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This dissertation discusses various physical aspects of graphene electronic 

devices, particularly FETs, of importance for high frequency (RF, microwave and mm-

wave) applications. Device physics of graphene junctions and contact junctions are 

considered. Inhomogeneity effects, heat dissipation and graphene FET compact 

modeling including unique nonlinearity mechanisms are discussed. 

The first part of the dissertation discusses device physics of graphene. The 

importance of its unique band structure, high carrier mobilities, and maximum current 

handling are highlighted for RF applications. Graphene junctions are discussed in detail, 

including p-n junctions and graphene-to-metal junctions. It is shown that graphene p-n 
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junctions provide additional resistance at the transition region within representative 

FETs due to depletion of carriers, which results in asymmetric ambipolar Id-Vg curves. 

It is also shown that a charge transfer region is formed at metal-graphene edges, which 

produces errors in the customary contact resistance measurement and analysis. Both 

junction effects are controlled by carrier density of the film, fringe electric field, and 

bias conditions. 

Inhomogeneous graphene films are modeled in detail to describe the formation 

of electron-hole puddles, and their impact on Hall mobility measurements. 

Inhomogeneity is more significant with larger amplitude of random charge fluctuation 

and the size of puddles. It is shown that measured Hall mobility can be degraded by 

more than 8 % due to inhomogeneity, compared with ideally uniform films with the 

same average carrier density.  

Thermal properties of graphene FETs must also be understood in relation to their 

performance and reliability. Heat dissipation of graphene devices has been analyzed 

with 3-D thermal simulations. The significance of interface thermal resistance, device 

design for quick heat release, and contact metal use for lateral heat spreading is 

described. Simulation and experimental results showed that pulses as short as 200 ns can 

still heat up graphene devices due to their small heat capacity. 

Finally, graphene device models are developed in two forms: a SPICE-like 

compact model for straightforward usage in circuit simulators, and a more abstract 

analytic model for investigation of the impact of device parameters on circuit 

performance. Both device models are used to explore the performance of graphene-



 xxii 

based FETs in zero bias r.f. power detector and resistive linear mixer applications. 

Parasitic elements such as parasitic capacitances, gate and series resistances are included 

for realistic circuit simulation, and the role of these components on the circuit 

performance is investigated. Graphene-based zero-biased power detectors showed 

sensitivity comparable to those using CMOS and InP HEMT-based technologies. 

Simulated noise equivalent power (NEP) was estimated to be as low as 10 pW/Hz0.5 for 

a passive r.f. power detector, thanks to the suppression of flicker noise. The mixer also 

exhibited linearity comparable to state-of-the-art, with input third-order intercept point 

(IIP3) estimated at about 22 dBm. Simulation results describe the experimental results 

well.  The impact of different device design parameters are investigated by simulation in 

order to optimize performance. 
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Chapter 1 

 

Introduction 

 

 

 

Since the first experimental realization of graphene by Geim and Novoselov [1], 

the research activities on graphene have grown explosively over the last decade [2, 3]. 

Numerous researchers explored this novel material which has unique electrical [4, 5], 

photonic [6, 7], mechanical [8] characteristics. Graphene showed the highest room 

temperature mobility [4, 9, 10], for both holes and electrons. It is transparent, flexible, 

and has very high strength. Among many possible applications, r.f. applications could 

have a significant benefit from utilization of graphene [11].  

Traditionally, better performance of FETs has been achieved by scaling down the 

gate length. In order to maintain the electrostatic channel control and to suppress short 
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channel effect, the vertical dimensions of the gate dielectric and channel should be scaled 

down as well [12]. The vertical scaling down has been a major challenge because it 

generates problems such as the degradation of mobility due to surface scattering, 

deterioration of electrostatic control over the channel, and gate leakages through the thin 

oxide layers. However, graphene is already an extremely scaled down channel layer – 

one atom thick. One can control the characteristics of graphene FET channel via 

electrical field modulation, forming both n- and p-channel and changing the polarity. 

Graphene also showed excellent room temperature mobility for both electrons and holes. 

Graphene FET already demonstrated high cutoff frequencies [13-17], thanks to its large 

carrier velocity and ability to stand high current flow. The large optical phonon energy of 

graphene also helps to reduce the scattering and maintain the high mobility of carriers 

[18-20]. The planar structure of the material enables to have compatible process with 

various technologies including CMOS. More over, graphene is transparent and flexible, 

which would be possible to serve as a platform of flexible electronic devices. 

 In this chapter, a brief overview is provided to review advantages of graphene for 

high frequency FETs, material preparation methods, and opportunities and challenges 

towards graphene based high speed microwave transistors. The objective of this thesis is 

then described, and the research results are summarized. The chapter ends with a brief 

description of the remaining chapters. 
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1.1. Graphene Structure and Electrical Properties 

 Graphene is a single atom thick sheet of carbon atoms hexagonally arranged to 

honeycomb structure (Figure 1.1). Physically it is equivalent to single layer detached 

from graphite single crystal. Interlayer bonding force is relatively weaker than intralayer 

bond, therefore it is possible to peel off graphene layers from the bulk graphite. Often the 

exfoliation results more than a single layer, which is known as bilayer, trilayer, and 

multi-layer graphene.  

 

 

Figure 1.1. Atomic structure of graphene. Carbon atoms arranged two dimensionally in 

honeycomb structure  

 

 

Within the layer, carbon atoms are tightly bonded with sp2 bonding, and 

additional electrons are forming orbital perpendicular to the plane which contributes to 

form conduction and valence bands [21]. Graphene has a unique E-k relation: E=ħ·vD·k, 

where vD is the Dirac velocity 8·107 cm/s. As displayed in Figure 1.2, graphene energy 
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band forms a mirrored cone structure with zero bandgap. Ec and Ev meeting at the charge 

neutrality point, also known as the Dirac point. Fermi energy will reside at the Dirac 

point when the graphene is at intrinsic condition. Thermally activated finite minimum 

charge density is in the order of ~1·1011 cm-2 at room temperature. According to the 

linear E-k relation, the density of states of band reduces near at the Dirac point, and 

quickly increases as the Fermi energy pushed away from EDirac. 

 

 

Figure 1.2. E-k dispersion relation of graphene forms a cone shape near Dirac point 

 

 

 Graphene’s unique linear E-k dispersion also allows very high speed for both 

electrons and holes. Dirac velocity vD is the maximum, however average velocity of 

carriers with field will be reduced in the presence of scattering induced by defects [22], 
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fixed charges [23, 24], acoustic [18] and optical phonons [18, 19]. Mobility of graphene 

carrier is affected by carrier density as well, where the intrinsic, minimum carrier density 

state will result maximum mobility [25]. The optical phonon energy of graphene is very 

high (180 meV) [20], because of graphenes light mass and strong bonds. Large optical 

phonon energy suppresses optical phonon scattering and enhances the carrier mobility. 

However, optical phonon scattering from gate dielectric limits the mobility of graphene 

channel of FETs. Therefore, highest mobility was measured from suspended graphene 

structures where graphene is standing alone without any interface with dielectric or 

substrate.  

 

1.2. Material Preperation of Graphene  

 The first seperation of graphene layer was demonstrated by peeling off flakes 

from graphite crystal using Scotch tape [1]. Exfoliated flakes are mechanically 

transferred on to 300 nm-thick SiO2 layer on Si substrate which is widely used, because 

the graphene flake is visible on this particular substrate, displayed in figure 1.3 (a) [1]. It 

is possible to distinguish the number of layers of the graphene flake with optical 

microscope. Since the method doesn’t require high cost equipment, most of graphene 

devices were fabricated on exfoliated graphene flakes at the beginning of graphene 

research boom. Highest mobility of carriers of graphene was measured on suspended 

device of exfoliated graphene flake which is a single crystal and has an excelent 

uniformity of thickness withing short distance (~m). However, despite its high quality, 

the exfoliated graphene has a critical weakness; lack of scalability. 
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Chemical vapor deposition (CVD) emerged as a popular method of graphene 

growth since the size of graphene film is only limited by the size of metal foil, which 

serves as a film growth surface. Carbon film is deposited on copper [26] or nickel [27] 

films, and C atoms arranges in honeycomb structure with grain boundaries. The size of 

graphene grain is affected by the size of the grain of metal foils, growth temperature. 

CVD film of graphene can be transferred to various substrates by wet-transfer [28], dry-

transfer [29]. Large area of graphene (continuous roll of 10 inches width film) fabrication 

and transfer was demonstrated using thermal detach adhesion [30]. Since the CVD 

graphene often need to be transferred to target substrate, non-negligible probability of 

contamination exists during the process. Several electronic devices have been reported 

that used CVD graphene as channel material, however, large area graphene films showed 

it is more suitable for transparent, flexible electrode material when it is used as multi-

layer graphene. 
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Figure 1.3. (a) Hall bar fabrication with exfoliated graphene [1] (b) CVD graphene 

transfer on flexible substrate [28] (c) AFM image of epitaxial graphene shows terraces of 

SiC surface (inset) TEM image of graphene coverage over SiC terrace [31] 

 

Epitaxial graphene has been an attractive candidate for high speed graphene 

transistor applications, because of its excellent film quality and no need of transfer to 

other substrate. The film is grown on SiC substrate by sublimation of Si atoms of the top 

surface by annealing at >1000oC under vacuum or Ar environment [31, 32]. Carbon 

atoms remain at the surface and rearrange to form a graphene film. C-terminated faces 
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tend to form a multi layer graphene, while it is easier to control the number of carbon 

sheet layers from single to few layers on Si-terminated SiC surface. Epitaxial graphene 

shows n-type doped characteristics due to background doping effect from the substrate 

and interface [32]. Figure 1.3 (c) shows TEM image of epitaxial graphene over the 

terrace of SiC substrate, where graphene has an excellent coverage over steps and 

terraces of SiC surface.  

 The film quality of graphene is typically measured by means of atomic force 

mictroscopy (AFM) and Raman spectroscopy. AFM measurement shows grain sizes up 

to micron scale [33, 34] and steps of epitaxial graphene due to the topography of SiC 

substrate [31]. Raman spectroscopy can distinguish the number of layers [35, 36] by 

investigating the height and width ‘g peak’, which is a signal according to graphene. 

Quality of graphene film can be estimated by ‘d peak’ which typically shows the defects 

of the film. After years of intensive R&D efforts, the quality and reproducibility of large 

area graphene film has been improved significantly. The degree of control of material 

characteristics over wafer scale is comparable to conventional semiconductor materials 

[37-39] 

 

1.3. Graphene Field Effect Transistors (GFET)  

A representative top-gated graphene FET structure on semi-insulating SiC 

substrate is shown in Figure 1.4 (a) [11]. The graphene FET channel area is defined by O2 

plasma etch. Source and drain electrodes, gate dielectric, and gate metal stack processes 

follows. Figure 1.4 (b) shows a SEM image of fabricated r.f. GFET on SiC substrate. 

Ohmic contacts showed resistance as low as 0.2 Ω·mm [40]. devices are also similar 
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structure, except using the substrate of SiO2 on bulk Si [13, 41]. When the Si substrate is 

low resistivity substrate, it can act as a global bottom gate. In fact, many of initial device 

fabrication have used global back gate to control the transferred graphene flake devices 

without top gate. 

  

Figuer 1.4. (a) Representative structure of epitaxial graphene FET (b) SEM image of 2-

finger GFET [11] 

 

 

 Various types of gate dielectrics have been utilized for graphene surface, which 

have been a challenging task due to lack of dangling bonds on the surface of graphene 

[42]. Prototype transferred graphene used thick oxide as a gate dielectric. Building an 

embedded gate structure under high-k material then transferring graphene film on top was 
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another way to avoid this problem [43]. Spontaneous oxidization of few nanometer of Al 

film or graphene surface functionalization by grafting diazonium salt [44] are a few 

example of providing an initial seed layer for subsequent ALD deposition for 

conventional device process steps.  

 Doping the graphene film is also a difficult challenge. There have been several 

methods reported such as replacing carbon atoms with nitrogen atoms [45], add organic 

layer to provide charge transfer [46]. However, it is still difficult to obtain high quality 

graphene (without degrading mobility) after these doping methods. Transferred graphene 

FETs can use the global back gate to provide desired charge density level of the region 

between gate and source/drain. Ungated gap region is series resistance along the channel 

of the FET, which degrades the performance [14, 15]. Epitaxial graphene is known to 

have n-type film which has ~1012 cm-2 of charge density [11, 31], relatively relieves the 

need of additional doping, however, it would be desired to have self aligned structure best 

performance. 
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Figure 1.5. Id-Vd curves of GFET with different Vgs 

 

 

 A long channel graphene FET Id-Vd characteristics are displayed in figure 1.5. 

Current level is modulated with gate bias, however, current flows even when Vg < Vth (or 

VDirac). It is due to graphene’s zero bandgap nature which makes the pinch off difficult, 

especially under large Vds. When Vds increases the current shows a saturation behavior, 

then increases again because hole channel is introduced near drain instead of pinch-off 

region of conventional FETs. A model with the Gradual Channel Approximation 

describes the I-V characteristics. 
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where I is drain current when μ is effective mobility, W and L are width and length of the 

channel, respectively. Ceff is effective gate capacitance, Vd is drain bias, Vg is gate bias, 

and Vt is threshold voltage also known as Dirac point. Figure 1.6 displays Id-Vg 

characteristic of graphene FET is a V-shaped ambipolar curve, with minimum current 

conduction point at Vg=VDirac. Where Vg>VDirac, the channel is filled with electrons 

(electron branch), while it becomes hole channel when Vg<VDirac (hole branch). Near at 

Dirac point, it also offers unique features such as quadratic variation of current with gate 

voltage. 

