrated circuits and microelectronics, 

their production cost was greatly reduced, thereby making them one of the most 

commonly-used magnetic sensors from computer keyboards to industrial automation 

4.  

Hall sensors are mainly used for measuring electric current and detecting motion 2. 

They enable contactless current measurement and facilitate the integration of control 

circuitries into systems such as brushless DC electric motors and anti-lock braking 

systems (ABS) 4. They are also used as probes for high-resolution magnetic imaging 

of magnetic storage media 5.  

This chapter presents a brief account of the operation principle of Hall devices and 

their application as magnetic sensors.     

2.1 The Hall effect 

The Hall effect is observed when a current-carrying plate is exposed throughout to 

magnetic field. It was discovered in 1879 by Edwin Herbert Hall in testing 

conflicting ideas about the physics of electrical current in relation to the current-
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carrying material and magnetic force: Questioning the hypothesis in Maxwell’s 

Electricity and Magnetism that the mechanical force exerted upon a conductor 

carrying a current across the magnetic field lines acts upon the conductor, not the 

current carried by it, he read an article by Erik Edlund, not excluding the possibility 

of a magnetic action upon the current 6. Having already realized similarity between 

the explanation for the interaction of electrically charged bodies and that of current-

carrying wires, and contradiction between the Maxwell’s statement and the fact that 

the force exerted upon a current-carrying by a magnet is exactly proportional to the 

current, the Edlund’s article encouraged him to attack the problem 6. After 

performing some inconclusive experiments by using a flat spiral of silver wire and a 

disk of metal with a considerable thickness, Hall decided to perform experiments by 

using a gold leaf fixed on a glass plate (Figure 2.1). These experiments yielded the 

observation of the effect named after him 6. 
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Figure 2.1. Schematic depiction of Hall’s original setup 7. A strip of gold leaf fixed 

onto a plate of glass. The gold leaf and the glass plate are represented by the letters 

m and 𝒈, respectively. b denotes the two slabs of brass in contact with the strip to 

drive a current through the metal in the direction denoted by an arrow. The screws 

used for maintaining the electrical contact between the leaf and the slabs are 

represented by S. e denotes the screws through which the current was introduced into 

the strip. There are two projections protruding from the middle of the strip. The 

projections are in contact with the metal clamps by means of the screws denoted by 

S/. C/ represents the clamps. Electrical connection to the Thomson galvanometer is 

supported by the screws represented by i. 

 

By using the setup depicted in Figure 2.1, Hall was able to observe a significant non-

inductive deflection of the needle of the Thomson galvanometer connected to the 

gold strip by means of the screws denoted by i, after applying a steady current to the 

metal strip through the screws denoted by e, in the presence of magnetic induction 7. 
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Furthermore, he repeated the experiment after having reversed the current direction 

and for different orientations of the setup with respect to the uniform magnetic 

induction, thereby determining the directional dependence of the effect (Figure 2.2). 

 

 

Figure 2.2. Schematic showing Hall’s experimental procedure applied to explore the 

directional dependence of the effect 7. 

 

Hall’s meticulous research showed that uniform magnetic field perpendicular to a 

strip of gold leaf carrying a steady current causes a voltage difference between the 

projections (Figure 2.1), which had had the same potential without the presence of 

the magnetic field. In addition to gold, Hall repeated the experiments with silver, 

iron, platinum, nickel, and tin and showed that the quantity 
𝑀×𝑉

𝐸′  was constant for 

each of the metals except for nickel and tin, where M, V, and 𝐸′ denote the strength 
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of the magnetic field, the current density, and the difference of potential per unit of 

length on the transverse axis of the metal strip.  

All the results of these experiments can be microscopically explained by using the 

concept of charge carrier and the Lorentz force (Figure 2.3): the electric field Ee, due 

to the voltage difference V between the current contacts C1 and C2, causes the charge 

carriers of the conducting body to move longitudinally with the velocity vd, called 

the drift velocity. In the presence of magnetic field B, the force F acted upon the 

charge carriers is given by the Lorentz force equation F = q[Ee + (vd × B)] with |q| = 

e, where e denotes the elementary charge. The magnetic component of the force 

pushes the charge carriers towards one of the edges of the strip, thereby leads to an 

increasing gradient of the charge carrier concentration. This gradient results in an 

electric field in the direction opposite to the magnetic force. This electric field exerts 

a force on the charge carriers, thereby decreasing the transverse component of the 

Lorentz force acting upon them. Since the gradient of the charge carrier 

concentration increases due to the magnetic force, the resultant electric force 

continues to increase until it balances out the magnetic force. After this transient 

process, a transverse electric field EH, called the Hall electric field, is established, 

thereby resulting in a electric potential difference VH, called the Hall voltage, 

between the sense contacts. Therefore, EH = - (vd × B) and VH = ± ∫ 𝑬H ⋅ 𝑑r
𝑆2

𝑆1
, where 

the sign is determined by the direction of the current, magnetic field, and the type of 

the charge carrier. To obtain a more simplified explanation, one can make an 

approximation by assuming vd = vd x and B = B z, where vd = | vd | and B = |B|. Then 

EH = - vd B y (x, y, z represent the unit vectors of the right-handed coordinate system). 

The accuracy of this approximation increases as the length-to-width ratio of the strip 

increases and the ratio of the contact area to the strip area decreases, and it becomes 

exact as the former ratio goes to infinity and the latter goes to zero 2. Since vd = μ Ee, 

|EH| = μB |Ee|, implying |EH| / |Ee| = μB, where μ denotes the mobility of the charge 

carriers. Changing the total electric field in the conducting body from Ee to Ee + EH, 

the Hall effect forms the angle ΘH between the current density J and the total electric 

field, which satisfies the equation tan ΘH = |EH| / |Ee| = μB => ΘH = arctan(μB), called 
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the Hall angle (Figure 2.4). As a result, when B is constant, the Hall angle is also 

constant for a specific conducting body with mobility μ and can be used to discover 

alternative equivalent shapes by employing the conformal mapping 2.   

     

 

Figure 2.3. Rectangular plate Hall device with length l, width w, and thickness t. S1 

& S2 and C1 & C2 denote sense/sensing and current contacts, respectively. Sense 

contacts are to be equipotential if there is no magnetic field through the device. When 

the bias current (I x) is applied by creating the potential difference V between the 

current contacts in the presence of the magnetic field (B z), the electric field ±EH y 

arises, depending on the charge carrier type (+ for holes and – for electrons), so one 

can determine the type of the charge carrier by measuring the Hall voltage between 

the sense contacts.  

  

To extend the analysis, let us consider the Hall effect in a material that can have both 

electrons and holes as charge carriers. Then, the current densities for electrons and 

holes are given by Jn = - e n vn and Jp = e p vp, where n and p denote the charge 
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carrier concentration of electrons and holes, and vn,p represents the drift velocity of 

electrons, holes, respectively. Because vn = -  μn Ee and vp = μp Ee, Jn = e n μn Ee and 

Jp = e p μp Ee, where μn and μp denote the mobility of electrons and holes, 

respectively. From EHn = μn (Ee × B) and EHp = - μp (Ee × B), one can derive the 

equations EHn = (en)-1 (Jn × B) and EHp = - (ep)-1 (Jp × B) for electrons and holes, 

respectively. Writing the equations in the form EH = - RH (J × B), one obtains a 

coefficient for electrons and holes as RHn = - (en)-1 and RHp = (ep)-1, called the Hall 

coefficient for electrons and holes, respectively. Since the Hall coefficient is a 

function of the material’s charge carrier concentration, it is a property of the material. 

It is also inversely proportional to the quantity 
𝑀×𝑉

𝐸′ , introduced by Hall 7, which 

explains why he found the quantity constant for each of the metals. It is convenient 

to form an equation containing measurable macroscopic quantities the Hall voltage 

VH and bias current I. According to the setup illustrated in Figure 2.3 equivalent to 

that used by Hall, J = 
𝐼

𝑤 𝑡
 x and B = B z, implying EH = RH 

𝐼

𝑤 𝑡
 B y. From the equation 

VH = V(S1) - V(S2) = ∫ 𝑬H ⋅ 𝑑r
𝑆2

𝑆1
, one can find VH = 

𝑅H

𝑡
 IB. Therefore, the type of the 

charge carrier can be ascertained by measuring the polarities of the sense contacts. 

RH / t is called the sheet Hall coefficient and denoted by RHS. Note that the 

approximation enabling the derivations obtained thus far ignores the thermal motion 

of the charge carriers, and assumes isothermal conditions, the equilibrium charge 

carrier concentration, very small sense contacts and l >> w 2. 
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Figure 2.4. Vector diagram illustrating the definition of the Hall angle ΘH. J 

represents the current density in the presence of the magnetic field B. Ee denotes the 

external electric field driving the current. The total electric field E = Ee + EH, where 

EH represents the Hall electric field. The Hall angle and electric field associated with 

electrons and holes are colored in blue and red, respectively. The Hall angle is 

measured relative to the total electric field so that its sign coincides with the sign of 

the charge carrier. 

 

2.2 Hall devices 

The devices with four electrical contacts that can generate Hall effect as the device 

used by Hall are called Hall devices, so they do not necessarily have to be in the form 

of a rectangular plate. Plates of different shapes can generate the Hall effect as well 

as a rectangular plate. They are also called Hall elements, Hall generators, and Hall 

plates. 
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Since the complete manifestation of the Hall effect is only possible by using a Hall 

device in the form of an infinitely long strip, it generates the maximum Hall voltage 

VH∞ 2. Then VH∞ > VH for all VH generated by finite-length Hall plates with arbitrary 

shapes. By introducing a parameter, one can write VH = GVH∞, where G represents 

the parameter called the geometrical correction factor 2. By the definition of VH∞, it 

is clear 0 < G < 1 and lim
𝑤/𝑙→0

𝐺 = 1 (Figure 2.3). Consequently, the geometrical 

correction factor is of paramount importance to design efficient Hall devices. It is 

also important to position the sense contacts so that they have approximately equal 

electric potentials without the presence of a magnetic field, thereby making potential 

difference between the sense contacts equal to the Hall voltage. In addition, the 

sensing contacts should have the common potential approximately equal to the mid-

potential of the current contacts. It is also of practical importance to choose highly 

symmetric geometry and a plate with both material and thickness uniformity. There 

are many practical shapes of Hall plates with large values of the geometrical 

correction factor 2,8, such as rectangular, bridge, square van der Pauw, and cross 

(Figure 2.5). For the rectangular-shaped plate (a) to have the geometrical correction 

factor G ≈ 1, its sensing contacts must be very small and the inequality l/w ≥ 3 should 

be satisfied 2. Although the bridge-shaped device (b) has comparatively large 

contacts, it constitutes a good approximation to an infinitely long Hall device 2. 