 

 

Figure 1.6. Graphene FET’s Id-Vgs curve shows ambipolar, v-shape curve with 

minimum current at Vgs=VDirac. Mixer output spectra is also shown, which benefitted 

from quadratic current increase of GFET [47]  

 

Graphene also could handle a very high on current, up to values of >3mA/um, 

limited by dielectric strength [17], thermal breakdown [48]. Excellent confinement 

barriers surrounding graphene channel also affects the efficient current flow, which is 
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much improved compared with conventional FETs. The number of carriers can increase 

if the gate dielectric is thinner and also hold large electric field. Better thermal design can 

increase the Imax by lower the junction temperature from Joule self heating. 

 Graphene offers new opportunities for a high frequency FETs because of its high 

carrier mobility, planar structure with excellent scaling properties, limited scattering and 

a simple modulation of electron and hole channels. 

 

1.4. Research Summary  

Motivated by unconventional experimental results and mismatches between test 

data and theory on epitaxial graphene devices, several simulation and modeling 

approaches have been employed to illuminate the details of several building-

blockcomponents required to build graphene-based device systems. A starting point for 

the research is the set of graphene material properties such as uniformity of the charge 

density, and junctions of graphene-contact metal, and between p- and n-type graphene. 

Joule-self heating is heavily involved in current saturation and breakdown of GFETs, 

therefore the thermal behavior of graphene device is investigated with 3-D thermal 

simulations. After reviewing the characteristics of elements of GFETs, device models are 

introduced in two forms: a SPICE-like compact model; and an abstract analytic model. 

Circuit simulations with these device models are demonstrated for GFET based power 

detector and resistive mixer applications. Key results of this dissertation are summarized 

here:  
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 Techniques to perform a classical approach with physically based TCAD 

simulator for electrostatics of graphene p-n junction. Numerical estimation of 

spatial resistivity based on carrier distribution and carrier density dependent 

mobility of electrons and holes, which matches the experimental results and 

provides a simple understanding of origin of asymmetrical Id-Vg curves.  

 

 Modeling of lateral charge spread from the metal contact by employing a two-

dimensional Poisson solver, to find out relations of charge density and metal work 

function which causes unintentional lateral doping and errors on contact 

resistance measurements.  

 

 Modeling techniques of inhomogeneous graphene film which describes the 

physical consequences of randomly distributed charges, so-called electron hole 

puddles, on Hall measurements, Dirac point estimation, and overall device-to-

device uniformity on wafer scale.  

 

 Application of a three-dimensional thermal simulation to investigate the junction 

temperature of graphene devices. Investigated the heat dissipation behavior with 

focus on device dimensions, structure, and interface thermal resistances. 

Comparison with experimental results shows the saturation behavior of I-V of 

graphene device is partially due to Joule self-heating. 

 



 

 

15 

 

 Establishment of a SPICE based compact model to describe the ambipolar 

conduction of GFETs to explore circuit applications in straightforward manner. 

The model shows a good fit with experimental results with only a few device 

parameter adjustments.  

 

 Development of an abstract analytic model of GFET with Taylor expansion to 

investigate the impact of device parameters on circuit performance, such as 

nonlinearity. 

 

 Demonstration of GFET circuit simulation utilizing compact and abstract models, 

for description of power detector and mixer applications. Investigation on impact 

of device parameters on circuit performances for optimization. 

 

1. 5.  Thesis overview 

   This thesis presents an analysis of various aspects of graphene behaviors and 

device physics, of importance for applications of graphene in high frequency electronics.  

Electrical characteristics at graphene p-n junctions and metal-graphene contact edges, 

graphene film uniformity and its impact on mobility measurements, Joule self-heating 

and heat dissipation are described and analyzed. The thesis also covers compact device 

modeling of graphene FETs for circuit simulations and discusses implications for r.f. 

applications 

In Chapter 2 the local resistance of graphene devices around p-n junctions and 

graphene-metal edges are described. p-n junction resistance causes additional series 
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resistance and asymmetry of V-shaped ambipolar Id-Vg current between hole and 

electron current. Metal edges can form several types of junctions and impacts the 

accuracy of TLM measurement for contact resistance. These experimentally observed 

effects are analyzed with two dimensional devices simulations and Poisson solver. 

Classical approach shows characteristics of graphene p-n junctions and its impact on 

ambipolar current asymmetry. Effective graphene doping from metal and charge transfer 

region will be discussed, focusing on contact resistance measurement. 

Chapter 3 introduces a two-dimensional inhomogeneous graphene model for 

calculation of electric charges and fields with or without magnetic fields. In the model, 

dopants are distributed randomly to emulate the so-called electron-hole puddle. Various 

device parameters such as puddle size, charge density deviation and channel sizes are 

investigated to provide potentials and limits of uniformity for practical graphene devices.   

Chapter 4 presents analysis on thermal behavior of graphene resistors on silicon 

carbide substrates, using three dimensional heat simulations. Several device parameters 

such as interface thermal resistance, channel width, and contact spacing are investigated 

for vertical and lateral heat spread characteristics. For comparison, pulsed I-V 

measurement is employed with various pulse lengths and environment temperature. 

Effective thermal resistance of the system and Joule heating during a short pulse will be 

discussed. 

Chapter 5 explores the potential performance of radio frequency (r.f.) graphene 

FETs (GFET). A compact model is developed with SPICE models and also an analytic 

model was used for analyze the relation of device parameters with circuit performances. 
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Zero biased power detector and resistive linear mixers are investigated and optimized 

with circuit simulations including parasitic componenets.  

Chapter 6 summarizes the thesis and briefly mentions future works. 
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Chapter 2 

 

Physics of Junctions of Graphene Devices 

 

 

 

In this chapter, the device physics of graphene junctions will be investigated. In 

the first part of the chapter (Section 2.1~2.4), the resistance of graphene p-n junctions is 

analyzed following a classical approach. A two dimensional device simulator was 

employed to determine the electric field and channel conductivity variations across p-n 

junctions formed in graphene FET structures. Simulation results will verify the origin of 

asymmetry of Id-Vg curves of graphene FET measurements.         

 In the second part of the chapter (section 2.5~2.9), effective doping from a metal 

on graphene by its work function difference and graphene's small density of states will be 

discussed, focusing on a charge transfer region (CTR) near the contact edge. We will 
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investigate various factors which can affect the CTR length, and the impacts of CTR on 

conventional contact resistance measurement method. 

 

2.1. Drain Current Asymmetry in Transfer Characteristics of Graphene FETs         

 

 

Figure 2.1. Asymmetry in the drain current transfer characteristics reported in literatures. 

(a) Graphene FET with n-type channel (effectively doped) [1]. VDirac is below 0V and 

electron branch shows higher current level than hole branch. (b) Id-Vg of p-doped 

graphene channel FET [2] 

 

For graphene FETs, asymmetry in the drain current transfer characteristics has 

been observed with respect to the gate bias as shown in Figure 2.1. It is important to 

understand this asymmetry to properly model and design future carbon based electronics. 

It has been proposed that the asymmetry is due to additional resistances from p-n 

transition regions along the channel under specific bias conditions, particularly between 

contact regions and the channel, arising due to the ambipolar nature of graphene 

conduction [3, 4]. Calculations of the additional resistance have already been reported, 
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with particular attention to circumstances where p-n transition lengths are small [5, 6]. 

Here we provide a simple analysis of the resistance of graphene FETs with p-n junctions 

under conditions where transition lengths are long compared with energy and momentum 

relaxation lengths, as is found in many experimental FETs. 

 

2.2. Theory and Simulations: Graphene FET and p-n Junction  

We employ a two dimensional device simulator to determine the electric field and 

channel conductivity variations in the vicinity of the FET gate, assuming rapid 

electron/hole equilibration. The physically-based device simulator Atlas of Silvaco with 

parameters modified to describe single layer graphene was used to obtain electrostatic 

carrier distributions under various bias conditions. The idealized structure considered in 

the model is particularly appropriate to single layer graphene (as opposed to bilayer 

graphene) since the absence of a bandgap is conducive to rapid electron-hole 

equilibration. As described in Figure 2.2, the device studied was a graphene FET on a 

SiO2 substrate; a global back gate was placed beneath the back oxide, and 0.3 μm 

gate/drain and gate/source gaps were used. The thickness of the top gate oxide (Tox) was 

10 nm. A long channel device with small drain bias condition (Vds= 10 mV) was used to 

minimize the lateral electric field effect. 
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Figure 2.2. (a) Schematic of the simulated device structure. The gate length is 1.5μm, and 

the length of each gap is 0.3um. Tox is 10nm.  

 

The carrier density in the gap regions was controlled by the back gate bias (Vbg), 

while the channel region under the top gate was modulated by top and back gate 

simultaneously. Under positive Vbg, the graphene layer becomes n-type in the gap 

regions. Proper top gate bias (Vtg) may be applied to make channel region intrinsic, p-

type or n-type. Therefore, various configurations along the channel such as npn or nnn 

structures may be created. Schematic description of graphene bands and Fermi energies 

of each configuration are displayed in Figure 2. 3. When the channel is modulated to n-

type, p-type or intrinsic are by top gate bias, Fermi energy level is aligned in the 

conduction band, valence band and the Dirac point of graphene bands. Simulation results 

of lateral carrier distribution of nin, nnn, and npn structures are showed in Figure 2. 4 

with assumed n-type contact for source and drain.    
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Figure 2.3. Schematic band alignments versus Fermi energy for intrinsic, n-type and p-

type channel graphene FET. 

 

 

Figure 2.4. Simulated carrier distribution of graphene FETs. (a) nin structure (b) nnn 

structure (c) npn structure. Contacts are assumed to be n-type. 

 

The resistivity vs position is calculated based on the simulated total number of 

carriers (n+p) following ρ = 1 / [q μ (n+p)]. Mobility is assumed to be the same for 

electrons and holes, and is assumed to depend on carrier concentration Ns, μ=μ0 (N0/Ns)
1/2  

where N0 is the carrier concentration (n+p) under intrinsic conditions and μ0 is the peak 

mobility. The calculated resistance values were not highly sensitive to the Ns dependence 

chosen for the mobility. Resistivity at the position of the p-n junction reaches its peak 
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value of ρmax = 1 / (q μ0 N0). We assumed peak mobility of 4500 cm2/Vsec in the 

simulation. In practical FETs, mobility will be affected by the quality of the graphene 

channel, and the p-n junction resistance will correspondingly change in nearly inverse 

fashion. 

 

2.3. Analysis of Graphene p-n Junction and Additional Resistance 

2.3.1. Additional Resistance at p-n Junction 

Figure 2.5 plots ρ calculated from total number of carriers versus channel position 

at different gate voltage conditions. The total resistance is the integrated area under this 

resistivity curve. When Vtg reaches VDirac (charge neutral point, or Dirac point), the 

channel region becomes intrinsic and the drain current reaches a minimum. When we 

have npn structure with Vtg-VDirac < 0, and in Figure 2.5 (c), the resistivity peaks up at the 

p-n transition. No such resistivity peak appears for the nnn case. 

The additional resistance of a p-n junction (ΔR) is calculated by integrating the 

difference of the nnn resistivity and npn resistivity vs. channel position. Figure 2.6 shows 

overlapped resistivity curves for n-p-n and n-n-n structures; ΔR can be visualized by the 

integrated area difference. The simulations show that added resistances that in the range 

of 50-500 Ωμm per p-n junction are obtained. The magnitude of the extra resistance is 

approximately equal for both directions of current flow.  
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Figure 2.5. ρ versus channel position. (a) nin structure (Vtg=VDirac), the channel is 

intrinsic and shows high resistivity (b) nnn structure (Vtg>VDirac), the channel is n-type (c) 

npn structure (Vtg<VDirac). Resistivity peak is at the p-n junction. 

 

2.3.2. p-n Resistance Control Factors 

The integrated resistance value is impacted by the resistivity peak height and peak 

width. The peak height can be defined as ρmax - ρch where ρch is the resistivity of the 

channel. The resistivity reaches a maximum value (ρmax) at the threshold condition, where 

the electron and hole densities reach their intrinsic levels. The resistivity of both n and p 

channels decreases when |Vtg-VDirac| increases, therefore the difference ρmax - ρch increases 

as well. Figure 2.6 (b) shows the peak height at the junction is smaller when p-n 

transition is from weak p-type (p-) channel to n-type in the gap region, and larger with 

transition of strong p-type (p+) channel to n-type.  
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Figure 2.6. The additional resistance from the resistivity curve. (a) Additional resistance 

of p-n junction is the integrated area between resistivity of nnn and npn. (b) Increased 

peak height and integrated area when larger Vtg applied to the top gate. 

 

As carrier concentration in the channel increases, the peak of resistivity changes 

position slightly and moves into the gap region - Figure 2.7. With larger |Vtg-VDirac|, the 

p-n transition region width is reduced in channel region, but widened out to the gap 

region. We find that the fringe electric field from the top gate is responsible for the width 

of the peak. Simulation results for 20nm oxide thickness (Tox), show that the width of the 

transition region (110nm) increases by 28 % relative to the value for 10nm (86nm).  

The additional p-n resistance shows saturation behavior near 500 Ωμm when |Vtg-

VDirac| further increases. With larger gate bias the peak height is increased, however the 

slope of the resistivity curve became more vertical at the gate edge. The integrated area 

increment due to Vg change is very small at large |Vtg-VDirac|, therefore the p-n resistance 

saturates. 
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Figure 2.7. The maximum resistivity peak shifts with Vtg change. Larger Vtg pushes the 

position of the peak far from the gate edge 

 

2.3.3. Extracting p-n Resistance from Experimental Data 

We have extracted the additional p-n resistance ΔR from experimental results for 

comparison with the analysis. Figure 2.8 (a) shows reported measurements of drain 

current vs gate voltage for a FET fabricated with exfoliated graphene [3]. The effective 

resistance Vd/Id contains components associated with channel resistance, contact and gap 

resistances and (for appropriate bias) the p-n junction resistances on both sides of the 

channel. We plot Vd/Id vs. 1/|Vtg-VDirac| for the two branches (with Vtg above and below 

the Dirac point), as shown in figure 2.8 (b). It is expected that the channel resistances 

extrapolate to zero for 1/|Vtg-VDirac|=0, and the contact gap resistances should be similar 

for the two branches. Thus the difference in y-intercepts for the two curves corresponds 

to twice the p-n junction resistance. Therefore, the p-n resistance for 1 μm width is ΔR = 
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[Yint(npn) - Yint(nnn)] * W/2, where Yint(npn) and Yint(nnn) are y-intercepts of the 

corresponding curves, and W is the width of the FET. Values of ΔR of order 450 Ωμm 

were extracted from FET results reported in [3] (based on graphene liftoff techniques). 

We have also extracted experimental values from FETs fabricated with epitaxial 

graphene produced by sublimation on SiC substrates.  These FETs typically have VDirac 

values that are below zero, which is believed to be associated with n-type doping of the 

graphene from the SiC sublimation process.  Unless the FET gate is self-aligned with the 

contacts, there is an n-type gap between contacts and the channel region, and p-n 

junctions are formed for Vtg values below VDirac. Our measurement of epitaxial graphene 

FETs fabricated on SiC substrates [7] gives resistance of 620 Ωum. Both results are in 

reasonable agreement with the simulations. 

 

 

Figure 2.8. (a) A measured example of drain current transfer characteristics [3].  (b) 

Extracting ΔR from Vd/Id vs. 1/|Vtg-VDirac| plot. 
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2.3.4. Analytical model for the p-n junction 

To further characterize the added resistance we developed an analytical model for 

the p-n junction, given in the following: 

 

Ed=Edo-Fcx    (2.1) 

n+p=A+B(Ef-Ed)
2   (2.2) 

J=q(n+p)μ dEf/dx   (2.3) 

 

The spatial variation of the Dirac energy Ed of the graphene was assumed follow 

to equation (2.1) where Edo is a reference energy at the position of the p-n junction (x=0), 

and Fc is a constant electric field assumed to be established by the external structure (such 

as a gate fringing field).  The carrier density of single layer graphene varies spatially 

according to the position of a quasi- fermi level Ef (assumed to be equal for electrons and 

holes) relative to Ed, following the approximate formula of equation (2.2).  Here A = 

1.6e11 cm-2 and B=6.5e13 cm-2eV-2 were chosen to represent single layer graphene at 

room temperature.  The net current flow J associated with drift and diffusion is expressed 

in equation (2.3). Equations (2.1-2.3) were solved numerically using Matlab, for various 

assumptions of μ vs n, p. A representative profile of Ef vs x is shown in Figure 2.9.  The 

Ef vs x profiles show an overall change across the junction that can be associated with the 

p-n junction voltage drop. Figure 2.10 shows the computed p-n junction resistance varies 

with current density for a range of different values of junction electric field (computed for 

peak carrier mobility=10,000 cm2/Vsec). 
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Figure 2.9. Calculated spatial variation of carrier quasi-fermi level across the p-n 

junction. 
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Figure 2.10.  p-n junction resistance calculated from analytical model vs junction current, 

for different values of electric field Fc.  
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2.4. Summary: Graphene p-n Junction  

An analysis of the additional resistance of p-n transition regions in graphene FETs 

based on a classical approach was presented. We obtained carrier distributions and 

calculated resistivity from a two dimensional device simulator. The npn structure showed 

a resistivity peak at the junction which is not shown in a comparably doped nnn structure. 

The p-n resistance is estimated by integrating the resistivity difference between n-n and 

n-p junction. The gate bias controls resistivity peak height and width, which determine 

the resistance. We compared our simulation results with extracted p-n resistance from 

measurement data, and showed that the results were of comparable magnitude. 

 

2.5. Challenges to improve contact resistance of graphene-metal interface 

As graphene devices are increasingly developed, the metal-graphene contact has 

acquired an important role. It is because recently reported contact resistances are not 

good enough to maintain the intrinsic advantages of graphene in scaled devices. There 

have been several approaches to overcome this problem. Extensive cleaning has been 

performed often [8], and sacrificial layer has used to keep the interface clean [9]. PSU 

group reported a partial damaged graphene by mild O2 etching to increase the chance of 

conduction between graphene and metal [10]. One of possible way would be utilizing a 

work function difference between graphene and metals to result an effective doping 

effect. 
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2.6. Doping on graphene by metal contact and the Charge Transfer Region 

2.6.1. Effective Doping on Graphene by Workfunction Difference of Contact 

 

Figure 2.11. Charge transfer occurs between graphene and metal contact as a result of 

work function difference and small density of states of graphene. 

 

It is known that a metal on graphene can provide a strong doping effect associated 

with its work function difference and graphene’s small density of states [10, 11].  In 

Figure 2.11, the charge transfer of vertically layered graphene and metal is described for 

n-type doping. When there is a difference between Fermi energy of graphene and 

the work function of metal, charges are transferred to have a balanced, flat Fermi energy 

of graphene aligned with the top of occupied electron level of metal. Since the density of 

state of metal is extremely large compared with that of graphene, energy shift of metal is 

negligible and only graphene band is shifted from an equilibrium state (un-affected by 

metal contact). Charge transfer between graphene and metal can effectively dope the 

graphene film, however, it can also deplete or change the polarity of graphene which 

depends on the combination of metal work function and the initial doping level of 
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graphene. For example, Ni contact tends to apply a p-type doping to graphene, therefore 

if Ni meets epitaxial graphene on SiC substrate (known to be n-type), it is possible to 

have a depleted region at the metal contact, or even p-doped graphene contact. 

 

2.6.2. Lateral Charge Transfer Region Formation 

 

 

 

Figure 2.12. Lateral Charge transfer region formation at high-doped graphene and low-

doped graphene junction. Potential and carrier density gradually change to equilibrium 

states. 
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When the carrier densities of the graphene channel and the metal-covered 

graphene are different, a charge transfer region (CTR) near the contact edge is formed 

[12, 13], in which the potential and carrier density gradually change to their equilibrium 

state. In particular, Figure 2.12 displays a CTR formed betweenn n+ doped contact region 

and n-type channel. In following sections, we investigate various factors which can affect 

the CTR length, and the impacts of CTR on contact resistance measurement.  

 

2.7. Two-Dimensional Simulation of CTR 

2.7.1. Theory and Simulation Method 

Graphene "doping" by the contact metal and the charge transfer region are 

simulated with a custom-written 2-D Poisson solver. We have studied epitaxial graphene 

on SiC substrate, which is n-type due to the doping effect from the substrate, with a sheet 

carrier density Ns in the range of 2•1012~1•1013 cm-2 [7]. In the simulation, the density of 

states and carrier density calculations are modified to account for single layer 

graphene. Mobility and sheet resistance of graphene was applied as μ=1,137 cm2/Vs and 

Rsh=2,805 Ω/□ respectively, following the measurement result reported in [7]. Zero bias 

was applied as a boundary condition (Vs=Vg=Vb=0), with Ef=0 eV everywhere. The 

simulated structure (Figure. 2 (a)) has elongated metal region and channel length to 

minimize edge or boundary effects. The device structure can have top gate metal as well, 

howerver it is removed in figure ss intentionally to investigate the impact of source (or 

drain) metal contact on CTR. 

When the work function (ФG) of graphene (energy difference between vacuum 

level and the Dirac point) is taken to be 4.5 eV [8], the work function difference 
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(ΔФ=ФG-ФM) with a Titanium contact will be ~0.15 eV for an ideal contact, and ~0.34 

eV for the chemisorbed case [14], which correspond with additional electron doping of 

~2•1012 cm-2 and ~8•1012 cm-2, respectively. It should be noted the effective 'doping' is 

from balancing the metal work function level and Fermi energy of graphene, which is 

related to the initial doping state. In case of Ns=2•1012 cm-2 and ΔФ=0.15eV, the amount 

of additional doping will be small because graphene under the contact metal already has 

certain amount of doping and ΔФ is not large enough to add significant doping to 

graphene. 

 

(a) 

 

Figure 2.13. (a) Metal-graphene structure simulated by 2-D Poisson solver. 
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(b) 

 

Figure 2.13. (continued) (b) Representative potential distribution. Graphene area is 

indicated by blue dashed box.  

 

Gradual change of carrier density is shown in Figure 2.14, which indicates about 

7 nm and 50 nm of CTR, depending on work function of contact. Since there is no clear 

cut of exact length of gradual charge transfer, here we define CTR length as the point 

where Ns=1.05•Nso (5% larger than equilibrium charge density of graphene), where Nso is 

equilibrium sheet charge density in the middle of channel. When the difference in charge 

density is larger, more distance is needed to reach the equilibrium density. Therefore, 

more work function difference ΔФ extends CTR length. 
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Figure 2.14. Representative graphene sheet charge density vs distance near the metal 

contact for unbiased, NS=2•1012 cm-2, and ΔФ=0.34 eV. Arrows are indicating the end 

point of CTR with emphasis on the impact on sheet resistance.  

 

2.7.2. Device Parameters Influencing CTR Lengths 

Charge transfer region is formed laterally between graphene channel and metal-

doped graphene. As the doping of graphene under the metal contact is defined by initial 

graphene doping and metal-graphene work function difference, charge transfer length is 

also heavily affected by same factors. In figure 2.15 (a), CTR length versus work 

function difference and initial graphene charge density is described. CTR extends as ΔФ 

(=ФG-ФM) increases for weak n-type graphene film (Nso=1•1012 cm-2) and n-type doping 

metal case (metal work function is less than 4.5 eV). Thickness of metal contact (Tmetal) is 

20 nm, and relative dielectric constant (εox) of top oxide is 3.9. 0.15 eV of Fermi energy 

shift is equivalent to 2•1012 cm-2 electro static doping, therefore there will be a negligible 

additional doping to graphene and CTR length is almost 0 nm. When we fix the metal 

work function and varies the initial graphene doping (NSO), simulated CTR length 
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extends more than 250 nm for ΔФ=0.39 eV and NSO ~2•1011 cm-2 which is about room 

temperature intrinsic charge density (Figure 2.15 (b)).  

 

  

Figure 2.15. (a) Computed dependence of CTR length on Metal-graphene workfunction 

difference ΔФ=ФG-ФM (Tmetal=20 nm, εox=3.9). (b) CTR length dependency on sheet 

charge density of graphene (Tmetal=20 nm, εox=3.9)  
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Although ΔФ, Nso shows dominant impact on CTR length, fringing electric field 

effect cannot be ignored. Like the schematic in figure 2.16, electric field from the metal 

sidewall will affect the potential and charge distribution of vicinity. Fringing field from 

metal is controlled by metal thickness and top oxide dielectric constant.  

 

 

Figure 2.16. Influence of fringing electric field on graphene electrostatics and charge 

transfer region 

  

Figure 2.17 (a) shows the CTR length (LCTR) change with the height (thickness) 

of metal contact, when ΔФ=0.34eV, NSO=2•1012 cm-2 and εox is 3.9. LCTR increases with 

thicker metal (more e-field from sidewall), and eventually shows a saturation behavior 

over 100 nm of metal height. Fringing e-field from sidewall of higher than 100 

nm contributes lesser due to the increased distance from the graphene surface. Fringing 

field effect is more effective through dielectric with higher permittivity; figure 2.17 (b) 

displays that CTR length increases about 50% when top dielectric changes from SiO2 

(ε=3.9) to Al2O3 (ε=9) when ΔФ=0.15 eV, Tmetal=20 nm, NSO=2•1012 cm-2. 
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Figure 2.17. (a) Computed dependence of CTR length on metal thickness (ΔФ=0.34eV, 

NSO=2•1012 cm-2). (b) CTR length vs. top oxide dielectric constant (ΔФ=0.15eV, 

Tmetal=20nm, NSO=2•1012 cm-2) 
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2.8. Impact of CTR on Device Characteristics 

2.8.1. Contact Resistance Measurement: Transfer Length Method  

Transfer length method (TLM) is a common way to estimate the contact 

resistance of metal on semiconductor [15]. Typical TLM sample requires a bar-shaped 

semiconductor film on insulating substrate, with multiple metal contacts of same size. 

Spacing of metal contact should vary. One can use probes to measure the total resistance 

between two neighbor metal contact sets. Total resistance measured (Rmeasured) between 

two contacts will be ρsh•(L/W) + 2•Rc, where ρsh is sheet resistance of semiconductor, L 

is length between contacts, W is width of semiconductor and Rc is contact resistance (Ω 

μm). Figure 2.18 shows schematic of TLM measurement and example of measured result. 

Total resistance vs. contact spacing curve will have a slope of ρsh /W, and one can extract 

the contact resistance from y-intercept which is 2•Rc in the L=0 limit.  
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Figure 2.18. Schematic of TLM method and typical measured result of total resistance vs.  

contact spacing curve. Contact resistance Rc will be half of the y-intercept value. 

 

When there is substantial amount of additional doping added to graphene contact 

region, a low resistance CTR is formed at the contact edge (Figure 2.19). High doped 

region would help to lower the contact resistance, however CTR will make it difficult to 

estimate the exact contact resistance. Since the sheet resistance is changing between the 

contacts, conventional TLM method with assumption of constant ρsh will have errors in 

the measurement and analysis. n+ doping region and CTR can reduce the total resistance 

of n-type graphene channel. In this case, it causes an underestimation of contact 

resistance (Rc) in the transfer length method (TLM) measurement.  
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Figure 2.19. Representative graphene sheet resistance vs distance near the metal contact 

for unbiased, Ns=2e12cm-2, and ΔФ=0.15, 0.34eV.  