Having two pairs of sensing contacts, it enables the precise measurement of the 

voltage drop along the sample and the simultaneous magnetoresistance 

measurement. The square-shaped plate (c) is commonly used for both the Hall effect 

measurement and van der Pauw measurement 8. Both the devices depicted by (c) and 

(d) have four-fold rotational symmetry and hence four equal contacts, thereby 

making the current and the sensing contacts interchangeable. The calculation of the 

geometrical correction factor G for the plates having four-fold rotational symmetry 

shows that G is a function of the parameters m and λ, defined by 𝑚 =  
ΘH

𝜋/2
 and 𝜆 =

𝑐

𝑏
, 

where c and b denote the total length of the contacts and the plate boundary, 

respectively 2. Therefore, for the cross-shaped plate, λ = [1 + 2(h/k)] and hence the 

geometrical factor is a function of the charge carrier mobility μ and h/k. As a result, 
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a geometrical correction factor of G ≈ 1 can easily attained with a cross-shaped 

device, despite its large contacts, whereas, for a rectangular device to have G ≈ 1, 

the sensing contacts must be unrealistically small 2. 

 

 

Figure 2.5. Four of the possible Hall plate geometries with which large geometrical 

correction factor can be easily attained. C and S denote current contacts and sense 

contacts, respectively. C/S designates the interchangeability of the current and 

sensing contacts. 

   

There are mainly three reasons for fabricating Hall devices: to study charge carrier 

transport in condensed matter and Hall effect, to characterize semiconductors, and 

to produce magnetic sensors called Hall magnetic sensors, or Hall sensors. 
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Application of Hall devices as magnetic sensors is a natural consequence: the Hall 

voltage can be considered as a response of a Hall device to a magnetic field. 

Therefore, the principles for designing and fabricating efficient Hall sensors include 

those associated with Hall devices. So, to fabricate a high-performance Hall sensor, 

it is of primary importance to choose a Hall plate in a shape that maximizes the 

geometrical correction factor, thereby maximizing the Hall voltage. As shown above, 

one can achieve this objective by utilizing a cross-shaped plate without unpractically 

reducing the sizes of the electrical contacts.  

Sensitivity is the principal figure of merit for a Hall sensor. The absolute sensitivity 

SA is defined by the equation SA = |VH / Bn|, where Bn represents the component of 

the magnetic field normal to the surface of the Hall plate, for determined operating 

conditions such as bias current/voltage, frequency, and temperature.  

The relative sensitivities, current- and voltage-related sensitivities are defined by 

normalizing the absolute sensitivity with respect to the bias current and voltage, 

resulting SI = SA / I and SV = SA / V, respectively. Since VH = G (RH / t) I Bn for a Hall 

device, SI = G RH / t. As a result, SI is inversely proportional to the charge carrier 

density. As for the voltage-related sensitivity, from the equation EH = μ (Ee×B) 

representing the response of the device, one obtains the approximation 
𝑉H

𝑤
=  𝜇

𝑉

𝑙
𝐵n 

for a rectangular Hall plate with very small sense contacts and l / w >> 1, implying 

VH = μ (w / l) V Bn, where μ denotes the charge carrier mobility. For a general Hall 

device, VH = μ (w / l) G V Bn, where G represents the geometrical correction factor. 

In consequence, SV = μ (w / l) G. Therefore, materials having charge carriers with 

low concentration and high mobility are to be chosen for fabricating high 

performance Hall sensors. 
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CHAPTER 3  

3 GRAPHENE 

3.1 Electronic, Mechanical, and Thermal Properties 

Extraordinary properties of graphene stem from its special two-dimensional crystal 

structure, which is comprised of hexagonally arranged sp2-hybridized carbon atoms. 

Each carbon atom forms in-plane covalent bonds with its three nearest neighbor 

carbon atoms, with its three valence electrons coming from the half-filled sp2-

orbitals. These covalent bonds, called σ bonds, give rise to its extreme tensile 

strength and thermal conductivity. On the other hand, unhybridized half-filled out-

of-plane 2p orbitals of the carbon atoms provide an outstanding electrical 

conductivity 9. The nearest-neighbor distance in graphene, which we denote with a, 

is about 1.42 Å. Therefore, the real space basis vectors a1 and a2 of the unit cell, 

which is a rhombus containing two nonequivalent carbon atoms denoted with A and 

B, can be represented with (3a/2, √3a/2) and (3a/2, −√3a/2) in cartesian 

coordinates, respectively (Figure 3.1). So the lattice constant of graphene equals 

√3a, and the basis vectors corresponding to a1 and a2, for the reciprocal space are 

given by b1 = (2π/a) (1/3, 1/√3) and b2 = (2π/a) (1/3, −1/√3) in cartesian 

coordinates, respectively.  
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Figure 3.1. Crystal structure of graphene. Left: Two-dimensional hexagonal lattice 

in real space with the basis of two nonequivalent carbon atoms A and B, each of 

which belongs to a different triangular sublattice shown in blue and red. The unit cell 

highlighted in gray is a rhombus with basis vectors highlighted in red. δi represents 

the nearest-neighbor vector i. The vertical edges are zig-zag and the horizontal edges 

are armchair. Right: Corresponding reciprocal lattice with basis vectors b1 and b2. 

The boundary of the first Brillouin zone is highlighted in red. The high symmetry 

points Γ, M, K and K’ are marked.  

 

Although the electronic properties of graphene were experimentally revealed by the 

seminal work of Novoselov et al. 1, its electronic structure was already studied about 

half a century before by Wallace 10 in order to formulate the band theory of graphite 

by using the tight binding approximation. Graphene manifests ambipolar field effect, 

so mobile electrons and holes can be induced by the application of an electric field 

1. These charge carriers are truly two-dimensional and have room-temperature 

mobility of up to 10,000 cm2/(Vs) in ambient conditions on SiO2/Si 1 and of up to 

200,000 cm2/(Vs) was manifested by suspended graphene at electron densities of 

~2×1011 cm-2 11. In addition, their dispersion relation is linear 12, which can be 
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theoretically shown by using the tight-binding approximation 9,13. The concentration 

of the charge carriers can be finely tuned by the electric-field effect, however, the 

conductivity of graphene never falls below a mininum value related to the quantum 

unit of conductance, even if the carrier concentration approaches zero 12. This 

manifestation of a minimum conductivity is one of the phenomena indicating that 

the charge carriers behave like two-dimensional Dirac fermions 12. 

Tight-binding approach provides a good approximation to the band structure of 

graphene 9,13. By using the sublattice description of graphene lattice, in which the 

graphene lattice is described as two intertwined triangular sub-lattices pertaining to 

the two nonequivalent carbon atoms denoted by A and B (Figure 3.1), one can write 

the tight-binding Hamiltonian as the sum over all the electronic processes in 

graphene related to electrons hopping to nearest- or next-nearest-neighbor atoms 13. 

Thus it has the form 

H = −𝑡 ∑ (𝑎𝜎,𝑖
† 𝑏𝜎,𝑗 + H.c.) − 𝑡′〈𝑖,𝑗〉,𝜎 ∑ (𝑎𝜎,𝑖

† 𝑎𝜎,𝑗 + 𝑏𝜎,𝑖
† 𝑏𝜎,𝑗 + H.c.)〈〈𝑖,𝑗〉〉,𝜎 , 

where 𝑎𝜎,𝑖
†

 (𝑎𝜎,𝑗) is the operator for creating (annihilating) an electron with spin σ on 

site Rı on sublattice A, and H.c. is an abbreviation for “Hermitian conjugate”. An 

equivalent definition for the other sublattice is straightforward by replacing (a,A) 

with (b,B). t(≈2.8 eV) and t’ are nearest- and next-nearest-neighbor hopping energies, 

which correspond to hopping between different sublattices and in the same 

sublattice, respectively. This Hamiltonian yields the energy bands of the form E±(k) 

= ± 𝑡√3 + 𝑓(𝐤) − 𝑡′𝑓(𝐤) with 

f(k) = 2cos(√3kya) + 4cos (
√3

2
𝑘𝑦𝑎) cos (

3

2
𝑘𝑥𝑎), 

where the plus sign is for the upper (π*) and the minus sign for the lower (π) band. π 

band is formed by overlapping neighboring unhybridized orbitals oriented 

perpendicular to the graphene lattice. This overlap results in delocalization and hence 

band formation. In intrinsic (undoped) graphene, π band is filled up to the point 

where it meets π* band; each carbon atom contributes one electron completely filling 
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the valence band and leaving the conduction band empty. π and π* bands meet at the 

high symmetry K and K’ points of the Brillouin zone (Figure 3.1) and their 

equivalent points in the reciprocal space (Figure 3.2). These points are also called 

the charge neutrality points of graphene. So graphene is a gapless semiconductor or 

a zero-overlap semimetal. Note that the π and π* bands are asymmetric unless t’ = 0 

(Figure 3.2). However, it is possible to obtain a linear dispersion relation E±(k) = ℏvF 

|k – K| for |k – K| << K, by expanding the energy bands at the points sufficiently 

close to the charge neutrality points, where k = (kx,ky) and vF = 3ta/(2ℏ) ≈ 1×106 m/s, 

is the Fermi velocity of the charge carriers of graphene, to exist within this 

approximation 9,13. Therefore, the band structure of graphene can be approximated 

with cones around charge neutrality points (Figure 3.2), where its charge carriers 

behave like Dirac fermions 12. For this reason, the charge neutrality points are also 

called the Dirac points and the conical energy band portion is called the Dirac cone. 

This approximation also explains the ambipolar field effect in graphene (Figure 3.2).  
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Figure 3.2. Left: Electronic band structure of graphene resulted from tight-binding 

approximation. Energy is in unit of t, with t = 2.7 eV and t’ = -0.2 t. Also shows a 

conical portion of the band structure close to one of the Dirac points. Reprinted with 

permission from A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and 

A. K. Geim, The electronic properties of graphene, Rev. Mod. Phys. 81, 109 – 

Published 14 January 2009. Copyright 2021 by the American Physical Society. 

Right: Change in the resistivity of graphene caused by the electric field effect 

through the application of gate voltage Vg. The insets show change in the Fermi 

energy level with respect to Vg. Reprinted by permission from Springer Nature, 

Nature Materials, The Rise of Graphene, A. K. Geim et al., Copyright © 2007. 

 

It is crucial to understand the elastic properties of graphene for its application in 

flexible eletronics. By applying atomic force microscope nanoindentation to 

suspended graphene, Lee et al. demonstrated that graphene can be considered a two-

dimensional membrane with zero bending stiffness and breaking strength of 42 N/m, 

which required the use of cantilevers with diamond tips for the experiments 3. 

Despite its promising results, this research did not completely describe the 

mechanical behavior of graphene because it only involved suspended graphene. 

Especially for flexible electronic applications, it is important to know the mechanical 

behavior of graphene on flexible substrates. Androulidakis et al. showed that, 

depending on the magnitude of adhesion between graphene and the substrate, even 

small uniaxial strains cause graphene to wrinkle because of its very low bending 
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stiffness 14. These wrinkles could adversely affect the performance of a flexible 

electronic device based on graphene 14. 

Thermal conductivity of graphene was measured by Balandin et al. via the confocal 

micro-Raman spectroscopy, yielding the values in the range from ~ 4.84 to 5.30 

kW/(mK), which is much larger than copper’s and can exceed those of carbon 

nanotubes 15. 

3.2 Production, Transfer, and Characterization 

Although the mechanical exfoliation of graphite provided the samples of graphene 

showing the outstanding properties of graphene 1,11,16–20, it is not a feasible method 

for the large scale production of graphene because it is a very slow, labor-intensive, 

and low-yield. It is categorized as one of the top-down production methods. 

There are mainly two approaches to the production of graphene: top-down and 

bottom-up. The former mostly involves the exfoliation of graphite by overcoming 

the van der Walls force between its layers by mechanical, chemical, electrical, and 

electrochemical means 21. In addition, graphene nanoribbons can be produced by 

unzipping carbon nanotubes (CNT) 21. On the other hand, the bottom-up approach 

aims to transform carbon-containing molecules/materials into graphene on substrates 

21. 
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Figure 3.3. Outputs of four prominent graphene production methods. (a) Atomic 

force microscopy image of graphene obtained by micro-mechanical exfoliation or 

microcleavage of graphite transferred onto SiO2/Si substrate. Reprinted with 

permission from Balandin et al., Nano Lett. 2008, 8, 3, 902–907, Copyright © 2008 

American Chemical Society. (b) Graphene-N-methyl-2-pyrrolidone dispersions 

produced via shear exfoliation. Adapted by permission from Nature, Nature 

Materials, Scalable production of large quantities of defect-free few-layer graphene 

by shear exfoliation in liquids, Paton et al. Copyright © 2014. (c) Atomic force 

microscopy image of the graphene grown on SiC surface after annealing at 1530°C 

for 20 min. The inset shows corresponding low energy electron diffraction patterns 

obtained at room temperature (Scale bar: 2.5 μm). Adapted from Journal of Electron 

Spectroscopy and Related Phenomena Volume 184, Issues 3–6, Yu et al., New 

synthesis method for the growth of epitaxial graphene, Pages 100-106, Copyright 

(2021) with permission from Elsevier. (d) Graphene grain produced on copper by 

chemical vapor deposition. Reprinted by permission from Springer, Journal of 

Electronic Materials, Re-nucleation and Etching of Graphene During the Cooling 

Stage of Chemical Vapor Deposition, Liang et al. Copyright © 2019. 
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The top-down approach includes the production by the reduction of graphene oxide, 

the arc-discharge method, liquid-phase exfoliation (LPE), solid-state or mechanical 

exfoliation, and unzipping CNTs 21. Except for unzipping CNTs, this approach is 

essentially the upscaling of what was done by Novoselov et al. to obtain graphene 

1,21. Among the methods listed above, LPE is the most promising, yields colloidal 

suspensions of high-quality graphene flakes 21. Although the approach addresses the 

upscaling problem, it still results in graphene flakes having sizes of the order of 100 

μm at most 21. Therefore, it is not suitable for applying the superior properties of 

graphene in large-area electronics. 

The bottom-up approach primarily entails the growth of graphene on a substrate by 

controlling the flux of carbon atoms from within the substrate or an external source. 

Two prominent methods included in this category are epitaxial growth of graphene 

on silicon carbide (SiC) and chemical vapor deposition (CVD) of graphene. 

Epitaxial growth of graphene on commercial single-crystal SiC is mainly based on 

the evaporation of silicon atoms in SiC in ultra-high vacuum (UHV) to facilitate the 

formation of a carbon-rich surface via the segregation of carbon atoms in SiC, 

followed by the reconstruction of the carbon-rich surface 22. Alternatively, the 

process can be done in atmospheric pressure by increasing the annealing 

temperature, which can result in graphene of higher quality 22. Also, because of the 

high cost of single-crystal SiC, single-crystal SiC thin films and polycrystalline SiC  

need to be considered as alternative growth substrates 22. Although this method does 

not require graphene transfer and provides graphene on insulating substrate, which 

can be readily processed by the state-of-the-art lithographical techniques, some 

technical issues need to be resolved to render the method feasible for commercial 

applications 22: (i) the high cost of single-crystal SiC, which requires the search for 

low-cost substitutes, (ii) the necessity of high temperatures usually above 1200°C, 

which considerably increases the necessary energy input, thereby increasing the cost 

of the method, (iii) the defects in the epitaxial graphene that make it inferior to the 

mechanically-exfoliated graphene in terms of the electronic properties, (iv) the 

coupling between the epitaxial graphene (EG) and the substrate (SiC) that causes the 
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electronic properties of EG to deviate from those of the mechanically exfoliated 

graphene, which necessitates a method to decouple EG from SiC. 

First demonstrated by Li et al. 23 by using copper foils, chemical vapor deposition 

(CVD) of graphene has proven to be the most promising bottom-up method for the 

synthesis of large-area graphene. The method basically involves the formation of 

graphene on a substrate from the carbon atoms provided by decomposition of carbon-

containing molecules, called carbon precursors, at high temperatures usually ≥ 

1000°C.  

After the successful demonstration of the method on copper by Li et al. 23, many 

metals have been experimented upon to obtain graphene via CVD, including iron, 

ruthenium, cobalt, rhodium, iridium, nickel, platinum, gold, and stainless steel 24. All 

these metals manifest catalytic activity during the CVD process, thereby reducing 

the temperature required for the dissociation of the carbon precursors, e.g. methane 

23, methanol, ethanol, and propanol 25. Hence graphene is formed on their surface as 

a result of the process. Despite all these experiments with different metals, copper 

remained to be the most favorable catalyst for the CVD of graphene, because of its 

abundance, processability, and low carbon solubility 24. The CVD of graphene on 

catalytic metals essentially results from two processes: precipitation/segregation and 

surface-mediated diffusion of carbon atoms, explaining the graphene growth on 

nickel and copper, respectively 24,26. Because of the low carbon solubility in copper, 

the graphene growth on copper is expected to be self-limited, thereby resulting in a 

monolayer of graphene throughout its surface 26. However, small percentage of 

multilayer patches are commonly found on copper resulted from the CVD of 

graphene on copper 24. This is possibly because of the roughness of the 

polycrystalline copper surface, which allows carbon atoms to cluster at the grain 

boundaries. This explanation was supported by the decrease in multilayer percentage 

obtained by polishing the copper surface 24.         

With respect to the heat generation approach, CVD systems are divided into two 

categories: hot-wall and cold-wall. In hot-wall systems, the whole reaction chamber 
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is heated radiatively, whereas only the substrate on which the reaction should occur 

is heated in cold-wall systems. Various cold-wall systems have been used for the 

CVD of graphene by direct conduction heating 27, Joule heating 28, or by heating with 

laser 29 on nickel, and by inductive heating on copper and platinum 30. Variation in 

hot-wall systems is also possible, such as using halogen lamps in order to obtain very 

high heating and cooling rates 31. Moreover, CVD systems should be considered in 

two groups regarding to the pressure inside the reaction chamber: low-pressure 

chemical vapor deposition (LPCVD) and ambient/atmospheric-pressure chemical 

vapor deposition (APCVD). 

Since the work of Li et al. 23, the CVD of graphene on copper and on copper-nickel 

alloys has proven to be the most promising method to obtain large-area graphene 

with properties comparable to those of the mechanically exfoliated graphene. In an 

endeavor to synthesize large-area graphene physically equivalent to the 

mechanically exfoliated graphene, researchers have made important discoveries. It 

is known that polycrystalline metals result in polycrystalline graphene because 

graphene grains with random orientations nucleate on many sites on the surface of 

catalyst surface. As a result, one must decrease the nucleation density of the grains 

to increase the crystallinity of graphene. So, there are two routes to follow to obtain 

large area single crystal graphene: reducing the nucleation to a limit that will allow 

a single crystal graphene grain to grow a large-area single-crystal graphene sheet or 

controlling the nucleation so that the single-crystal graphene grains with almost the 

same orientation will coalesce into a large-area single-crystal graphene sheet.  

The former usually involves finding ways to remove possible nucleation agents 32–34 

from the catalyst surface and reducing the roughness of the surface, thereby making 

the surface as uniform as possible. Zeng et al. showed that using liquid metal as 

catalyst substrate could resolve the uniformity issue 35. Although Cu(111) is the most 

favorable 36 for the graphene growth because of the smallest lattice mismatch with 

graphene and the largest carbon diffusion rate compared with the other crystal 

surfaces of copper, it was demonstrated that a growing graphene grain could become 

insensitive to the crystal orientation of the copper grain surface and grows with its 
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original orientation across the copper grain boundaries 37–39. Based upon this fact, 

one can grow a single-crystal graphene grain indefinitely by locally feeding it with 

optimized local precursor flow, which was shown by Wu et al. 40. This approach was 

further developed by Vlassiouk et al. and they obtained a foot-long virtually single-

crystal graphene film on polycrystalline copper and copper-nickel alloy foils 41. 

For the latter route to obtain a large-area single-crystal graphene, employing single-

crystal copper could be solution. Nevertheless, it would be very costly. Xu et al. 

demonstrated 42 that polycrystalline copper surface could be transformed into 

Cu(111) by using a temperature-gradient-driven annealing  based upon the copper 

surface melting 43 below its bulk melting point and the fact that (111) surface of 

copper has the lowest formation energy 42. As a result, they produced a meter-sized 

single-crystal graphene 42. 

Since the electronic and optic applications requires graphene to be situated on an 

insulating or a semiconductor substrate, in order to avoid the damage possibly caused 

by the transfer of graphene from the catalytic substrate, there has been a concerted 

effort to synthesize graphene directly on insulating materials including silicon 44, 

SiOx/Si 45, SiO2 
46,47,  glass 48, and sapphire 49. Also, plasma-enhanced chemical 

vapor deposition (PECVD) was used for directly growing graphene on SiO2/Si 50. 

Although the ultimate goal of the CVD of graphene may appear to be the production 

of large-area single-crystal graphene, some polycrystalline graphene samples have 

already been reported to show unexpectedly high quality with regard to the electronic 

51, mechanical 52, and thermal 53 properties. Therefore, it is possible to fabricate high-

performance devices out of polycrystalline graphene, particularly by using a proper 

encapsulation 51 and by grain boundary engineering 52 for the electronic and 

mechanical applications, respectively. 
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Figure 3.4. (a) Schematics illustrating temporary-support-layer-assisted transfer 

(left) and direct transfer (right) of graphene from metal growth-substrate to target 

substrate. Orange rectangle with black frame represents graphene-coated metal 

growth-substrate. Red rectangle represents temporary support layer. Blue and gray 

rectangles represent target substrates. Metal substrate is removed by peeling or 

chemical etching. Support layer is removed by peeling, dissolving, or thermal 

annealing. (b) Schematic depiction of direct transfer of graphene from copper onto 

flexible substrate via lamination.   