 

Considering the parameters of the TLM measurement, only known variables are L 

and W. However, without knowing the Rc or effective ρsh with CTR, we can simulate 

[RTotal-2•Rc]. For a uniform ρsh along the channel between contacts (no CTR), 

extrapolated y-intercept will meet the origin. When there is a low resistance CTR, y-

intercept of [RTotal-2•Rc] will go below zero and this causes the Rc underestimation of 

TLM measurement (Figure 2.20) 
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Figure 2.20. Simulated dependence of measured resistance [RTotal-2•Rc] vs. TLM contact 

spacing, showing negative intercept 

 

When effective doping from the metal-graphene charge transfer is comparable to 

initial graphene doping (equilibrium charge density of graphene channel area), then 

resistivity of CTR and mid-channel will be similar (ρCTR=ρchannel). This is essentialy same 

with uniform channel material between metal contacts. Figure 2.21 (a) shows a case of 

contact metal of ΔФ=0.15eV on NS0=2•1012 cm-2 which results a short charge transfer 

region and insignificant ~3Ωμm of contact resistance measurement error. When the CTR 

is larger and low resistivity region is extended, it can have more influence on TLM 

measurement. In case of figure 2.21 (b), ΔФ=0.3eV on NS0=2•1012 cm-2 graphene film 

forms 90 nm of CTR and ~84 Ωμm of underestimation of contact resistance is expected.  
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(a) 

 

(b) 

 

Figure 2.21 Simulated TLM measurement in terms of [RTotal-2•Rc] vs. TLM contact 

spacing, for cases of (a) ΔФ=0.15eV on NS0=2•1012 cm-2, (b) ΔФ=0.3eV on NS0=2•1012 

cm-2  
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2.8.2. Formation of p-n Junction due to Metal-Graphene Effective Doping Effect  

On the other hand, p-type graphene with n-type contact will form an additional p-

n junction at the contact edge (Figure x-a). As discussed in Chapter 2-xx, it will provide a 

p-n junction resistance up to 500 Ωμm [16] and effective Rc will increase. In sheet charge 

density vs. position along the channel (Figure x-b), depletion of carriers at the p-n 

transition is shown for this case. Carrier depletion due to p-n junction is relevant to the 

peak of of local resistivity of grapheme-contact edge area (Figure x-c). 

 

 

 

(a) 

 

 

Figure 2.22. (a) A schematic device structure of n-type doping on p-type graphene film.  
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(b) 

 

(c) 

 

Figure 2.22. (continued) (b) Simulated sheet charge density profile for case of n-type 

contact and p-type channel. (c) p-n junction shows carrier depletion which causes higher 

resistivity. 
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2.8.3. CTR of Highly Scaled Devices and Ion/Ioff Ratio  

The effect of CTR on the channel of graphene FETs will be stronger in highly 

scaled graphene devices where the source to drain length is comparable to the length of 

CTR. As we have discussed in previous chapters, impact of CTR is emphasized when 

carrier density of channel is small. CTR is also a regional effect near at the contact edge, 

however, it has finite length (order of several tens of nanometers) under influence. 

Regarding these facts, CTR could be a serious concern for off-state in highly scaled 

devices. Figure 23 shows a schematic of self-aligned graphene FET with channel length 

of 100 nm and Rsh of various situations. Assuming an equilibrium state with small Vd, 

channel resistance and Ion/Ioff ratio can be estimated by resistivity along the channel. CTR 

length is reduced and it has a little effect for 'on' state, because the Ns is high (discussed 

in chapter 2.7.2). However, when the FET is biased to ‘off’ state, carrier density of 

channel is reduced to intrinsic level, and CTR length and effect increases. In sheet 

resistance plot in figure 23, resistance of the channel for ‘off’ state is reduced to ~25% 

due to charge transfer from source and drain contact. Consequently, the Ion/Ioff is 

degraded in the same order with Roff level. This would be only valid estimation for a 

small Vd, and difference between ideal case and CTR affected case will be smaller for 

large Vd. However, it is obvious that short channel self-aligned GFET will loose certain 

amount of channel control due to the CTR effects. 
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Figure 2.23. A schematic of self-aligned graphene FET with channel length of 100 nm 

and Rsh of on, off, off without CTR cases. 

 

2.9. Summary: Charge Transfer Region of at Graphene-Metal Contact 

Charge transfer region at the graphene-metal contact edge was investigated with 

2-D Poisson solver. Effective doping was applied due to graphene-metal workfunction 

difference and small density of states of graphene. CTR between doped contact region 

and equilibrium state channel is controlled by metal workfunction, charge density of 

graphene film, metal thickness and top oxide dielectric constant. CTR can induce errors 

in the contact resistance measurement by TLM method and degrade Ion/Ioff ratio of scaled 

GFETs.    
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Chapter 2 or portion thereof has been published in MRS Proceedings (2010 MRS 

Spring Meeting), May 2010, K. Lee, L. Wang, P. Asbeck and J. Moon, and in 

International Semiconductor Device Research Symposium (ISDRS), Dec. 2011, K. M. 

Lee, A. Ohoka, P.M. Asbeck. The dissertation author was the primary investigator and 

author of both papers. 
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Chapter 3 

 

 

Numerical Study of Inhomogeneity Effects on Hall 

Measurements of Graphene Films 

 

 

 

In this chapter, we discuss a two-dimensional model calculation of 

inhomogeneous graphene films which incorporates a random distribution of dopants 

(leading to electron and hole puddles) for analysis of Hall measurements. The model 

predicts significant effects of inhomogeneity on the Hall coefficient, which can lead to an 

understimate of carrier mobility.  We investigate the effect of parameters including size 

of puddles, local charge density deviation, and device sizes. The inhomogeneity of 

epitaxial graphene generated by steps and terraces of SiC substrates is also discussed. The 
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simulation results quantify possible statistical errors in Hall mobility measurements, 

Dirac point estimation and non-uniformity of scaled devices over wafers. 

 

3. 1.  Introduction 

In recent years, graphene has been highlighted as a candidate for next 

generation r.f. devices due to its outstanding intrinsic properties including very high 

electron and hole mobilities, and high carrier saturation velocities [1, 2]. To characterize 

graphene as a potential channel material for FETs, Hall measurements are often carried 

out to determine carrier mobility, as is common for other semiconducting materials. 

However, analysis of graphene Hall measurements should be performed with care, 

considering the possible simultaneous participation of both electrons and holes when the 

Fermi energy of graphene lies near the Dirac point. The need for ambipolar analysis of 

Hall measurement of graphene and other narrow band gap materials has been previously 

discussed [3]. Incorrect use of the simplified equation assuming a single dominant carrier 

leads to an over-estimate of the number of carriers and artificially reduces the calculated 

mobility of the film particularly near the Dirac point.  In this paper, we highlight an 

additional concern for Hall analysis. Relatively slight amounts of inhomogeneity in the 

films can lead to participation of both electrons and holes in distinct regions of the device 

(rather than at the same location, as occurs under ambipolar conditions). In materials with 

large bandgaps, inhomogeneous doping with both donor-like and acceptor-like impurities 

generally leads to insulating materials, as well as the presence of considerable electric 

fields associated with depletion regions in the material. In graphene, because of rapid 

equilibration of electrons and holes, very low built-in potentials, and ready possibility of 
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tunneling between conduction and valence bands, the behavior is qualitatively different; 

films continue to conduct well, although their conductivity is degraded, and we show 

here that their mobility is significantly altered from simple expectations based on uniform 

material. The uniformity of devices fabricated in wafer scale are often limited by 

inhomogeneities [4, 5]. Although the quality of graphene films and process technologies 

have improved steadily, it is still very challenging to prepare uniform, defect free large 

areas of graphene [5, 6]. Even for the case of uniform graphene, in gated structures there 

are generally interface states and bulk oxide traps associated with the dielectrics, that 

cause localized variations in potential [7, 8]. One of the well-known phenomena is the 

appearance of electron-hole puddles when the graphene channel is biased near to Dirac 

point (VDirac). It is reported that one of the limits of graphene FETs like low Ion/Ioff ratio 

becomes worse due to the puddles, [9, 10]  and origin of puddles and its nature has been 

studied [7, 10-12]. However, only limited studies have been done of large area 

inhomogeneity of graphene and its impact on device characteristics such as carrier 

mobility measurement. Local inhomogeneity should be also considered to analyze the 

Hall measurement of graphene films. In this chapter, we will conduct numerical 

simulations of Hall measurement with randomly generated doping layers which describe 

the inhomogeneous graphene film.  

 

3. 2.  Sample Structure  

The schematic geometry for Hall measurements in ambipolar materials such as 

graphene is presented in Figure 3.1.  A longitudinal (x-directed) electric current density Jx 

is imposed in the rectangular sample, and a normal (z-directed) magnetic field Bz is 
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applied.  Electrons and holes are deflected in the y- direction as shown in the diagram, 

until a y-directed electric field Ey is built up to counter their net lateral flow. 

 

 

Figure 3.1. Schematic diagram of Hall measurement. Motions of both holes and electrons 

are indicated.  

 

For experiments analyzed below, there is furthermore a gate contact overlaying 

the graphene, separated from it by a dielectric (such as SiO2).  The application of a gate 

voltage can alter the average number of carriers across the sample.  The voltage Vx is 

assumed to be small enough that the carrier density induced by the gate is uniform across 

the sample. 
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3. 3.  Ambipolar Hall Equations 

The Hall coefficient resulting from the measurement is defined as,  

 

   (3.1) 

 

   For uniform material containing both electrons and holes, it is readily shown 

 

  (3.2) 

 

Here Ey is induced electric field and Jx is longitudinal electric current density, B is 

magnetic field and e is the fundamental charge. n and p are electron and hole densities, 

while μn and μp are mobility of electron and hole, respectively.   

Under common-place unipolar conditions, one has 

 

   (3.3) 

 

for n-type material and similarly for p material, . One can reduce (1) with both 

holes and electrons simultaneously conducting, assuming μn = μp. 

 

   (3.4) 
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The value of RH from equation (4) is plotted in Figure 3-2 vs Nc, the carrier 

density in the material (=n+p under ambipolar conditions), which can be varied by 

application of the gate voltage.  Here n and p are assumed to be in thermal equilibrium, 

and charge neutrality applies.   The electron density of graphene can be expressed as, 

 

        (3.5) 

 

  (3.6) 

 

   (3.7) 

where ρGr is density of states of graphene 2D sheet and f(E) is the Fermi-Dirac 

distribution function, ħ is the reduced Planck constant, vF is Fermi velocity of electrons 

and holes of graphene (1.06 ∙108 cm/s),  k is the Boltzmann constant and T is the absolute 

temperature. One can rewrite the equation for electron density associated with the Fermi 

energy (Dirac point as a reference energy). 

 

   (3.8) 

 

A similar equation applies for holes.  Equation (3.4) and Figure 3.2 illustrate that 

if n~p under intrinsic conditions and μn~μp, then RH vanishes, so that the estimated value 
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of carrier density becomes unrealistically high.  If we denote the measured Hall mobility 

and carrier density based on single carrier assumption as μmeasured and Nmeasured, then we 

can calculate the true value of carrier density Ntrue, by using the proper 

Hall measurement equation.  Figure 3.3 shows the relationship between Nmeasured and Ntrue 

calculated from equations (3.3-3.8). 

 

 

 

Figure 3.2.  RH vs Nc using ambipolar formula. RH vanishes near Dirac point where n~p. 
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Figure 3.3. Relation between the extracted carrier density from single carrier Hall 

measurement (Nmeasured) of graphene and carrier density from ambipolar Hall equation 

(Ntrue). Single carrier Hall equation overestimates the number of carriers near the Dirac 

point.  

 

3. 4.  Nonuniformity Model 

Interface and bulk oxide states in the substrate or dielectrics can cause 

nonuniformity to the graphene film [7, 8]. If the material under study is nonuniform, then 

potentially in different regions of the device one can satisfy n>>p or p>>n, but the across 

the sample there is significant participation of both types of carriers.  For this 

configuration, we have made numerical estimates of the resulting Hall measurements. A 

representative simulated structure is a rectangular graphene Hall bar of dimensions 3μm x 

10μm. A uniform mesh was defined with ~3,000 grid points (resulting from a tradeoff of 

speed of simulation and accuracy). A uniform charge distribution of Nx0 (cm-2) was 

included in the graphene, in order to represent effective doping from substrate, interface 

states or applied gate bias. Typical epitaxial graphene samples show negative Vth (or 
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VDirac), which means it is effectively doped to be n-type [13, 14], while transferred 

graphene often shows p-type nature [15-19]. Carrier type and density for both graphene 

types can be modulated by gate bias. To represent the nonuniformity, there is an effective 

doping fluctuation along the surface of the sample. With an average doping of Nx0, the 

local doping concentration Nx(x,y) can be expressed as Nx0+ΔNx(x,y) where ΔNx(x,y) is 

local zero mean fluctuation of doping at point (x, y) on the Hall bar sample. In this study, 

we assumed effective doping density (Nx) has a Gaussian distribution with standard 

deviation Nfluct. There is a variation and standard deviation of Fermi potential Δφ 

corresponding with Nfluct. In fact, the local fluctuations of n and p could be alternatively 

defined in terms of Fermi potential fluctuations instead of effective doping variations. It 

should be noted, however, that the relationship between Δφ and Nfluct is dependent on 

carrier density. For a fixed value of Δφ, Nfluct increases as φ moves away from Dirac 

point, as discussed below.  