 

As mentioned above, graphene grown on metal substrates needs to be transferred 

onto insulating substrates, particularly for electronic and optic applications. There 

are mainly two types of methods for the transfer: direct transfer and transfer by 

employing a temporary support layer, onto the target substrate (Figure 3.4).  

Transfer by a temporary support layer begins with the deposition or attachment of 

the support layer onto the graphene-coated metal growth-substrate. Usually, resins 

used in lithography are deposited onto the growth substrate. Polymethylmethacrylate 

(PMMA) is one of the most common resins used as the temporary support layer 54,55. 

However, since it can cause stubborn organic residues on the transferred graphene, 

researchers are in search of alternative organic materials, including paraffin 56 and 
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wax 57. Atomic layer deposition (ALD) of oxide layers 58 and gold 59,60 were also 

used for cleaner transfer of graphene and as oxide and contact materials readily 

available for electronic applications after the transfer, respectively. In addition, 

adhesive tapes could be used as temporary support layer. Especially, thermal release 

tapes (TRT) can be used for the transfer by using a hot press or laminator 61.  

Direct transfer entails the deposition or attachment of the target substrate onto the 

growth substrate. Usually, a curable polymer solution is deposited on to or a film is 

attached to the growth substrate 62. The attachment of the target substrate is 

facilitated by applying pressure and/or heat to the stack formed by the film and the 

growth substrate. The target substrate either has an adhesive layer 63 or a property 

that causes a viscoelastic transition 64. Both possibilities result in close contact 

between the surface of the substrate and graphene. Polyethylene (PET) films coated 

with ethyl vinyl acetate (EVA) are one of those films that can be attached to the 

graphene-bearing metal foils 65,66. The attachment of the PET film to the graphene is 

provided by the EVA coating, which softens during the hot lamination. Upon 

removal of the metal foil, graphene is transferred onto the PET film 65,66. In order for 

a target substrate to be suitable for the direct transfer, it must be hydrophobic 64,67,68. 

It is even possible to directly transfer graphene without a support layer onto SiO2/Si 

wafer if its target surface is coated with a highly hydrophobic self-assembled 

monolayer 69. Furthermore, Lin et al.70 demonstrated that it is possible to directly 

transfer graphene on copper without using a polymer support that is to prevent 

folding and/or tearing graphene by adjusting the surface tension of the copper 

etchant. 

Regardless of the method, whether direct or not, transferring graphene from a metal 

growth substrate involves the removal of the metal. Usually, it is removed by 

chemical etching with aqueous solution, thereby dissolving the metal into the 

solution. However, the etching solutions, or etchants, can have undesirable effects 

upon graphene, causing unintentional doping and residues, which can degrade its 

electronic properties 71. Therefore, the usage of etchants for the graphene transfer 

needs optimization so that it gives consistent and reproducible results without 
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causing any degradation 72. Alternatively, it is possible to totally abandon the etching 

and delaminate the metal from the stack by electrochemical means 73,74 or by using 

hot deionized (DI) water 75, thereby providing the recyclable use of the metal. 

As used by Novoselov et al. 1, optical microscopy (OM), atomic force microscopy 

(AFM), and Raman spectroscopy are indispensable tools for the identification of 

graphene on SiO2/Si among the flakes resulted from the mechanical exfoliation of 

graphite. The CVD of graphene requires additional tools, including scanning 

tunneling microscopy (STM) and electron microscopy (EM), and X-ray 

photoelectron spectroscopy (XPS). 

 

 

Figure 3.5. Left: Atomic resolution image of graphene by transmission electron 

microscopy. Adapted with permission from Nano Lett. 2010, 10, 11, 4328–4334. 

Copyright © 2010 American Chemical Society. Right: Atomic resolution image of 

graphene on copper via Scanning Tunneling Microscopy. Reprinted from Science 

Bulletin, Volume 62, Issue 15, Xu et al., Ultrafast epitaxial growth of metre-sized 

single-crystal graphene on industrial Cu foil, Pages 1074-1080, Copyright 2021, with 

permission from Elsevier. 
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To optimize the CVD process, one must be able to consistently assess the quality of 

the output, i.e., graphene. Firstly, since CVD mostly results in polycrystalline 

graphene, it is desirable to image the grain boundaries of graphene and thus calculate 

the average grain size. Although STM 76 and EM 77 are capable of providing atomic-

resolution images (Figure 3.5), using these tools to study grains of large-area 

graphene would be very time-consuming. This problem can be resolved by using 

nematic crystals, based upon the fact that nematic crystals become oriented in 

accordance with the orientation of the copper grain on which they are deposited 78. 

Moreover, a more facile method was developed. Since the grain boundaries are not 

as effective as the graphene grains in protecting the metal from oxidation, the 

oxidation of the metal begins along with the grain boundaries. This fact implies that 

the grain boundaries can be imaged via selective oxidation of the graphene-carrying 

metal substrate. The feasibility of the method was demonstrated via photocatalytic 

oxidation 79. Exploiting the higher reactivity of the grain boundaries, Lee et al. 

obtained a clearer image by exposing graphene-bearing metal to oxygen plasma, 

followed by heating in air 80. In addition, Fan et al. were able to image the grain 

boundaries of graphene transferred onto SiO2 through vapor hydrofluoric acid 

exposure 81. 
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Figure 3.6. Two Raman spectra representative of pristine (top) and defective 

(bottom) graphene. Reprinted by permission from Nature, Nature Nanotechnology, 

Raman spectroscopy as a versatile tool for studying the properties of graphene, 

Andrea C. Ferrari & Denis M. Basko, Copyright © 2013. 

 

Raman spectroscopy is one of the most important characterization tools in graphene 

research. It could reveal the number of graphene layers in a sample 82,83, give 

information about charged impurities 84, the doping type and level 85–88. It could also 

be used to study the defects and strain in graphene 89. All incident wavelengths are 

resonant because of the absence of a band gap in graphene 90. As a result, Raman 

spectrum of graphene could have many peaks (Figure 3.6). Nevertheless, D, G and 

2D peaks are mostly used for the characterization; they are observed at ~1350, ~1550 

and ~2700 cm-1 (Figure 3.6). The position, height, area, full width at half maximum 
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(FWHM) of a peak are all characteristic quantities to be accurately measured for the 

characterization of graphene. For instance, the ratio of the height of the D peak to 

that of the G peak is considered a measure of the defectiveness of graphene because 

it is activated by defects 82,90. In addition to the above-mentioned characteristic 

quantities of the peaks, the shape of a peak could facilitate the characterization. For 

example, one can distinguish single-layer graphene from multilayer graphene by just 

looking at the shapes of the D+D’’ (~2450 cm-1), also denoted G*, and 2D peaks 82,83: 

in the Raman spectrum of single-layer graphene, the G* peak is relatively much 

sharper and the 2D peak can be fitted with a single Lorentzian curve. Sometimes 

called the G’ peak, as a relic of erroneous nomenclature, because it is the second 

most prominent peak observed in graphite samples at all times, the 2D peak/band 

has nothing to do with the G peak: the 2D peak is due to a double resonance process 

and hence it is affected by the change in the number of graphene layers 82. On the 

contrary, the shape of the G peak does not change in relation to the number of layers 

83. Although the D, G and 2D peaks are all caused by in-plane vibrations, this contrast 

is because the 2D peak is due to the double resonance Raman process sensitive to 

the band structure of graphene; the uniqueness of the electronic band structure of 

single-layer graphene results in this difference 82,90. Since the π and π* bands of 

bilayer graphene are divided into four bands because of the interaction between the 

graphene layers, there is a large difference even between the shape of the 2D peak 

of single- and bi-layer graphene and the difference continues to increase with the 

number of layers 83. In addition to the shape, the height of the peaks could show 

variation with respect to the number of layers 82,83. It was demonstrated that the 

height of the G peak monotonically increases with the number of layers up to about 

10 layers and decreases beyond that,  and that of 2D peak tends to decrease as the 

number of layers increases 83. Prompted by this fact, Yoon et al. showed that the 

ratio of the height of the 2D peak to that of the G peak could be used to determine 

the number of layers by Raman mapping 83. Although this ratio is frequently found 

to be larger than 2 for single-layer graphene and thus appears to provide a dependable 

method for determining the number of layers, solely relying upon it without 
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considering the shape of the 2D peak could be misleading. This is because the doping 

causes large variations in the height as well 84–86. Casiraghi et al. demonstrated the 

existence of an order of magnitude variation and very high doping level of up to 

~1013 cm-2 in graphene flakes obtained by microcleavage of graphite without 

exposing to any intentional doping, thereby showing the level of doping that can be 

caused by the transfer process 84. Doping increases the height of the G peak and 

decreases its FWHM 78,86,90. Both these phenomena can be explained in terms of the 

Raman processes in graphene (Figure 3.7). Decrease in the FWHM is caused by the 

blockage of the decay channels of phonons into electron-hole pairs due to the Pauli 

exclusion principle: as doping increases the energy needed to create electron-hole 

pairs, the electron-hole gap becomes larger than the energy of some phonons 85. 

Increase in the height can also be explained with the Pauli blockage 90: since there is 

quantum interference between the electronic states corresponding to the electronic 

wavevectors and destructive interference plays an important role in determining the 

G peak, doping causes the cancellation of some of the destructive interference by 

blocking some of the interband transitions and thus increases the total contribution 

to the G peak, thereby increasing the height of the G peak (Figure 3.7 top). In spite 

of these complications, being fast and nondestructive, Raman spectroscopy is still a 

very valuable characterization method for the graphene research.  
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Figure 3.7. Schematic description of the Raman processes that give rise to the G and 

2D peaks in graphene. Blue arrow represents photon absorption, red arrow represents 

photon emission, and dashed curvy arrow represents electron-phonon scattering. 

Top: The intrinsic case in which the Fermi level is at the Dirac point and thus all 

interband transitions allowed (left). The Fermi level is increased by n-type doping 

and thus some of the interband transitions are blocked due to the Pauli exclusion 

principle, i.e., transition to an occupied state is impossible (middle). The Fermi level 

is lowered by p-type doping and hence some interband transitions are blocked by the 

Pauli exclusion principle, i.e., transition from an unoccupied state is impossible 

(right). Bottom: Schematics for the double resonance Raman processes that give rise 

to the 2D peak involving two-phonon intervalley scattering. Illustrations in the 

middle and on the right are of small contribution. Solid arrows denote photon 

absorption (blue) and emission (red), and dashed arrows denote phonon emission.   

 

XPS is another very important characterization tool to study CVD-graphene. It is 

particularly important for assessing the graphene transfer. Since grain boundaries of 
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polycrystalline CVD-graphene has higher reactivity, they could react with materials 

used for the transfer. Such reactions could severely degrade the electronic properties 

of graphene. XPS provides information about the bonding in graphene, thereby 

helping choose or develop the most suitable transfer process. 

Electronic characterization of graphene usually entails the microfabrication of a Hall 

bar device, which enables measurements of Hall voltage, magnetoresistance, and  

sheet resistance for different charge carrier densities corresponding to different gate 

voltages 1. Then the field-effect mobility can be found. However, for large-area 

applications, it is possible to obtain sheet resistance, mobility and conductivity 

mapping by using THz radiation without contacting graphene 91,92.                                    

We synthesized graphene on 20μm-thick polycrystalline copper foil by using our 

hot-wall atmospheric pressure chemical vapor deposition (APCVD) system (Figure 

3.8). The system mainly consisted of a split furnace (PROTHERM), a mechanical 

vacuum pump providing a base pressure of 40 mTorr, a pressure gauge controller, 

an electrical power module with a PID temperature controller, an open-ended quartz 

tube, vacuum flanges, electronic mass flow controllers (AALBORG), needle valves 

connected to the flow controllers at their inlets, a stainless-steel chamber for mixing 

the gases before directing into the reaction chamber, a gas leak detector for 

flammable gases, and gas cylinders for argon, hydrogen, and methane, connected via 

stainless-steel piping. 
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Figure 3.8. Hot-wall CVD system used for graphene growth. Gas cylinders are 

behind the wall. Vacuum flanges are cooled with chiller. 

 

Before using the copper foil as a catalyst to synthesize graphene via APCVD, it must 

be cleaned. To this end, first, two strips of foil were flushed with acetone and then 

immediately dried with flow of nitrogen gas, thereby removing organic contaminants 

with acetone from the surface of the foil without any residual acetone, which could 

be a source of organic contamination per se. Thereafter, the foil strips were placed 

into the quartz tube of the CVD system by employing two flat quartz boats (the strips 

are of about the same sizes as those of boats). After the tube was sealed with vacuum 

flanges, the pressure inside the tube was reduced to 4x10-2 Torr, followed by the 

introduction of a large argon gas flow into the tube. Then hydrogen gas flow of 10 

sccm was introduced and the regulator valve of the argon gas cylinder was closed. 

Next, the heating program of the split furnace was initiated after the argon gas flow 

ceased and the needle valve between the argon gas cylinder and flow controller was 

closed. The program, which is controlled by the PID controller of the furnace, 

sequentially consists of the following steps (Figure 3.9): ramping the temperature 
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around the boats up to 1000˚C in the presence of the hydrogen flow. During this step, 

hydrogen flow removes the native oxide layer on both surfaces of the foil and 

possible organic contamination, which can become additional nucleation sites, 

decreasing the average grain size of the graphene. Graphene growth for 35 min was 

provided by the inclusion of methane gas flow of 15 sccm while the temperature was 

maintained at 1000 °C by the PID controller. At the end of the growth step, the lid 

of the furnace is immediately opened for starting fast cooling. The methane flow was 

stopped when the temperature decreases to 650˚C and the hydrogen flow was 

sustained until it went down to 150˚C to prevent the oxidation of graphene 93 and to 

etch small multi-layered regions. During the growth, the hydrogen flow is important 

for controlling the nucleation rate and graphene grain growth rate, which are both 

crucial for maximizing the uniformity, average grain size and surface coverage of 

graphene. 
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Figure 3.9. Top: Schematic for the CVD system. Middle: Graphical representation 

of the CVD process. Bottom: Cu strips before (left) and after (right) CVD. 
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Ideally, CVD growth of graphene on copper is a self-limiting process due to low 

solubility of carbon in copper, i.e., the growth is expected to stop after the full 

coverage of the copper surface by a layer of graphene, which prevents further 

catalytic action of copper. However, since copper foil is polycrystalline, carbon 

atoms could accumulate at the grain boundaries and form multilayer patches. 

Therefore, we should say that the outcome of the process is mostly composed of 

single layer graphene. For this work, we used only the graphene grown on the smooth 

side of the foil. 

Before transferring the graphene, we characterized it on the copper foil via Raman 

spectroscopy (Laser wavelength = 532 nm). Despite the low signal-to-noise ratio due 

to the high reflectance and roughness of the copper surface, characteristic peaks D, 

G, and 2D of graphene can be discerned in the spectrum (Figure 3.10). Nevertheless, 

one needs to transfer graphene from copper to SiO2/Si for determining the peak 

positions, intensities, and widths more accurately. 
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Figure 3.10. Raman spectrum of the CVD-graphene on the copper foil. Three 

characteristic peaks are discernable. Inset shows the optical microscope image of the 

graphene-coated surface of the copper foil with the laser spot of the Raman system. 

Copper grains can be seen. Laser wavelength = 532 nm.   

 

The CVD-graphene was characterized with Raman spectroscopy after having been 

transferred onto 300nm-thick-SiO2/Si by performing the process, originally 

developed by Polat and Kocabas 94, that involves the following steps (Figure 3.11): 

1. Drop-coating a thick layer of photoresist (AZ5124 or S1813) on the 

surface of the copper bearing graphene to be transfer-printed. 

2. Soft baking the photoresist in a preheated oven at 70°C for 12 hours. 
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3. Placing the sample on an aqueous ferric chloride [FeCl3(aq)] solution for 

entirely etching the copper. 

4. Cleansing the graphene-bearing side of the photoresist layer with DI 

water. 

5. Fishing the graphene-bearing photoresist out of the water with a piece of 

the Si wafer. 

6. Drying the photoresist/graphene/SiO2/Si sample with N2 gas flow. 

7. Baking the sample at 80°C on hot plate for 2 minutes. 

8. Baking the sample at 120°C on hot plate for 2 minutes. 

9. Immersing the sample in acetone for removing the photoresist. 

10. Rinsing the sample sequentially with acetone, IPA, and DI water. 

11. Drying the sample with N2 gas flow. 
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Figure 3.11. Schematic description of process for transfer-printing graphene onto 

SiO2/Si wafer. 

 

The Raman spectroscopy of the graphene transferred onto the SiO2/Si wafer enabled 

us to perform a detailed analysis of the characteristic peaks of the Raman spectrum 

of graphene (Figure 3.12), thereby facilitating the characterization of the output of 

our CVD process. 

 



 

 

42 

 

Figure 3.12. Raman spectra of the CVD graphene transferred onto 300nm-thick-

SiO2/Si wafer with superposed Lorentzian fits on G and 2D peaks. Insets show 

smoothed G* peaks. The graphene sample transferred by AZ5214 is much more 

defective than that transferred by S1813, according to the heights of the D peaks 83,89. 

In the right side, the magnified 2D peaks are shown with the superposed Lorentzian 

fits. That the 2D peaks can be fitted well with single Lorentzians indicates the 

existence of single-layer graphene although I2D / IG < 1, where ‘I’ denotes the 

intensity 1,20. However, it was shown that I2D / IG depends on the doping level of 

graphene 85. I2D / IG ≈ 0.76 and 0.75 for the graphene transferred by using AZ5214 

and S1813, respectively (Table 3.1), which could be resulted from water- and 

photoresist-induced hole doping levels of ~3x1013 cm-2 1,85,87. This hole 

concentration also could yield Raman shifts of ~1610 and > 2700 cm-1 85, thereby 

explain the G and 2D peaks except for the full width at half maximum (FWHM) of 

the G peaks (Table 3.1), which, contrary to the FWHM of the 2D peak, decrease with 

increase in the doping concentration 85. Additional increase in the FWHM of the G 

peak could be attributed to the strain induced by the photoresist-assisted transfer 

process (Figure 3.11). Insets show G* peaks smoothed by using the Savitzky-Golay 

filter with 20 points of window. The sharpness of the G* peak of the sample 

transferred by AZ5214 indicates the existence of single-layer graphene, while the 

shape of the other suggests the possibility for the existence of few-layer graphene 83. 
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Table 3.1 G and 2D peak positions, heights and FWHMs for the graphene samples 

transferred by using AZ5214 (red) and S1813 (blue). 

Peak 

Shift  

(1/cm) 

Intensity  

(a.u.) 

FWHM 

(1/cm) 

G 1608 41 33 

G 1609 44 23 

2D 2708 31 50 

2D 2707 32 55 

 

Except for the Raman study, we focused on transferring graphene onto flexible 

substrates. We chose standard commercially-available lamination film, which is 

basically EVA-coated PET film, as the target substrate. By using a laminator, we 

directly transferred graphene from the copper foil onto EVA layer of the lamination 

film, as described in Figure 3.4. During the lamination, EVA layer softens and thus 

conformally contacts with the graphene on the copper foil, thereby giving rise to 

adhesion between graphene and EVA and making the transfer possible after 

dissolving the copper layer of the resultant laminate. Optical microscopy showed 

that the topography of the surface of the copper foil was imprinted in the EVA layer 

(Figure 3.13). After transferring CVD-graphene onto this flexible substrate, we made 

devices out of the resultant structure and characterized graphene on the flexible 

substrate. The following two chapters are to present the experimental process in 

detail. 
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Figure 3.13. Top: Optical microscopy images the surface of the EVA layer of the 

lamination film before the lamination with graphene-carrying copper foil (left) and 

of the surface of the copper foil after the CVD process (right). Bottom: Optical image 

of the surface of the EVA layer after the lamination. 
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CHAPTER 4  

4 GRAPHENE-BASED HALL-EFFECT DEVICES ON FLEXIBLE SUBSTRATE 

Since graphene’s isolation and electronic characterization by Novoselov et al. 1, it 

has been evident that it is an ideal material for the fabrication of ulta-high-

performance Hall-effect devices. Graphene features excellent properties for a 

material to be utilized for fabricating a Hall-effect device. Being a zero-overlap 

semimetal or a gapless semiconductor with a conical band structure around the 

charge neutrality point and having charge carriers with ultra-high mobility 11, its 

electrical conductance does not vanish even if the density of its charge carriers 

becomes vanishingly small 1. Therefore, it is possible to make Hall sensors with 

ultra-high sensitivities based on graphene 2. Its great potential in this application area 

has already been experimentally realized. In 2011, Tang et al. published a work 

involving the characterization of a micro-Hall probe fabricated based on CVD-

graphene over the temperature range from liquid Helium to room temperature, 

yielding Hall sensitivities ~310-1200 Ω/T, and suggesting applications in scanning 

Hall-probe microscopy (SHPM) 95, which was realized afterwards by Sonuşen et al. 