   In the calculations, random distributions of Nx(x, y) with Gaussian distributions 

with standard deviation Nfluct were initially assigned independently to the different grid 

points. To account for the correlated spatial distributions of the fluctuations, we filtered 

the initially assigned values, by using filters defined in patch-like regions of average 1 

μm length (which covers about 100 grid points). The filter size can be adjusted to 

correspond to different sizes of inhomogeneous doping patches. Figure 3.4 (a) shows 

representative values of the randomly generated matrix of local dopants showing sharp 

peaks and abrupt changes as initially assigned. After spatial filtering using a hanning 

window filter, the matrix has gradual variation in local doping concentration (Figure 3.4 
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(b)). The final shape of the distribution is controlled by the shape of random matrix and 

the size of filter.  

 

 

Figure 3.4. The generation and smoothing of inhomogeneous doping profile. (a) 

Randomly generated matrix of effective doping for 2-dimensional numerical simulation. 

The average effective doping density (Nx) is 8∙1012 cm-2 with standard deviation (Nfluct) of 

5∙1011cm-2. Three dimensionally visualized effective doping density (Nx) for z-axis, over 

the device area. 2-D projected contour is also presented on x-y plane.  (b)  The random 

matrix is smoothed after the 'hanning window' filter is applied. Filter size is 1μm x 1μm. 

 

3.5. Simulation of local n(x,y) and p(x,y) distributions 

With the given inhomogeneous doping distribution, electron and hole density 

n(x,y) and p(x,y) were calculated for each grid point using the charge neutrality equation, 

and relationships (3.4-3.7). In the calculations, we did not consider lateral charge re-

arrangement by diffusion due to the local imbalance of charge distribution and screening 

effects. The approximation we used assumes the spatial doping fluctuation is filtered 

sufficiently to have smooth change between each mesh points. Variations in “doping” 

were equivalent to variations in electrostatic potential. In order to satisfy the space charge 

neutrality, we expect n-p= Nx relations with n(EF, T) and p(EF, T) which vary with Fermi 

energy and temperature. Figure 3.5 shows the relationship between the variation Δφ in 
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local electrostatic potential and the standard deviation of “effective doping” Nfluct defined 

above. Our choices of inhomogeneous parameter Nfluct is reasonably matched with the 

interface state densities [8, 15, 20]. Corresponding potential fluctuation Δφ is also within 

the same order of the reported potential fluctuation [7, 10]. 

 

 

Figure 3.5. Variation in local electrostatic potential (Δφ) vs. local effective doping 

fluctuation (ΔNfluct) from average doping level Nx of 5∙1011 and 5∙1012 cm-2.   

 

      Gated Hall measurement has been done often in order to monitor the relation 

between the mobility and carrier density [3].  Within our formulation, the average 

effective doping density Nx (and correspondingly the Fermi energy level) are controlled 

by the gate bias Vg. The fluctuation in effective doping density ΔNx remains constant as 

Vg changes. Alternately, as described above, the local inhomogeneity can be defined in 

terms of Fermi energy fluctutations. The amplitude of Nfluct associated with a fixed 

potential deviation Δφ depends on the bias condition, due to the change of the density of 
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states at the Fermi level. Figure 3.6 describes the relation between Nx and Nfluct 

when Δφ is kept constant as Nx varies. When Vg is near VDirac (when carrier density 

reaches its intrinsic value), the density of states is reduced therefore ΔNx decreases for 

constant Δφ. In contrast, ΔNx becomes larger for a given Δφ for higher carrier density 

(|Vg-VDirac| >> 0) due to the increased density of states at the Fermi level. Likewise, for a 

fixed doping fluctuation, Δφ will increase as φ approaches VDirac (Figure 3.6 (b)). The 

inhomogeneous doping (Nx+ΔNx) effect on Fermi energy will more obvious near the 

Dirac point, where the local Fermi energy level will typically vary from below to above 

VDirac. In this condition, the fluctuation of the effective doping can locally change the 

majority carrier type, which results the well known electron hole puddles.  

The effect of doping fluctuations on Hall coefficient is smaller when |Vg-VDirac| 

increases, because it represents a smaller fraction of the total carrier density. For this 

condition, although Nfluct increases as Vg deviates from the Dirac point for a constant Δφ, 

the total number of electrons (holes) became orders of magnitude larger than the intrinsic 

carrier density and the change of the amplitude of ΔNx is now proportionally less 

significant. 
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(a) 

 

(b) 

 

Figure 3.6. (a) Standard deviation of carrier density (Nfluct) vs. average doping density (Nx) 

of graphene film, when the standard deviation of potential fluctuation (Δφ) is fixed as 25, 

50, 75 and 100 meV. For example, Nfluct ~ 5∙1011 cm-2 is about 75 meV of fluctuation at 

Dirac point, but it is matched with 25meV of fluctuation when Nx=2∙1012 cm-2. (b) 

Standard deviation of potential fluctuation (Δφ) vs. average doping density (Nx). 
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3. 6. Two dimensional current distribution calculation 

Using the simulated 2-D spatial charge distribution of the sample we calculated 

corresponding current and potential distributions during graphene Hall measurements.  

The ambipolar current of holes and electrons was numerically calculated using Matlab.  

The calculation was based on electric current density equation under an applied vertical 

magnetic field: 

       (3.9) 

        (3.10) 

         (3.11) 

where n and p are electron and hole concentrations, Jn and Jp are the respective current 

densities, E is the gradient of the local Fermi potential, μ is assumed constant mobility, B 

is the applied magnetic field, and vn and vp are the average velocities for electrons and 

holes.  

 

vnx= -μ∙(Ex+μ∙B∙Ey)       (3.12) 

vpx= -μ∙ (Ex-μ∙B∙Ey)       (3.13) 

 

   It was assumed that the electron and hole populations were at every point in 

equilibrium among themselves and with each other (which corresponds to the assumption 

of rapid generation and recombination), and that there was no added contribution to 

resistance associated with junctions between n and p type material. Applied current is 
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also small (~0.5 mA/mm) in order to maintain the equilibrium state and avoid the 

consideration of extra electron-hole generation due to high field.  Our model assumed 

that hole current and electron current meet the continuity equation for electric current 

flow,     

   (3.14) 

   Boundary conditions included voltage V=0 at one edge of the sample, and the 

other end had a constant applied voltage Vx; boundary conditions of zero total current 

flow (including both electrons and holes) applied on the other edges of the sample. The 

current flows along the x-axis of the sample. By solving equations (3.9-3.14) with the 

boundary conditions, we can obtain the potential and electric field for every grid point. 

Spatially-varying charge imbalance, as needed to provide the spatially varying electric 

field, was not enforced, since the lateral electric fields were small. For simplicity, we 

took mobility to be constant over the entire region (and equal for electrons and holes). 

Hall coefficients were estimated by determining the difference in potential between test 

points located on opposite sides along the y-direction of the structure, averaging results 

computed with both positive and negative magnetic fields.  

   With the simulation framework defined above, we were able to investigate the 

dependence of Hall coefficient and apparent mobility on the standard deviation of charge 

distribution, spatial variation of charge distribution, repeatability of measurements as well 

as magnetic field effects. 
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(a) 

 

 

(b)    (c)    (d) 

 

Figure 3.7. (a) Simulated device structure with boundary conditions.  (b) Randomly 

generated inhomogeneous charge density distribution. Red and blue area represents the 

local fluctuation of effective doping, which can be appeared as electron hole puddles near 

the Dirac point.  (c) Electrical potential contour of non-uniform graphene Hall 

measurement sample. The potential distribution is distorted due to the inhomogeneous 

charge distribution of the film. (d) Electrical potential contour of uniform graphene Hall 

measurement sample. The potential contour at the middle area is straight line. 
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3. 7. Potential and charge distribution 

Charges in the film under constant longitudinal current flow and vertical magnetic 

field will push electron and hole flow to side wall and set up potential difference between 

each side of Hall bar. The Hall voltage VH is measured by the potential difference 

between two measurement points VHR and VHL. A constant Hall voltage is expected at 

measurement points along the x-axis when the material, magnetic field, and current are 

uniform. Figure 7 (b) and (c) illustrate the local electron concentration and the computed 

potential profile for a representative selection of "doping" variation, respectively. Figure 

7 (d) shows a typical potential distribution of Hall bar under measurement, for a 

homogeneous film for comparison. Potential distribution in the middle of the 

inhomogeneous graphene sample is distorted due to non-uniform doping effect of the 

film. While the magnetic field is kept constant, the local current path is also affected by 

the sample's local resistivity which is directly related to the carrier density. 

 

3. 8. Simulation of Hall mobility 

Hall mobility can be calculated from the simulated Hall coefficient,   

   (3.15) 

   (3.16) 

σ is the simulated conductivity of the film, Ix is the simulated electrical current 

along the Hall bar; applied voltage (Vx) along the Hall bar, width (W) and length (L) of 

the sample are input parameters to the simulation. As described in Figure 3.2 and 
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equation (3.3), Hall coefficient RH goes to zero near the Dirac point which leads to an 

unphysical  mobility ‘drop’ at the Dirac point in the measurement [3, 21], and in our 

simulation for uniform graphene case (μapparent in Figure 3.8). We found that conductivity 

also decreased in our simulation near VDirac, however, by smaller orders of magnitude 

than the RH reduction. In our simulations, we could assume either constant or carrier 

density dependent mobility (μinput) and compare its value with the simulated Hall mobility 

(μapparent) obtained using equation (3.15) and (3.16). The conductivity of the 

semiconductor can be defined as σ=e (μn∙n+ μp∙p). Therefore an overestimated carrier 

density from erroneous RH will artificially degrade the extracted mobility value when it is 

near the intrinsic condition.  From the Ntrue and Nmeasured relation, one can observe the 

relationship between the measured (or simulated, in this case) μapparent and μtrue.  This is 

plotted in Figure 3.8 for the case of carrier density dependent mobility,  

[22], where  is intrinsic (maximum) mobility  and ni is intrinsic (minimum) carrier 

density. 



 

 

74 

 

 

Figure 3.8. Comparison of simulated Hall mobility (μapparent) vs. input mobility value in 

the simulation (μinput) and corrected mobility value (μtrue). Simulated Hall sample is 

uniform film without any local inhomogeneity (Nfluct=0). 
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3. 9. Assesment of Hall Measurement of inhomogeneous graphene 

 

 

Figure 3.9.  Simulated Hall voltage along the x-axis (longitudinal current flowing 

direction) when Nx=3∙1012 cm-2 and Nfluct=5∙1011 cm-2. Inset: Zoom-in image of Hall 

voltage for mid area of the Hall bar.  

 

Figure 3.9 is an example of simulated Hall voltage at each point along the x-axis 

for one instance of the ensemble of inhomogeneous graphene Hall bars simulated. The 

Hall voltage is shorted out near the current-injecting electrodes at top and bottom since 

these are assumed to be equipotentials [23, 24], therefore it is normal to locate 'branches' 

for Hall measurement at the middle of the Hall bar or well away from the current contacts. 

In the middle area of Hall bar, the spatial distribution of the Hall voltage with typical grid 

spacing of 100 nm shows fluctuations related to the local doping density. When 

Nx=3∙1012 cm-2 and Nfluct=5∙1011 cm-2 (equivalent to ~20 meV fluctuation of potential), 
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the fluctuation of RH, Hall mobility shows up to 8% of fluctuation range. The result 

implies that the actual measurement point or in other words, the location of the branch of 

Hall bar would have impact on the measured Hall voltage of each specific device on a 

given wafer when the graphene film is inhomogeneous. The effect of local fluctuation 

might be averaged out in a macro scale Hall measurement or in a film level non-contact 

measurement method.  In this study, typical grid spacing is 100 nm and it will capture the 

local variations, which might be neglected in large area film measurements. 

Figure 3.10 represents the gated Hall simulation of 

inhomogeneous graphene films with various standard deviations of the doping fluctuation 

(Nfluct), ranging from 0 (uniform doping) to 5∙1011 cm-2 when Nx varies up to 5∙1012 cm-

2. Figure 3.10 (a) shows the geometry for measurement of the simulated Hall voltage VH 

(in the dashed line) along with a representative doping spatial distribution.  Figure 3.10 (b) 

shows the impact of Nfluct variation on Hall coefficient RH. The VH is highly affected by 

the local inhomogeneity around the measurement points [25]. As Nx was changed (by 

variation of the gate voltage), we maintained the shape of the inhomogeneous distribution 

while changing the amplitude of the effective doping fluctuation on the same distribution 

matrix. The peak of the measured Hall coefficient is highest for the homogeneous film, 

and it decreases with increasing amplitude of the doping fluctuations. The RH_measured of 

the inhomogeneous cases deviates significantly from that of the uniformly doped 

graphene film of same electron and hole mobility and the same Nx. Simulation 

parameters such as mobility and applied bias are constant, therefore the reduction of the 

peak height is purely a result of the increasing amplitude of Nfluct. The significant changes 

in the curves suggest that it should be possible to use the experimental Hall coefficient 
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curve to estimate the inhomogeneity of graphene films when the ideal Nx, mobility, 

electric and magnetic field conditions are known. 