96. Graphene-based Hall probes (GHP) not only has the potential to surpass the 

conventional Hall probes in Hall sensitivity and signal-to-noise ratio, but also in 

nanolithographical processability: etching graphene is much easier, and it is possible 

to fabricate graphene Hall elements much smaller than those based on the 

conventional materials and thereby increasing spatial resolution of the Hall probe 

further, without decreasing its figures of merit 95–97. Moreover, the vertical distance 

between the probe and the object to be probed could be reduced more than it is 

possible with the conventional probes since graphene is a two-dimensional material, 

bearing naturally-occuring two-dimensional electron gas (2DEG) 98. Before its 

application in SHPM, Xu et al. had already published their work on the batch-

fabrication of high-performance CVD-graphene-based Hall elements with current-
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related sensitivities exceeding 550 Ω/T 99. Also, Panchal et al. fabricated Hall sensors 

out of graphene epitaxially grown on SiC and obtained current-related sensitivities 

reaching 790 Ω/T 98. In search of the performance limit of the Hall elements 

fabricated out of CVD-graphene, Huang et al. 100 and Chen et al. 97 obtained the 

current related sensivities of up to 2093 and 2745 Ω/T, respectively, approaching 

that of the devices based on the state-of-the-art III-V semiconductor heterostructures, 

although the graphene-based Hall element (GHE) was not encapsulated. 

Encapsulation is crucial for making use of the full potential of graphene in 

electronics because the adsorption of ambient molecules could reduce the mobility, 

increase the noise, undermines the stability, and shorten the lifetime of the device 

101–103. Dauber et al. showed the full potential of graphene in this area of application 

by sandwiching graphene, which was obtained by mechanical exfoliation, between 

two-dimensional hexagonal Boron Nitride (hBN) sheets and managed to achieve 

current-related sensitivity of up to 5700 Ω/T, outperforming the state-of-the-art Hall 

sensor devices based on III-V semiconductor heterostructures 104. Although 

graphene’s sensitivity of ambient adsorbants appears disadvantageous up to this 

point, it can be utilized to detect particles in a controlled environment with a proper 

surface functionalization: since the current-related Hall sensitivity is inversely 

proportional to the sheet charge density 2, graphene-based Hall-effect devices 

provides a platform for fabricating highly sensitive particle detectors 105,106. 

Motivated by the above-mentioned properties and superior mechanical 107 properties 

of graphene, we aimed to discover its potential for fabricating flexible Hall-effect 

devices by manufacturing cross-shaped Hall-effect devices with CVD-graphene 

transferred onto PET film.    

4.1 Manufacture 

We manufactured the devices by transfer-printing graphene grown via APCVD 

described in Section 3.2 as in the following process flow (Figure 4.1): 
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1. A graphene-bearing copper strip is placed on a sheet of paper. The graphene 

on the upper side of the strip is to be transfer-printed. 

2. A piece of EVA/PET is cleaned by flushing with isopropyl alcohol followed 

by an immediate fast drying with nitrogen blow. 

3. The piece of EVA/PET sheet is laid over the strip so that the graphene layer 

and EVA layer will be on contact with each other. 

4. The PET/EVA/graphene/copper/graphene/paper stack formed at the previous 

step is laminated at the temperature of ~125°C. 

5. The graphene/copper/graphene/EVA/PET laminate produced at the previous 

step is cut into the device shapes, including their Hall crosses and copper 

contact pads to be formed at the end. 

6. Parts of the copper layers of the piece cut out of the laminate are painted with 

a permanent marker having a waterproof ink to form electrical contact pads 

of the device. 

7. The painted piece is placed on the surface of an aqueous ferric chloride 

(FeCl3) solution in order that the unpainted part of the piece is dissolved into 

the solution. The parts of the copper layer painted in the previous step will 

be protected by the waterproof ink during the dissolution. 

8. The product obtained at the previous step is gently dried with nitrogen blow. 

9. By gently scratching the dried ink layers with a scalpel, the cross-shaped 

Hall-effect device has been manufactured and made ready for electronic 

characterization. 

By applying the process flow explained above, we manufactured two sets of 

cross-shaped Hall-effect devices with two different Hall-cross dimensions 

(Figure 4.1). 
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Figure 4.1. Schematics for the process flow of the manufacture. Black parts are the 

parts of the copper layer covered with waterproof ink, which acts as an etch resist 

during the wet etching with FeCl3(aq). Two sets of devices with different Hall-cross 

sizes manufactured. 5 devices with smaller Hall-cross were manufactured. The other 

set contains 28 devices. 

      

4.2 Characterization 

Firstly, the series resistances of the devices were measured. Characterization of Hall-

effect devices as magnetic sensors requires the measurement of the voltage between 

the sense contacts (Hall voltage), as sensor output, with respect to the intensity of 

the magnetic induction perpendicular to the surface of the conducting layer of the 

device, sensor input, after maintaining a constant bias current through the other arms 

of the device 2. To this end, we used a Hall-effect measurement system 

(NanoMagnetics HEMS) equipped with an electromagnet capable of creating 

uniform magnetic induction with intensities of up to 8000 G, between its poles 

(Figure 4.2). By employing a specially made sample holder, the device was inserted 
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between the poles in order that the magnetic induction would be perpendicular 

throughout to the graphene-based conducting layer of the device. After maintaining 

a bias current, the Hall voltage VH was measured for each magnetic induction B value 

resulted from sweeping the magnetic induction from one direction to the other along 

its axis. In addition, the series resistances of the devices were measured after 

removing the sample holder from the magnetic field. 

 

 

Figure 4.2. (a) Sample holder. (b) Sample holder with a device inserted into its case, 

fixed between the poles of the electromagnet, and connected to the electronics of the 

HEMS. (c) Schematics of the four-probe Hall-effect measurement. The magnetic 

induction is to be perpendicular throughout the graphene layer. 

 

The series resistance measurements showed ohmic behavior and Hall-effect 

measurements showed the linear sensor response of the devices with respect to the 

magnetic induction (Figure 4.3). The absolute sensitivity of the Hall sensor is given 

by the slope of the linear fit to the data points of the VH-vs-B graph, and  the current-

related sensitivity of the Hall sensor equals the absolute sensitivity divided by the 
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bias current 2. It was measured for the bias currents of 100 μA, 300 μA, and 500 μA 

(Figure 4.4). 

 

 

Figure 4.3. Exemplary graphs stemmed from the I-V and Hall effect measurements 

of one of the devices, corresponding to the series resistance of ~7 kΩ and current-

related Hall sensitivity of ~1000 Ω/T. A bias current of 0.1 mA was applied for the 

Hall-effect measurement. 

 

Owing to its four-fold symmetry, cross-shaped Hall-effect devices, sense contacts 

and current contacts are interchangeable. The series resistance measurements of the 

devices involved measuring resistances between possible current contacts. The 

measurements resulted in a distribution between extreme values 3.8 and 27.2 kΩ, 

with mean value 8.4 kΩ and standard deviation 6.4 kΩ, which was fitted with a 

gaussian (Figure 4.5). 
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Figure 4.4. Plotted data resulted from the Hall-effect measurement of the device 

mentioned in Figure 4.3, for the bias currents of 100, 300, and 500 μA. Absolute 

sensitivity of the device is given by the slope of the linear fit. Inset shows the current-

related sensitivity SI for the bias currents. 

 

Current-related sensitivities of the devices were obtained from the Hall-effect 

measurements. Furthermore, the charge carrier type was found as holes by checking 

the relative directions of the Hall electric field, indicated by the polarity of the sense 

contacts, bias current, and magnetic induction, as explained in Section 2.2. The hole 

density is given by the equation n = G (SI e)-1, where n, SI, e, and G represent two-

dimensional charge carrier density, current-related Hall sensitivity, elementary 

charge, and the geometrical correction factor, respectively 2. Because of the 

geometry of the device (h = k/2) (Figure 4.1) and the graphene’s high mobility (μ ≈ 

1000 cm2/(Vs)), which makes the Hall angle ΘH ≈ arctan(μB) ≈ π/2, G ≈ 1 and thus 
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n ≈ (SI e)-1 2. Figure 4.6 shows histograms of the results with corresponding Gaussian 

fits. 

   

 

Figure 4.5. The histogram of the series resistance measurements of the devices with 

larger Hall cross. Dashed curve is a gaussian fit. The minimum and maximum values, 

mean value and standard deviation are 3.8 and 27.2, 8.4 and 6.4 kΩ, respectively. 
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Figure 4.6. Histograms of the Hall-effect measurement results pertaining to the 

devices with the larger active area. Curves are gaussian fits. 
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Figure 4.7. Box plots of the Hall sensitivity (top) and hole density (bottom) of the 

devices with the larger active area. 

 

For an applied bias-current I and environmental conditions specified by parameters 

such as temperature, humidity, and pressure, to apply Hall-effect devices as magnetic 

sensors, it could be useful to assess the proportionality between the Hall voltage VH 
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and the component of the magnetic induction perpendicular to the device, B. To that 

end, the degree of the proportionality can be quantified by defining a figure of merit 

called non-linearity (NL), which is a function of I and B, with the following equation:  

𝑁𝐿 =
𝑉H − 𝑉HL

𝑉HL
 (Equation 4.1) 

where VHL represents the best linear fit to the data points resulted from the Hall-effect 

measurements 2. By definition, VH(0) = 0 2.  

 

 

Figure 4.8. Non-linearity extracted from the data plotted in Figure 4.4, with respect 

to magnetic induction, for bias currents 100, 300, and 500 μA. 

 

The device with plotted Hall-effect measurement data in Figures 4.3 & 4.4 was found 

to have non-linearity between -30% and +30% for magnetic induction values larger 

than 2 kG and between -10% and +10% for magnetic induction values larger than 3 
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kG, for bias currents 100, 300, and 500 μA (Figure 4.8). Large nonlinearities of up 

to 324% for magnetic induction less than 1 kG must have caused by the off-set 

voltage, which is due to the misalignment of the sense contacts, resulting in a voltage 

difference between them as a bias current is applied. This is evidenced by the data: 

for the bias currents of 100, 300, and 500 μA, the magnetic induction of -0.133 kG 

resulted in the voltages of 3.1, 9.8, and 16.7 mV between the sense contacts. This 

consistent reversal of the sign of the voltage clearly indicates an off-set voltage.    

The Hall-effect measurements of the devices with the smaller active area (Figure 

4.1) resulted in the current-related sensitivities varying between 400 and 700 Ω/T, 

implying two-dimensional hole concentrations ranging from 8.92x1011 to 15.6x1011 

cm-2 (Figure 4.9). The average values for the sensitivity and hole density are 540 Ω/T 

and 11.5x1011 cm-2, which are close to and approximately equal to those of the other 

set of devices, respectively (Table 4.1). 

 

Table 4.1 Average values and standard deviations for the two-dimensional hole 

densities (p) and current-related sensitivities (SI) pertaining to the two sets of Hall-

effect devices with active areas of 2x2 and 5x5 mm2. The average value and standard 

deviation are denoted by an overbar and σ, respectively.   