 

(a)                                                              (b) 

    

Figure 3.10. Inhomogeneous graphene Hall measurement simulation. (a) Effective doping 

distribution of inhomogeneous graphene. Dashed line indicates the location of Hall 

voltage measurement point. (b) Hall coefficient vs. gate voltage. The peak value of 

apparent Hall coefficient decreases when the amplitude of local doping fluctuation 

increases.  
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 (a) 

 

(b) 

 

Figure 3.11. Hall coefficient vs Nx. Solid line (black) indicates the uniform graphene 

sample case. (a)  Hall coefficient vs Nx when the size of filter size is 200 nm. (b)  Hall 

coefficient vs Nx when the size of filter is 500 nm. 
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(c) 

 

 (d) 

 

Figure 3.11. (continued) (c) Hall coefficient vs Nx when the size of filter is 1μm. All three 

cases show more fluctuation at lower career density condition. (d) Nmeasured (Simulated 

measurement of carrier density assuming a single carrier Hall equation) vs. Nx. Error bars 

are from multiple runs of inhomogeneous graphene simulation while average doping 

density is set to the homogeneous case. Top and bottom of error bar are showing the 

standard deviation of repeated simulation results.  
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Figure 3.11 (a) ~ (c) shows collected data sets of RH from repeated simulations, 

each with a different random distribution having the same value of Nfluct. Various filter 

sizes such as 0.2x0.2μm2, 0.5x0.5μm2, 1x1μm2 were applied to study the effect of the size 

of puddles or local doping clusters. While the filter size does not exactly define the size 

of the puddles, the average size of doping patches follows the filter size. The simulation 

was repeated 32 times, each time with a regenerated random distribution array keeping 

Nfluct of 5∙1011 cm-2 and filter size fixed, then the Hall voltage VH was measured at the 

mid-point of the device.  The dashed line is the average Hall coefficient, and the error 

bars indicate the standard deviation from multiple runs of simulation with different 

configurations of the random matrix. At a given level of inhomogeneity, simulation 

results show possible error margins of measurement among different samples with 

identical shape. The deviations from the average values arise due to the specific shapes of 

local doping density variation. The simulated Hall coefficient fluctuates considerably 

near the Dirac point (low carrier density), where inhomogeneity has more impact; the 

amplitude of the fluctuation reduces as the carrier density increases. Simulated Nmeasured 

vs. Nx is shown in Figure 3.11 (d). Values of Nmeasured have un-controlled fluctuations 

when the Dirac point is approached. The filter size of 500nm x 500nm was applied for (d). 

Error bars became dramatically longer when the carrier density is lower, where the effect 

of inhomogeneity appears more obviously. Figure 3.11 (e) displays the comparison 

between apparent Hall mobility (μapparent) with deviation between each simulation, 

overlaid by corrected average mobility (μtrue) curve by proper carrier density which is 

also averaged and calculated from data of Figure 3.11 (d). The corrected mobility curve 
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follows the trend of μtrue in Figure 8, only distorted by huge inhomogeneous effect on 

Ntrue calculation near the Dirac point.  

 

3.10. Minimum conductivity and Dirac point shift 

As a result of inhomogeneity, the conductivity that is measured in a representative 

Hall (or similar “bar” structure) will vary.  Simulated results for the variation of 

conductivity are shown in Figure 3.12. It is noteworthy that the graphene inhomogeneity 

will also produce variations in the measured Dirac voltage VDirac obtained from 

conductivity measurements (generally defined as the gate voltage for which the 

conductivity is minimum). When the average doping density over the device is constant, 

VDirac shifts due to the shape of the local doping fluctuations and low resistivity paths 

established by local imbalance of carrier densities. As a result, conductance versus Nx 

curve from simulation of multiple devices (Figure 3.12 (a)) shows variation of minimum 

conduction point (Dirac point) and minimum conductivity value as well. Since the 

inhomogeneous effect has more impact when the carrier density is low, it provides 

problems especially for turning off the devices. Local 'off' condition will vary within the 

device when the film is inhomogeneous, therefore it shows higher current level at the 

Dirac point than the uniform film device (dashed line). Figure 3.12 (b) shows the zoom-in 

conductivity curves in log scale, near the Dirac point. Several arrows indicate some of the 

shifts of minimum conductivity point for several different inhomogeneous samples. The 

simulated fluctuation of minimum conductivity point vs. Nx corresponds up to ~30 meV 

of potential fluctuation at the minimal conduction regime near the Dirac point for the 

particular setup in Figure 3.12. 
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(a) 

 

(b) 

 

Figure 3.12. (a) Conductivity curves from multiple simulations of inhomogeneous doping 

distribution. The set of simulated inhomogeneous graphene conductivities show a higher 

minimum value near Dirac point (where Nx approaches 0) than ideal, uniform graphene 

(dashed line). (b) Zoomed-in conductivity near Dirac point; the Dirac point is shifted and 

the minimum conductivity also varies.  
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(a)                                                                 (b) 

      

Figure 3.13. (a) Device area defined on inhomogeneous graphene. Larger boxes include 

spatial distribution, however, smaller ones often dominated by single type of effective 

doping Nx. (b) Distribution of average Nx (blue dot) and standard deviation (error bars) vs. 

device size, for 100 devices. Black dash line indicates statistical change of deviation 

which is inversely with device dimension. 

 

Dirac point shifts are likely to be less significant for larger devices because local 

inhomogeneities can be averaged over the active area of the devices. Variations among 

devices will increase when the dimensions are comparable to the size of puddles, where 

the regional doping density can dictate the characteristics of each individual device. In 

order to show the effect of device scaling on device-to-device uniformity with 

inhomogeneous graphene, we assumed the Dirac point (VDirac) of each scaled device is 

defined by the average doping density of the device's active area. Figure 3.13 (a) shows 

an example of defining the 'device area' of 1um x 1μm or 500nm x 500 nm on 
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inhomogeneous graphene with average Nx=3∙1012 cm-2 and Nfluct=5∙1011 cm-2. Larger 

boxes usually cover an area that includes different doping types and densities, therefore 

the overall Nx value will be averaged over the whole area of the device. However, smaller 

boxes are often dominated by a single carrier type, which will cause more variation from 

one device to another. The simulation is repeated for 100 devices for each size of device 

from side length of 100nm to 2.5μm, with different spatial distributions of Nx. Figure 

3.13 (b) shows the relation of device size and fluctuation of average Nx of each device. 

The dotted line is the average Nx and error bar shows the standard deviation of 100 

devices for each size. Since the background inhomogeneous graphene has an average Nx 

of 3∙1012 cm-2, the average of all devices should correspond to this value. However, when 

the size of the device is scaled down, local inhomogeneity begins to control the device 

characteristics of device and more fluctuations occur. Maintaining device uniformity over 

a wafer can be expected to be more difficult when each device becomes smaller. The 

results show that the standard deviation varies according to d-1, where d is the device 

(linear) dimension, as expected for the standard deviation of the sum of independent 

identically distributed variables (black dash line in Figure 13 (b)). 

 

3. 11. Epitaxial Graphene on SiC Substrates 

Epitaxial graphene is grown on SiC substrates, in a process where Si atoms 

sublime and the remaining carbon atoms rearrange themselves to form a graphene film 

[26]. A high degree of uniformity of film characteristics, including the number of 

graphene layers produced, has been demonstrated over the substrates. A common-place 

perturbation to the graphene homogeneity occurs, however, when there is atomic scale 
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‘terrace edge’.  Terraces on the SiC are produced as a result of a slight off-cut from the c-

axis for the substrates. It is likely to have double or multi-layer graphene at the terrace 

edges and in their vicinity, while single layer coverage is dominant in the flat basal plane 

areas between steps [5]. Measurements of conductivity dependence on current orientation 

relative to that of the terrace edges in epitaxial graphene was reported by Yakes et al. [27]. 

Figure 3.14 (a) shows an AFM topograph of Si-face epitaxial graphene and the surface 

potential (b) over the same area. There is a slight variation of the potential at the terrace 

edges which can also be emulated in our simulations by modifying the carrier density. 

We simplified the change of layer number near the steps by modeling strips of two types 

of films with different carrier densities at assumed step positions. Global inhomogeneity 

(Nfluct) is omitted here to get a clearer understanding of the effect of edges only. Since the 

typical steps are aligned in a certain direction on the substrate, we modeled straight lines 

boundaries between regions and made several simulations for different angular 

arrangements.  
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(a)                                                                (b) 

Figure 3.14. (a) Atomic force microscope image of topography of steps on epitaxial 

graphene on SiC. (b) Surface potential of epitaxial graphene on SiC substrate.   

 

As shown in Figure 3.15 (a) ~ (d), various orientations of the strips in the 

simulation produce an impact on the measured Hall voltage. For these structures, the 

assumed strip characteristics are carrier density of 3∙1012 cm-2 for blue region 

(representing the single layer area) and 6∙1012 cm-2 for brown strips (bi- or multi layer at 

the terrace edges). Due to increased density of states, bilayer graphene shows increased 

carrier density at the same potential [3]. The coverage ratio of the bilayer region depends 

on the process conditions and the preparation of the SiC substrate [5, 6]. The ratio we 

assumed in the simulation roughly follows our AFM measurements and also estimates 

from reported images [6].  

   When the simulated Hall voltage was measured “across” the terrace lines (0 

degree case), the result was different from the result which was measured along the edges 
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(90 degree case) and intermediate angles (45 degree case). The 0 degree case result (a) is 

similar to the uniform case, because there is no difference among the points involved in 

the Hall voltage measurement along the channel. Figure 3.15 (b) corresponds to a 

measurement along the edges.  The result depends on the voltage measurement point, 

following a roughly periodic variation with position. The Hall voltage depends on 

measurement position in a more complicated manner when there are angles intermediate 

between 0 and 90 degrees, as in (c). The RH_measured result depends on the ratio of basal 

plane and terrace widths that are intersected by the line between the Hall voltage 

measuring points.  

 

(a) 

 

Figure 3.15. Various orientations of terraces and associated graphene regions of edge area 

(Red) in the simulation and their impact on the Hall coefficient. (a) 0 degree orientation. 

Hall voltage is measured across the edge area. 
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(b) 

 

(c) 

 

Figure 3.15. (continued) (b) 90 degree orientation where Hall voltages are measured on 

pure basal plan or edge area.. (c) 45 degree orientation. RH is affected by the 

characteristics of the measurement location and the ratio of edge vs. basal plane lies 

between VH measurement points. 
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3. 12. Conclusion 

Two dimensional numerical simulation of inhomogeneous graphene has been 

performed to investigate the impact of inhomogeneity on Hall measurements. Our results 

show significant variations of the measurement results due to local fluctuation of charge 

density (or electric potential), and the placement of the Hall contacts. According to our 

model, the size of local inhomogeneous region and the amplitude of the fluctuations 

control the amount of deviation of Hall mobility from the value of uniform film case. 

Especially for epitaxial graphene on SiC wafers, step edges can be a source of 

inhomogeneity depending on the angle of the device orientation on the wafer. Although 

these effects are largely suppressed in measurements of large area devices, it is expected 

they will be significant sources of variation in the characteristics of scaled graphene 

devices.  

 

Chapter 3, in full, is a reprint of the material as it appeared in Solid State 

Electronics 2014, K. Lee, J.S. Moon, T. Oh, S. Kim, P. Asbeck and P. M. Asbeck.  The 

dissertation author was the primary investigator and author of this paper. 
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Chapter 4 

 

Analysis of Heat Dissipation of Epitaxial Graphene 

Devices on SiC 

 

 

 

A three-dimensional thermal simulation for analysis of heat dissipation of 

graphene resistors on silicon carbide substrates is presented. We investigate the effect of 

parameters such as graphene-substrate interface thermal resistance, device size and 

source-to-drain contact spacing, to quantify lateral as well as vertical heat spreading. 

Pulsed I-V measurements were performed at different temperatures and pulse widths to 

extract device thermal resistance for comparison with simulation results. Due to small 

heat capacitance of the device, self-heating occurs even at the shortest pulse time of 200 
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ns. The effective thermal resistance of epitaxial graphene resistors on SiC was estimated 

as 8∙10-5 K cm2W-1, by comparison between measurement and simulation results. 

 

 

4.1. Introduction 

Graphene has been the topic of extensive research because of its superb electrical 

[1], mechanical [2], optical [3] and thermal [4, 5] characteristics. In the r.f. and 

microwave area, extremely high electron and hole mobility [6, 7] have made graphene an 

attractive candidate for the channel material of high speed devices. Various 

demonstrations of graphene rf transistors have proven graphene’s potential for high 

frequency applications, based on outstanding carrier mobility, high saturation velocity 

and high carrier density [8, 9]. However, in order to enhance the performance of many 

high speed devices, intense electric fields along with high current densities are needed in 

the channel, and consequently Joule heating occurs. [10] Although graphene has 

extremely good thermal conductivity [4], the overall heat dissipation of graphene devices 

is controlled by the thermal resistance of the system, which depends on the device 

structure, interface resistance, substrate material, etc. Understanding the heat spreading of 

graphene devices is important because self-heating effects can limit the effective carrier 

mobility of the graphene [11, 12], maximum current carrying capability [13], and overall 

device reliability. [14] 

In this chapter, we conducted a three dimensional (3-D) thermal simulation to 

investigate the heat dissipation characteristics of representative device structures for r.f. 

applications. In order to compare our simulations with experimental results, pulsed 
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current vs. voltage characteristics of graphene resistors were also measured under various 

temperatures and bias conditions.  

 

4.2. Simulation Method  

A physically-based device simulator (Sentaurus TCAD of Synopsys) was used for 

the 3-D simulation. We typically assumed a uniform heat source over the graphene 

resistor's 'channel' area. The baseline structure is a non-gated epitaxial graphene device 

[8] which has “source-drain” spacing LSD of 500 nm, graphene channel width of 6 μm. A 

300 K heat sink is located at the bottom of the SiC substrate, which is reduced to 50 μm 

in the simulation for efficient calculation. The insensitivity to SiC thickness is validated 

by comparing simulation for thicknesses up to 150 μm, which show less than 1% 

difference of TMax from that of the 50 μm case used. A large volume outside of the device 

region was included to allow for 3D heat spreading. A quarter of the device was 

simulated for to decrease simulation time, thanks to the reflective boundary 

conditions. Figure 4.1 shows a representative 3-D simulation structure (a quarter of the 

device) with zoom-in image of channel area with mesh grid (inset).  
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Figure 4.1. Simulated device structure; a quarter of graphene resistor on SiC substrate. 

(inset) Zoom-in image of the device with mesh grid. 

 

Reported parameters were used for thermal conductivity кth of graphene (50 

Wcm-1K-1 [4]), SiC (4.9 Wcm-1K-1 [15]), as well as for interface thermal resistance at the 

graphene-substrate interface (8.8∙10-9 K∙m2W-1 [16]), and at the graphene-metal interface 

(1.92∙10-9 K∙m2W-1 [17]). The interface thermal resistance is also known as Kapitza 

resistance, which is thought to originate from differences of electronic and vibrational 

properties of attached materials [18]. Heat transfer is hindered at the interface by the 

differences of phonon frequencies and vibrational characteristics between the two 

materials. The bulk thermal conductivity of 6H-SiC has been measured to be in the range 

2.9~4.9 Wcm-1K-1 [15, 19, 20]; uncertainties in this value will affect the simulation by 

less than 10% of maximum temperature differences. For graphene, also, thermal 

conductivity values are also reported over a wide range according to various 

circumstances, such as graphene supported by SiO2 and suspended graphene devices 
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(50~5500 Wm-1K-1 [4, 5, 21, 22]). It is also reported to have reduced thermal 

conductivity in the case of devices in ballistic regime [23]. In epitaxial graphene films, it 

is likely that the mean free path of phonon will decrease due to the substrate scattering 

[24, 25], therefore it may not reach the ballistic limit until the device is scaled down to 

less than 100 nm. In this study, we assumed the graphene thermal conductivity value to 

be 50 Wcm-1K-1 with for graphene layer of 0.35 nm thickness. 

 

4.3. Simulation Results    

Figure 4.2 (a) displays the lattice temperature distribution for uniform DC power 

dissipation over the channel area. A zoom-in image (b) and a cut-area picture (c) indicate 

better cooling near the metal contact and the edge of the graphene. Because of 

the lateral heat spreading into metal contacts and edges of the device, the maximum 

“junction” temperature (T Max) can be found at the middle of the device channel, when the 

heating is occurring uniformly over the channel area.  
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(a) 

 

(b) 

 

Figure 4.2. (a) 3-D simulated lattice temperature of graphene resistor. A quarter of the 

device is shown here. (b) Zoom-in figure of (a) which shows cooling effect from the 

metal contact and side edge of the channel. Hottest point is indicated by white arrow. 
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Figure 4.2. (continued) (c) Vertical cut-area temperature profile at the middle of the 

channel.                

 

4.3.1. Substrate and Interface Thermal Resistances 

Overall thermal resistance of the device is highly impacted by the bulk thermal 

conductivity of the substrate [16], because the heat spreads through the substrate to reach 

the bottom heat sink. In our simulation, the heat sink is only located at the bottom of 

substrate, which is also valid in most real devices. Cooling by air convection from the top 

surface is not considered in this study. 
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(a) 

 

(b) 

  

Figure 4.3. (a) Simulated junction temperature (TMax) with graphene-substrate interface 

resistance variation. Assumed graphene thermal conductivity is 50 Wcm-1K-1 (b) 

Simulated junction temperature with various graphene thermal conductivities assumed. 

10mW/μm2 of input power was applied for Rint=8.8∙10 -9 K m2W-1 case. 
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When the substrate material is fixed, the graphene-substrate interface thermal 

resistance (R int) becomes an important factor. The relation of input power density (Pin) to 

T Max is shown in Figure 4.3 (a) for several Rint values. TMax is 380 K (80 K temperature 

rise) for Pin of 1∙10 6 W/cm2, when Rint=8.8∙10 -9 K m2W-1 [16] (corresponding to the 

assumption that graphene layer and SiC substrate interface thermal resistance has 

approximately the same value as for the graphene-SiO2 interface). Even if Rint is smaller 

than expected thermal resistance of hydrogen passivated interface, it shows significant 

effect on temperature rise compared with assuming no interface resistance. Rint of 8.8∙10 -

9 K m2W-1 is an example of non-zero, however, order of magnitude smaller interface 

resistance than SiO2 case. In the following, Rint=8.8∙10 -9 K m2W-1 is assumed. The 

impact of the thermal conductivity of the graphene film is shown in Figure 4.3 (b), where 

the temperature rise is shown for the case of Rint=8.8∙10 -9 K m2W-1 at 10 mW/um2 input 

power.  The graphene thermal conductivity is observed to have only a minor effect on 

overall temperature rise.  

 

4.3.2. Lateral Heat Spreading 

 The effect of lateral heat spreading and 3-D heat spreading can be seen in figure  

4.4. Figure 4.4 (a) shows the 2-D structure of simulated devices with various channel 

lengths and uniform power input over the whole channel (for example, when the sheet 

resistance of graphene channel is uniform and same amount of current is applied across 

the channel length). TMax vs. uniform power input density of Pin over the channel is 

described in figure 4.4 (b). As channel length increases while the power density is fixed, 

heat spreading from the middle of the channel becomes more difficult because lateral 
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spreading is suppressed and vertical heat spreading is also limited to 1D, rather than 3D, 

heat spreading. Since the power density is uniform, the total amount of power is also 

larger for long channel cases.  

Most of the heat arriving at the metal contact conducts laterally through thick 

metal films, eventually spreads into the substrate. In order to determine the paths of heat 

spreading, one can integrate the heat flux of each interface. According to the 

simulation, the majority of the heat spreads vertically into the substrate while only a 

small amount of heat is relieved laterally by source and drain contacts, even for short 

channel lengths. The lateral heat diffusion component along the graphene layer is ~14% 

out of total power input for LSD=100 nm and only ~1% for L SD=500 nm. This ratio will 

be decided by contact distance, thermal conductivity of bulk substrate and interface, for 

instance, lateral heat spreading will be more helpful when the substrate's thermal 

conductivity is low, such as SiO2.                
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 (a) 

 

(b) 

 

Figure 4.4. (a) Schematic of channel length varying thermal simulation with uniform 

power input over channel area (cut along x-z plane of 3-D simulation). Arrows indicate 

heat dissipation paths. (b) Simulated TMax for various LSD. Power input density is uniform 

for all cases  
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(a) 

 

(b) 

 

Figure 4.5. (a, b) Schematic of channel length varying thermal simulation with local 

heating (cut along x-z plane of 3-D simulation). Arrows are indicating heat dissipation 

paths. Lateral temperature profile (circles) and fitting curve (dashed line) is also shown. 
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(c) 

 

(d) 

 

Figure 4.5. (continued) (c) Simulated TMax vs. Pin for various LSD, when local heating is 

applied to a 50nm width strip in the middle of the channel. (d) Simulated TMax vs. LSD 

 

A localized heating area simulation can show the impact of contact spacing on 

lateral heat spreading. The simulation schematic is described in figure 4.5 (a) and (b), 

where we applied 50 nm length and 6μm width of limited local heat source at the middle 
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of the channel length of 100 nm and 500 nm, respectively. This allows the same total 

power input for devices with different contact spacing. Even though the absolute 

temperature rise in figure 4.5 (c) and (d) is smaller than in figure 4.4 (b) due to limited 

heating area and 3-D heat spreading, short channel devices have more benefit (~15% 

lower TMax) from the lateral heat spreading into metal contacts. The limited relief to the 

hotspot in the middle of the channel is reduced with longer LSD. Lattice temperature 

profile is also described in Figure 4.5 (a) and (b), which can be fitted by  

, where T(x) is temperature vs. location, T0=300 K, TMax is 

maximum junction temperature at the middle of the channel, and Lc is characteristic 

length of exponential decay, which is 0.24 and 0.28 μm for 100 nm and 500 nm devices, 

respectively. An approximate value for Lc can be obtained in straight forward manner by 

Lc=[κlateral ∙ Rverical]
1/2 where κlateral describes the lateral thermal conductivity of the 

graphene (or graphene plus overlying metal in the region under the contacts), and Rverical 

describes the vertical thermal resistance area product (typically dominated by the 

interface thermal conductivity). 

            

4.4. Device Fabrication and Measurement Method 

An epitaxial graphene sample on Silicon Carbide (SiC) substrate was used for I-

V test pattern fabrication. The graphene film was formed by sublimation of Si atoms 

from the surface of 6H-SiC substrate [26], and had carrier density of  ~8.5∙1012 cm-2 and 

Hall mobility of ~1,016 cm2V-1s-1 [27]. A Ti-Pt-Au metal stack was used for ohmic 

contacts, then graphene is patterned by e-beam lithography followed by oxygen plasma 
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etching. Process details are the same as described elsewhere [8, 26], except there is no 

gate dielectric and top gate. The open channel devices which were used in this study have 

same configuration of source and drain contacts as RF transistors which were also 

fabricated on the same mask set. Most of measurements are done with 6 μm width, 0.5 

μm length (source to drain spacing) devices. 

Pulsed current vs voltage was measured for two-terminal non-gated epitaxial 

graphene devices over the temperature range of 225K~375K. The pulse measurement 

was conducted by a dynamic I-V analyzer (DiVA 265A) from Accent, and the sample 

was probed inside of a temperature controlled chamber. Before each measurement, we 

stabilized the sample for about 20 minutes after each temperature change to ensure the 

whole device reaches the desired temperature. The shortest pulse time we applied was 

200 ns with 1 ms of pulse to pulse separation time.  

 

4.5. Analysis on Pulsed I-V Measurement Results 

Figure 4.6 shows the pulsed I-V measurement results at various temperatures. 

Since phonon scattering will increase at higher temperatures, electron and hole mobility 

of graphene film will be decreased [7, 28]. On the other hand, elevation of temperature 

results more electron-hole pair generation which contributes to lower the overall 

resistance of the graphene resistor. The temperature dependence of current is expected to 

be a combined effect of mobility and carrier generation with increasing temperature. The 

measured results emphasize the dominance of mobility degradation by rising 

temperature. The temperature dependence of pulsed current ID was found to follow 

ID(T+ΔT) =ID(T)∙(1-α∙ ΔT), and the extracted α is 0.002 /K for VD of 2.3V. 
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Figure 4.6. Measured pulsed I-V at various temperatures, with pulse length of 200 ns. 

 

Figure 4.7 (a) displays pulsed I-V curves at room temperature with varying pulse 

time from 200 ns to 2 μs. Shorter pulse time gives higher current as a result of lower 

Joule self-heating. Self-heating is not eliminated completely, however, since 200 ns was 

the shortest pulse length we could apply, while reported time constants are in 30~300 ns 

range [12]. Simulations show that the heating transient departs dramatically from 

exponential behavior, and contains a wide range of time constants. In figure 4.7 (b), 

although the slope of ID vs. pulse time decreases as pulse duration reduces, it is likely 

there is considerably more room to suppress Joule heating and increase the current 

level at even shorter pulse time. Therefore, the absolute TMax value vs. Pin is hard to 

estimate from the measurement because of possible self heating from 200 ns pulse, even 

the self-heating is smaller than longer pulses or DC bias. The estimation of the 
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temperature difference (T2μs-T 200ns) produced by self-heating of 200 ns and 2 μs pulses is 

61oC when VD=2.3V. 

(a) 

 

(b) 

 

 

Figure 4.7. (a) Measured pulsed I-V characteristics with variable pulse durations. (b) 

ID vs. pulse duration for various VD values. 
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In actual measurements, the pulse shape in time domain cannot be an 'ideal' 

square wave (with zero pulse rise time). There is a finite rise time of the pulse about 20 

ns which can affect the heating profile. Because the heat capacitance of the graphene 

layer is very small, self heating will occur immediately after power is applied. Effective 

heat capacitance of the device will be affected by substrate, capping layer [12], and 

structure of device. As we plotted in Figure 4.8, we emulated the power input pulse in the 

transient simulation with 20 ns ramp-up time. This simulation showed very rapid heating; 

temperature increment follows power rise without any delay until it reaches the peak of 

the pulse. After the pulse reaches its desired power level and holds, then temperature 

increases slowly (exponent time constant is applicable) with constant power level during 

the pulse duration. In this case, the simulations indicate there is self-heating in graphene 

devices even with pulse durations used in the measurement. 

 

 

Figure 4.8. Transient simulation with 20 ns pulse rise time. 
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The measured currents for pulses of duration 2μs can be used together with the 

data of Figure 4.6 to estimate the thermal resistance of devices. If the entire nonlinearity 

of the ID-V D curve is assumed to be the result of heating, ΔT due to 2μs pulse can be 

estimated to be 158K for Pin= 20 mW/μm2. The corresponding effective thermal 

resistance of the device Rth is 8∙10-5 K cm2W-1, in substantial agreement with the 

simulation results of figure 4.4 (b). This agreement tends to support the choices of Rint 

and of graphene lateral thermal conductivity used in the calculation. It is worthwhile 

noting that due to the superior thermal conductivity of SiC substrates, Rth of epitaxial 

graphene device is dramatically better than for suspended graphene device ~1∙10-2 K 

cm2W-1 (data from [29]). The effective thermal resistance is on the same order as 

(although better than) what can be estimated for Si devices on Si wafers of the same 

dimensions (~1.5∙10-4 K cm2W-1, simulated without interface thermal resistance). 