Active Area 

(mm2) 

𝑝 

(1011/cm2) 

𝑆I  

(Ω/T) 

σ(p)  

(1011/cm2) 

σ(SI)  

(Ω/T) 

2x2 11.5 540 3.0 136 

5x5 11.9 585 3.5 224 
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Figure 4.9. Upper: Hall-effect measurement results of one of the devices with smaller 

active area, for bias currents 100, 300, 500 μA (Inset shows change in the current-

related sensitivity of the device with respect to the bias current.). Lower: Current-

related sensitivities of all 5 of the devices with smaller active area. 
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CHAPTER 5  

5 GRAPHENE-BASED MULTILAYERED CONDUCTIVE FILMS ON FLEXIBLE 

SUBSTRATE 

Among all the metals hitherto used as catalysts for the synthesis of uniform graphene 

films via chemical vapor deposition (CVD), copper is the most promising: graphene 

growth on a polycrystalline copper foil is mostly self-limiting, i.e. stops after its 

surface is fully covered with graphene because of low carbon solubility in copper 108. 

Because of the low carbon solubility, graphene growth on copper neither depends on 

the thickness of the copper foil nor requires any special consideration of the cooling 

rate of the CVD process, thereby making the process optimization considerably less 

complicated 108. In addition, by employing the pretreatment to reduce the roughness 

of the copper foil and the annealing step, CVD of graphene on copper could be 

optimized to yield highly uniform, even large single crystal graphene 108,109. 

However, CVD of single crystal multi-layer graphene on metal is a much more 

complicated process 108,109. Therefore, considering the efficiency and reliability of 

the CVD of graphene on copper, artificially stacked graphene grown on copper could 

be an alternative route for fabricating devices based on multilayer graphene.  

This chapter presents the manufacture process and characterization of the artificially 

stacked multi-layer graphene that we obtained via layer-by-layer lamination on 

EVA-coated polyethylene terephthalate (PET) film.       

5.1 Manufacture  

After synthesizing graphene via APCVD on the copper foil and cleaning the 

EVA/PET sheet as described in Section 4.1, our manufacture scheme basically 

consists of 5 steps, except for the step involving the fabrication of electrical contact 

pads: (i) a PET/EVA/graphene/Cu/graphene/paper stack is formed, (ii) this stack 
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passes between the hot rollers of the laminator after the temperature reaches 125°C, 

(iii) a sample in square or cross shape is cut out of the resulting 

PET/EVA/graphene/Cu/graphene laminate for van der Pauw or Hall sensitivity 

measurements, respectively, (iv) the copper layer is dissolved in an aqueous FeCl3 

solution, (v) the resultant graphene/EVA/PET laminate is placed on a larger piece of 

graphene-bearing copper foil in order to form a 

paper/PET/EVA/graphene/graphene/Cu/graphene/paper stack. The resulting stack is 

laminated as in step ii. A new sheet of graphene is transfer-printed onto the existing 

graphene layer in the graphene/EVA/PET laminate by etching the copper layer with 

an aqueous FeCl3 solution. By iterating this cyclic process up to 10 times, we 

manufactured graphene-based conducting thin films on the EVA/PET and devices 

out of this structure. In order to obtain contact pads to be used in the electronic 

characterizations/applications of the thin films formed by iterating the process n 

times, the copper layer is selectively etched as described in Section 4.1 (Figure 5.1). 

By employing this scheme, we manufactured square-shaped van der Pauw samples 

and two sets of 4-contact cross-shaped Hall-effect devices. First set of the cross-

shaped devices (Set 1) was resulted from transfer-printing graphene 1, 2, 4, 6, 8, and 

10 times, and the second set of the devices (Set 2) obtained by additionally 

performing all the odd number of laminations skipped in preparing Set 1. The 

dimensions of the cross-shaped devices are the same as those presented in Figure 

4.1. The triangular contact pads of the square-shaped van der Pauw samples at their 

corners were made as small as possible to obtain electronic characterization results 

as accurate as possible 8. The edge length of the van der Pauw samples is 1 cm. 
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Figure 5.1. Schematics for the manufacturing process yielding conductive thin films 

on the EVA/PET via layer-by-layer transfer-printing graphene. Only the fabrication 

of the cross-shaped device shown, but we also manufactured square shaped samples 

with triangular copper contact pads at their corners. L and N denote the iteration 

number for the lamination and the desired number of laminations, respectively. 

         

5.2 Characterization 

Structural and electronic properties of the graphene-based conductive thin films were 

studied by using AFM and performing 4-probe van der Pauw and Hall-effect 

measurements. In addition, the Hall sensitivities of the Hall-effect devices made 

from the thin films were measured. AFM revealed both qualitative and quantitative 

changes in the surface of the thin film after each transfer-printing of graphene and 

van der Pauw and Hall-effect measurements showed the dependence of the mobility, 

sheet charge carrier density, and sheet resistance upon the number of graphene 
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transfer-printings performed to manufacture the thin film. Moreover, the charge 

carrier type and the sheet charge carrier densities were calculated by studying the 

directions of the bias current, magnetic induction, and the Hall electric field, and by 

using the Hall sensitivities, respectively 2. Based upon the results of these 

characterizations, important information can be extracted considering possible 

applications of the conductive thin films. 

5.2.1 Characterization with AFM 

For this microscopic examination, special samples; with the size of 5x5 mm2 were 

manufactured by transfer-printing graphene onto the EVA/PET from 1 to 10 times, 

and the surfaces of the resultant thin films were scanned at the rate of 10 μm/s with 

ezAFM of NanoMagnetics Instruments in dynamic mode using the PPP-NCLR 

cantilever of NANOSENSORS, whose free and set RMS values of oscillation were 

100 nm and 50 nm, respectively. Scan areas were 2x2, 5x5, 10 x10 μm2; PID 

parameters were 51-1-45 for the samples resulted from transfer-printing graphene 3, 

5, 7, and 9 times, and 38-1-27 for the others, including the EVA/PET cleaned with 

IPA as described in Section 4.1 and the EVA/PET extracted by totally etching the 

copper layer after laminating the EVA/PET with the copper foil, denoted by P and 

Pˈ, respectively. As a result, we obtained the topographical images of the surfaces of 

the thin films as well as roughness values associated with each image (Figure 5.2). 
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Figure 5.2. A mapping from an array of the AFM topographical images of the 

graphene-based thin film surfaces and EVA-coated surface of the lamination film to 

the RMS roughness, which appears to converge some value below 50 nm. Isolated 

points on the vertical axis represent the EVA-coated surface of the lamination film 

after laminating with the cleaned copper foil followed by wet etching the copper 

layer with aqueous FeCl3 solution. They indicate ~50% decrease in the roughness of 

the copper foil as a result of the CVD process. 

  

5.2.2 Electronic characterization 

The cross-shaped Hall-effect devices in Set 1 and Set 2 were characterized via Hall 

sensitivity measurements by using NanoMagnetics Instruments’ HEMS and 

ezHEMS, which were equipped with an electromagnet and permanent magnet, 

respectively.  
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For Set 1, first, a bias current was applied through the current contacts of the device 

after the sample holder of the HEMS had been placed between the poles of the 

electromagnet so that the surface carrying the bias current and the uniform magnetic 

induction B to be produced by the electromagnet would be perpendicular throughout 

to each other. Then, while the bias current was maintained, the voltage VH between 

the sense contacts was measured for each magnetic field intensity value, determined 

by stepwise symmetrical sweep thereof from one direction of the magnetic field axis 

to the other, where |B| ≤ 8000 G (Figure 5.3). As a result, the current-related Hall 

sensitivity was calculated by dividing the slope of the linear fit, to the data points of 

the VH-vs-B graph, by the bias current value, and also the non-linearity of the sensor 

response of the device, which was defined by (Equation 4.1, (Figure 5.4). The Hall 

sensitivity was calculated for the bias current values of 0.1, 0.3, 0.5, 0.7, 0.9, 1.0, 

3.0, 5.0, 7.0, 9.0 mA. The computation resulted in the graph showing the dependence 

of the Hall sensitivity upon the bias current (Figure 5.5). 
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Figure 5.3. Setup for the electronic characterization of the cross-shaped Hall-effect 

devices Set 1. (a) Dimensions of the cross-shaped Hall-effect device. (b) the sample 

holder loaded with one of the devices connected to the electronics of the HEMS and 

placed between the poles of the electromagnet of the HEMS. (c) Schematics for the 

Hall-sensitivity measurements: the magnetic induction B created by the 

electromagnet is to be perpendicular throughout the surface of the device. After 

maintaining the bias current IC is by applying the voltage VC between the current 

contacts of the device, the Hall voltage VH between the sense contacts is measured 

for each value of B. (d) The sample holder inserted between the poles. 
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Figure 5.4. Plotted data obtained from the Hall-sensitivity measurement of one of the 

cross-shaped devices in Set 1, where the bias current IC = 20 mA. Linear fit can be 

approximately represented by the equation VH = (0.3807 mV/G) B with R2 value of 

0.9988. Dividing the slope of the equation, 0.3807 mV/G, by the bias current 

approximately gives the current-related Hall sensitivity of the device SI = 190 Ω/T. 

Inset shows the non-linearity of the sensor response of the device, which was 

manufactured by transfer-printing graphene twice. (Equation 4.1 was used for the 

calculation of the non-linearity. Similar to the nonlinearity results presented in Figure 

4.8, the device manifested very large nonlinearity for |Magnetic induction| < 1 kG, 

but |Nonlinearity| < 10% for |Magnetic induction| > 1 kG. 

 

In addition to the current-related Hall sensitivity (SI) with respect to the bias current 

(Figure 5.5), we also determined that the charge carrier type of all the devices in Set 

1 were holes and calculated the sheet hole concentration p by checking the 

orientation of the orthogonal triplet formed by the bias current, magnetic field and 
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Hall electric field and applying the equation n = (SI e)-1, where n and e denote the 

charge carrier concentration and the elementary charge, respectively 2. As a result, it 

turned out that there is an almost linear trend in the hole density with respect to the 

number of laminations (N) up to N = 8 (Figure 5.6). Furthermore, for Set 1, we 

determined the maximum current applicable for the device operation by increasing 

the bias current in increment of 0.1 mA between 0 and 1 mA, and 1.0 mA after 

reaching 1.0 mA. The maximum bias current could be of great importance for sensor 

applications. Change in the maximum current with respect to the number of 

laminations show two linear regimes up to N = 8, after which it vanishes (Figure 

5.7). Beyond the maximum bias current, the device failed to operate properly. 

 

 

Figure 5.5. Plotted data extracted from the Hall-effect measurements of the devices 

in Set 1. The numbers in the legend below the graph represent the number of 

laminations done for making the devices. The Hall sensitivity was calculated for the 

bias currents of 0.1, 0.3, 0.5, 0.7, 0.9, 1.0, 3.0, 5.0, 7.0, 9.0 mA. 
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To obtain a more detailed electronic characterization of the thin films, van der Pauw 

and Hall-effect measurements of the devices in Set 2 and the square-shaped samples 

were performed by using NanoMagnetics Instruments ezHEMS, which is a tabletop 

HEMS equipped with a pair of permanent magnets creating a uniform magnetic field, 

with the intensity of ~5000 G, between their poles. After having been placed on the 

sample holder in ezHEMS head, the device was electrically connected to ezHEMS 

by using the copper probes of ezHEMS head and the copper contact pads of the 

sample (Figure 5.8). 

 

 

Figure 5.6. Plotted data produced by calculating hole density of each device in Set 

1. Except for the (red) data point corresponding to N = 10, the (blue) data points 

could be well fitted with the line represented by the equation p = (2.4x1012 cm-2) N, 

with R2 value of 0.9947, where p and N denote the hole density and the number of 

laminations. 
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Hall-sensitivities of the devices in Set 2 were obtained by measuring the Hall voltage 

VH with respect to the bias current IC after positioning the sample holder of ezHEMS 

between the poles of one of its magnets in order that the uniform magnetic field 

between the poles could be throughout perpendicular to the active surface of the 

device (Figure 5.8). The bias-current values were determined by symmetrically 

sweeping with constant step size of 0.1 mA and maximum absolute value of 0.5 mA. 

The measurement of the voltage VS between the sense contacts contains off-set and 

noise voltages as additive terms; in order to subtract the off-set voltage from the 

result, first the measurements were carried out for both directions of magnetic field 

B, with the same set of bias currents. Then the subtraction of the offset voltage could 

be given by the operation VS (+B) - VS (-B) and thus VH = VS (+B) - VS (-B), where 

VS (B) represents VS measured for a bias current under the influence of the uniform 

magnetic field B 2. Using this method, we collected data consisting of a set of (VH, 

IC) pairs, which can be well fitted with a line (Figure 5.9). The Hall sensitivity SI can 

be found by dividing the slope of the line by the intensity of the uniform magnetic 

field between the poles and the sheet charge carrier density n is given by the equation 

n = (SI e)-1, where e represents the elementary charge 2. As a result, we calculated the 

Hall sensitivity and charge carrier concentration with respect to the number of 

laminations (Figure 5.10). 
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Figure 5.7. Variation of the maximum bias current (Imax) with respect to the number 

of laminations (N). Blue line and red line are linear fits representing two linear trends 

in the data, expressed by the equations Imax = (11.3 mA) N and [Imax = (3.8 N + 29.2) 

mA], with R2 values 0.9986 and 0.9643, respectively. The former suggests that the 

maximum current density that the thin film could withstand remained constant up to 

N = 4. 

 



 

 

71 

 

Figure 5.8. Setup for characterizing the devices in Set 2. (a) The sample holder of 

the ezHEMS loaded with one of the devices. Electrical connection was maintained 

by 4 of the 6 spring-loaded copper probes of the sample holder, which is a part of 

ezHEMS head. Each probe is associated with a number written above in green. 1&3 

and 2&4 were selected as the current contacts and sense contacts, respectively. (b) 

The sample holder loaded with the device encased and ready for the Hall-effect 

measurement. (c) The sample holder inserted between the poles of the permanent 

magnet, where a uniform magnetic field with the intensity of 5300 G exists. In this 

configuration, V42 was measured with respect to I13. To eliminate the offset voltage 

in the Hall voltage, we measured V42 for both directions of the magnetic field. To 

this end, after having completed the measurement for this orientation, we reversed 

the direction of the magnetic field relative to the sample holder by reinserting the 

ezHEMS head after rotating it by 180°. 
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Figure 5.9. Plotted data resulted from the Hall-effect measurement of one of the 

devices in Set 2. The linear fit can be represented by the equation VH = (207 Ω) IC. 

Since the intensity of the uniform magnetic field used for the measurement is 5300 

G (= 0.53 T), the Hall sensitivity of the device ≈ 391 Ω/T. The device was 

manufactured by transfer-printing graphene once. 

    

The van der Pauw and Hall-effect measurements of the 4-contact square-shaped 

samples produced the mobility, charge carrier type, sheet charge carrier density, and 

sheet Hall coefficient values of the thin films for each number of laminations done 

for the manufacture (Figure 5.11). 
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Figure 5.10. Dependence of the Hall sensitivity and the sheet hole concentration p 

on the number of layers N. The equation of the linear fit is p = (2.28 x 1012 cm-2) N, 

with R2 value 0.96. 

   

The characterizations of the thin films by utilizing the cross-shaped devices and the 

square-shaped samples both revealed that the charge carriers were holes independent 

of the number of laminations and resulted in similar trends in the sheet Hall 

coefficient and hole density with respect to the number of laminations. Van der Pauw 

and Hall-effect measurements involving the square-shaped samples showed that the 

mobilities were around 1000 cm2/(V·s) and showed no drastic change, whereas the 

hole density increased almost linearly with respect to the number of laminations. 

Consistently, the measurements yielded the sheet resistance and Hall-coefficient 

values almost inversely proportional to the number of laminations (Figure 5.11). 
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Figure 5.11. Electronic properties of the graphene-based thin films with respect to 

the number of laminations. Inset photo shows of one of the square-shaped van der 

Pauw samples used for the characterization of the thin films. 
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5.3 Resistors 

Furthermore, by using the scheme depicted in Section 5.1, we manufactured resistors 

with the length and width of 1 and 0.5 cm (Figure 5.12 a) to estimate the maximum 

current densities that the thin films could withstand and assess the performance of 

the thin films as heaters, which could be utilized for fabricating graphene-based 

transparent defoggers. 

 

 

 

 



 

 

76 

 

Figure 5.12. (a) A resistor manufactured by transfer-printing graphene once. (b) One 

of the resistors placed onto the sample holder of an ezHEMS head to test its current-

carrying capacity. (c) Setup for joule heating measurements of the resistors. 

 

The resistors were characterized by measuring the resistance, the maximum 

temperature at the surface of the thin film and the maximum current passing through 

the thin film at the maximum temperature before the electrical conductance ceased, 

for each number of laminations. The measurements were carried out by using 

ezHEMS head (Figure 5.12 b) connected to a source-meter and a K-type 

thermocouple in contact with the surface of the thin film (Figure 5.12 c). 
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Figure 5.13. Change in the resistance, current-carrying and ohmic heating capacity 

of the resistors with respect to the number of laminations. 
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Table 5.1 Comparison of the resistance values of the resistors and the sheet resistance 

values of the graphene-based multilayered conductive films with respect to the 

number of laminations. Note that the reduction in the resistance is larger than that in 

the sheet resistance. This can be attributed to a large reduction in the contact 

resistance of the resistors. 

Number of laminations Resistance (Ω) Sheet resistance (Ω/□) 

1 6300 1600 

2 2700 1100 

3 1600 780 

4 990 590 

5 970 390 

6 830 320 

7 570 270 

8 774 250 

9 694 210 

10 656 195 
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Figure 5.14. Comparison of maximum bias current for the cross-shaped Hall devices 

(top) and for the rectangular resistors (bottom). Inspite of the difference in geometry, 

their data show similar trends. As can be seen from Table 5.1, this can be attributed 

to the large reduction in the contact resistances of the devices up to N = 4. 
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CHAPTER 6  

6 CONCLUSIONS 

We conducted experiments for exploring the potential of graphene as a conductive 

film on flexible substrate. We synthesized graphene on 20μm-thick copper foil via 

atmospheric pressure chemical vapor deposition. Commercially-available EVA-

coated PET (EVA/PET) lamination film was chosen as the flexible substrate. The 

graphene was directly transferred onto EVA/PET film via lamination at ~125°C, 

followed by the etching of the copper layer with aqueous ferric chloride [FeCl3(aq)] 

solution and subsequent rinsing of the graphene-coated surface with deionized (DI) 

water. As a result, graphene/EVA/PET laminate was obtained. 

By using the laminate, first we manufactured cross-shaped Hall devices by 

modifying the graphene transfer process so that the copper can be used as natural 

electrical contact pads. To this end, we painted the parts of the copper layer to be 

used as contact pads with permanent marker before the etching. Since the ink of the 

marker is water-proof and the copper etchant is FeCl3(aq), it acted as an etch resist 

during the copper etching. By using this manufacture scheme, we manufactured two 

sets of cross-shaped Hall devices with different active areas: 28 large devices and 5 

small devices. The devices have perfectly linear I-V curves and linear sensor 

responses except for small magnetic inductions, which can be attributed to the off-

set voltage of the device. Average and standard deviation of the Hall sensitivities of 

the set of large devices are 586 and 224 Ω/T. The maximum Hall sensitivity is 1200 

Ω/T. Small devices have the sensitivity values between 400 and 700 Ω/T, with 

average value 540 Ω/T.                

By laminating a piece of graphene/EVA/PET laminate with a larger piece of 

graphene-carrying copper after having formed the stack 

graphene/copper/graphene/graphene/EVA/PET, we demonstrated that graphene-

coated EVA layer is available for another transfer of graphene. By repeating this up 
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to ten times, we manufactured graphene-based multilayered conductive films on 

EVA/PET film. Also, cross-shaped Hall devices were made from these new 

laminates. In addition, we manufactured 1x1cm2 square-shaped van der Pauw 

samples with copper contact pads at their corners. Hole density measurements 

performed by using both cross- and square-shaped devices show the same trend with 

respect to the number of laminations: hole density changed almost linearly with the 

number of laminations. Moreover, by using the square-shaped samples, we measured 

sheet resistance and mobility. There is no observable trend in mobility with respect 

to the number of layers. There are some fluctuations around 1000 cm2/(Vs), but most 

of them are small. As a result, the sheet resistance is almost inversely proportional 

to the number of layers. Therefore, repeated layer-by-layer lamination yielded 

graphene-based multilayered conductive film on EVA/PET. Additionally, the 

surfaces of  these films were characterized via atomic force microscopy in tapping 

mode. Scan areas were 2x2, 5x5, and 10x10 μm2. AFM images shows that the RMS 

roughness of the surface appears to converge a value below 50 nm as the number of 

layers increases. 

Finally, we studied the Joule heating in these graphene-based films by manufacturing 

rectangular resistors. Their surface temperature were measured by using a K-type 

thermocouple. Maximum current is the largest current that the device can carry 

before its conductance ceases and maximum temperature is the temperature 

measured when the device carries maximum current. Maximum current increases 

almost linearly with the number of laminations N up to N = 4. At that point the slope 

remarkably changed. Comparison between the change of the sheet resistance and the 

resistance of the resistor indicates a large decrease in the contact resistance up to 4, 

which can explain the observation. 

In conclusion, CVD-graphene can be used to make Hall devices with sensitivities up 

to 1200 Ω/T on flexible substrate, by using a facile manufacturing scheme. 

Furthermore, by applying repeated layer-by-layer transfer onto the flexible substrate, 

it is possible to form a multilayered conductive film with mobility of ~1000 

cm2/(Vs). Nevertheless, it is evident that there is room for improvement. First, 
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lamination can be optimized to minimize the damage possibly caused by the pressure 

exerted by the rollers. Also, enhancement in graphene quality must be taken into 

consideration. The precision of the manufacturing process is another important issue: 

by increasing the precision of the manufacture, variation in the device properties and 

the off-set voltage can be minimized.    
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