 

4.6. Conclusions  

Joule self-heating of graphene rf devices is inevitable due to their small time 

constants and the need for driving high currents in the channel. This is minimized for 

grapheme on SiC due to high thermal conductivity of the substrate. A high quality 

graphene-substrate interface with high thermal conductivity substrate is important for 

lower thermal resistances. Shorter channel length is also favorable to utilize lateral heat 

spreading.   
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Chapter 4 in full, is a reprint of the material as it appeared in Solid State 

Electronics 2014, K. Lee and P. M. Asbeck.  The dissertation author was the primary 

investigator and author of this paper. 
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Chapter 5 

 

 

R.F. Circuit Applications of Graphene FETs: Zero-

Biased R.F. Power Detector and Resistive Mixer 

 

 

 

In this chapter, we investigate the potential performance of graphene FETs 

(GFET) for r.f. applications. In order to understand the device parameters’ relation to the 

circuit performances, a compact model of GFETs was developed for circuit simulations 

(Chapter 5.2.1). Analytic expressions of an abstracted model have also been used to 

understand the impacts in device parameters on performance in circuit applications 

(Chapter 5.2.2). R.f. circuit simulations are done with these device models in sections 5.3, 

5.4, and 5.5, where r.f. to millimeter-wave power detector and linear resistive mixer 
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based on GFETs were investigated. This work has contributed to publications [1] and [2], 

where the experimental measurements are well supported by simulation results in this 

chapter. 

 

5.1. Introduction 

Based on high carrier mobility and saturation current, graphene channel devices 

have emerged as strong candidates for active devices in r.f. circuit applications. Although 

GFETs lack high Ion/Ioff ratio, which is essential for logic applications, the characteristics 

of graphene shows significant potential for high speed r.f. devices. GFETs showed high 

fT on both epitaxial graphene [3, 4] and transferred CVD graphene [5, 6], and also, have 

been proven to have potential compatibility with current planar CMOS technologies [6]. 

Moreover, graphene-based devices have potential to be used as a platform of electronics 

on flexible or non-planar substrates [7, 8], due to their atomically thin film nature. 

Figure 5.1 displays a schematic of a GFET made with epitaxial graphene on SiC 

(a), its SEM image (b), and representative Id-Vd (c) and Id-Vg (d) characteristics [9]. The 

experimental graphene film was grown by Naval Research Laboratories, and devices 

were fabricated and tested in HRL laboratories. The epitaxial graphene layers were 

grown on Si-face 6H-SiC substrates via Si sublimation. The film shows n-type nature 

with the sheet electron density of ~8.5 x 1012 cm-2 at room temperature. Electron mobility 

was measured as ~1,016 cm2/Vs. For the FET fabrication, graphene channel was defined 

by O2 plasma etching. Ti/Pt/Au metal stacks were used for source and drain contact, 

fabricated by lift-off process. TLM measurement showed < 0.1 Ω·mm of contact 
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resistance. The metal gates were processed on top of HfO2 gate dielectric which was 

deposited by atomic layer deposition (ALD). 

Fabricated GFETs are used for experimental test for r.f. power detector and 

resistive mixer, with connections described in section 5.3.1 and 5.5.1. GFET modeling 

and fitting are based on measured characteristics of the device. 

 

 

Figure 5.1 (a) Schematic of graphene FET structure based on epitaxial graphene on SiC 

substrate (vertical cut)  (b) SEM image of r.f. Graphene FET with two gate fingers (c) 

Representative Id-Vd curve of graphene FET. Width is 6 μm, channel length is 3 μm. (d) 

Representative Id-Vg curve of GFET. Electron and hole conduction branches are shown 

on each side of the Dirac point.  

 

 

 Because of the zero bandgap nature of graphene, it is difficult to turn off the 

graphene FET. The characteristics show a minimum conduction point (Dirac point) with 



 

 

118 

 

V-shaped ambipolar Id-Vg curve which can be utilized for frequency doubler applications 

[9, 10]. The Id-Vd curve shows a saturation behavior as in conventional MOSFETs, 

however, the current increases again at higher Vds due to the hole injection from the drain 

side rather than having a depleted channel near the drain region of conventional FET. 

GFET has linear Id-Vd relation at small bias condition, which makes it useful for a linear 

resistive mixer. It is favorable to use a highly linear resistance region for mixing because 

it generates very low intermodulation than mixers with nonlinear devices [11]. High 

carrier mobility and large Imax also supports graphene as an excellent candidate for high 

frequency mixer applications. 

 

5.2. Graphene FET models for circuit simulation 

5.2.1. Compact model: Back to back connected FETs (BBCF) 

In order to establish a simple methodology to use SPICE modeling to represent 

graphene FETs, a compact model consisting of back-to-back connected n-type and p-type 

FETs was developed. A top-gated, n-type epitaxial graphene FET on SiC substrate is 

assumed. Figure 5.2 (a) shows the configuration of back-to-back connected FETs for 

describing the ambipolar behavior of Id-Vg curves of graphene FETs. While the sources 

are grounded and a single Vd is applied for both FETs, the gate bias controls the channel 

current of nFET and pFET simultaneously. nFET will turn on with Vg > Vth_nFET and 

pFET will be mostly turned off for this condition. pFET is turned on with Vg less than 

Vth_pFET while nFET is off at the same bias condition. nFET will depict the electron 

branch of the typical ambipolar Id-Vg curve of GFET, and pFET current corresponds to 

the hole branch. Figure 5.2 (c) is the fitted Id-Vg curve of the BBCF to the measurement 
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result [9], figure 5.2 (b). Table 5.1 summarizes device paramters used for nFET and 

pFET for SPICE model. Additional p-n junction resistance of 400 Ω•μm was added for 

pFET (hole branch) as discussed in Chapter 2. 

 

Table 5.1. Device parameters for GFET compact model based on BSIM3 model  

 NMOS PMOS 

Tox 15 nm 15 nm 

μ0 5000 cm / V s 5000 cm / V s 

Vth0 -1.7 V -1.5 V 

vsat 4e5 cm/s 4e5 cm/s 

Lg 3 μm 3 μm 

Wg 6 μm 6 μm 

Rc 450 Ω•μm 450 Ω•μm 

Rpn  400 Ω•μm 

 

 

The FET model is utilizing BSIM3 model, which is also included in circuit 

simulator packages for easy use. The equation for the drain current without parasitic 

drain/source resistance is given below [ ]:  
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where μeff is effective mobility, Cox is gate capacitance, W and L are channel 

width and length, respectively. Vgsteff is the effective (Vgs-Vth) voltage, Vdseff is effective 

drain source voltage with consideration of velocity saturation (Vdsat parameter included), 

Vtm is temperature voltage, defined as (kBT)/q. Abulk is bulk charge effect coefficient, and 

Esat is velocity saturation electric field. For full models and details, please refer to 

“BSIM3 Manual” [12]. 

In order to utilize BSIM3 models for graphene FET simulations, high mobility 

values are used for both NMOS and PMOS. Cox value can deviate from geometric 

capacitance due to smaller density of states of graphene (than Si), especially near the 

Dirac point. Threshold voltage (Vth) for both FETs are important fitting parameters to fit 

the minimum conduction current level and bias condition.  
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Figure 5.2. (a) Compact model of GFET for circuit level simulations as appeared in ADS 

simulation. N MOSFET and P MOSFET are connected back-to-back to describe the 

ambipolar behavior of GFET. (b) Id-Vg measurement result of GFET [9] (c) Fitted Id-Vg 

curve with GFET compact model 
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Figure 5.3. (a) Simulated Id-Vd curves for GFET with Lds= 3 μm (b) Id-Vd measurement 

result of GFET with Lsd= 3 μm (c) Simulated Id-Vd curves for GFET with Lds= 1 μm (b) 

Id-Vd measurement result of GFET with Lsd= 1 μm. Measurement results: courtesy of 

HRL Laboratories. 

 

In figure 5.3, simulated results of Id-Vd are compared with measurement data 

(measured in HRL Laboratories) for GFETs of channel length of 1 μm and 3 μm. Device 

parameters were tuned to have a good fitting of Id-Vg curves (figure 5.2). The model was 

then found todescribe the characteristics of Id-Vd curves reasonably well, such as 

saturation and p-channel turn-on behavior at higher drain bias, without additional 

parameter adjustment. Between two devices of different channel lengths, Lsd is the only 

modified parameter in the simulation, which also showed reasonable results. The BBCF 
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model provides with a simple but physical description of characteristics of graphene 

FETs. 

 

5.2.2. Abstract model 

The compact model described in the previous section is easy to use with 

simulation tools based on SPICE models. However, an analytic expression of the FET 

model would be useful to investigate the impact of device parameters on circuit 

performance in a more abstract, behavioral fashion. We extracted an abstract model, 

which represents GFET Id as a function of Vg and Vd, using Taylor series to represent 

measurement results over a narrow current range around a particular bias point, as 

follows: 

 

Id = Vds (a0 + a1 Vgs + ½ a2 Vgs
2) 

 

a1 and a2 are nonlinearity coeffecients which are extracted from first and second 

derivatives of the drain current of GFET with respect to Vg. Figure 5.4 (a) shows a circuit 

diagram using the abstracted model as a “black box” device with a0 ~ a2 parameters, 

where we can easily test the impact of a0, a1 and a2 coefficients on the performance of 

basic nonlinear circuits. Figure 5.4 (b) shows the s-parameter simulation result of GFET 

abstracted model, which is very similar to the measured result (Figure 5.4 (c)). 

Capacitances were included in the model to correspond with the measured frequency 

responses. 
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Figure 5.4 (a) Circuit diagram using abstracted model with parasitic elements as a 2-

terminal box device, which uses Vg and Vd as input and calculated Id from the abstracted 

model for output. (b) s-parameter simulation result using the abstracted model of GFET 

(c) measurement s-parameter of GFET [1]. 

 

GFET device is 6 μm wide, 2 gate fingers (effective width is 12 μm). Additional 

device paramters used in the simulation are, Lsd = 1 μm, Lgate = 0.5 μm, W = 12 μm, Rg = 

3.2 Ohm, Eg = 0.001 eV, μ0 = 4,500 cm2/V s, Vth_n= -10.36 V, Vth_p = -3.1 V, Rs, Rd=160 

Ohm. Rs and Rd are calculated from mobility, expected carrier density of non-gated area, 

physical gap distance between gate edge and source/drain edges and contact resistance. 

Tox (or EOT) was used as a fitting parameter due to the difference from BSIM model and 

the actual measured effective Cox value from GFET. Such a difference could be caused 
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by difference of density of states from graphene to Si, interface trap densities, and border 

traps in high-k dielectrics. Therefore, we used a generic value of thick Tox to fit the R-Vg 

curve, then external Cgs = 3.3 pF/mm and Cgd = 3.6 pF/mm were added to have similar s-

parameter simulation results with the measured data. 

 

5.3. Graphene FET-Based RF to millimeter-wave detector 

Direct r.f. power detection is common for power monitoring and control in 

mobile communications. For higher frequencies, detection of power of signals in the 

range 100-800 GHz range is of interest for passive thermal imaging applications such as 

imagers in limited visibility environments [13], security applications [13, 14], and general 

temperature sensors. In such applications radiation at hundreds of GHz is collected and 

rectified by the detector circuit for each pixel to produce a dc voltage output. 

Various devices such as diodes [15], bipolar transistors [16] and FETs [17] have 

been used for r.f. power detectors. Highly integrated CMOS based power detector with 

square-law operation have also been demonstrated [18]. Although each technology 

showed promising results, the limits of the detector was also shown such as narrow 

bandwidth, power consumption and limited sensitivity due to flicker noise. A good 

linearity with wide dynamic range and low noise characteristics are required for 

wideband, high sensitivity detectors.  

With zero bias current detection circuits, 1/f noise can be minimized because 

there is no DC current flow during the operation [1]. The Johnson (white) noise still 

remains, which is proportional to the junction or channel resistance. This contribution 

needs to be controlled by proper layer design or gate bias control to lower the resistances. 
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Noise equivalent power (NEP) is one of key metrics for detector, determined by 

equivalent input noise divided by reponsivity. Responsivity is defined by the ratio of 

input power to output voltage (Vout) delivered by the detector. The responsivity is 

approximately independent of input power for square law detectors. 

In this section, we report ADS circuit simulation based on device models 

described in previously in section 5.2, to analyze the impact of device parameters such as 

nonlinearity coefficients, parasitic components, load resistance on the performance of r.f. 

power detectors. Simulated results provide a guideline for the optimization of device and 

circuit design of GFET based power detectors. 

 

5.3.1. Detector operation and simulation setup 

The schematic of the GFET based power detector circuit [1] is displayed in 

Figure 5.5, featuring the ‘back-to-back connected FETs’ compact model for the ADS 

circuit simulation. All parasitic components such as Cgd, Cgs, Rg, gate capacitance, and 

series resistances Rs and Rd are included in the full model.  

DC gate bias can be applied to get the proper offset for optimized operating 

condition. The r.f. power input is also connected to the gate. The input signal is coupled 

to the drain via Cdg together with an additional capacitor connected in parallel. The r.f. 

signal is rectified by gate-drain coupling of the device, giving a DC output (Vout) 

measured from the Rload at the drain. In this zero-biased diode-connected FET structure 

for the detector, the r.f. input signal to the gate modulates not only the channel, but also 

the drain at the same time. The input AC voltage of Vg.AC is coupled with the drain node, 
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and finally Vg.AC=Vd.AC. Effective modulation will be the product of these two 

components. 

 

 

 

 

Figure 5.5. (a) Schematic of power detector system (b) A circuit diagram of the power 

detector with full model of GFET including parasitic elements  

 

This design of detector circuit features no dc power dissipation due to zero drain 

bias operation. Moreover, noise sources are limited to thermal noise because shot noise 

and flicker noise is suppressed with no DC current. In various circuit applications, circuit 
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doesn't require matching network, so it can be broadband as well as being compact. For 

highly scaled array applications, each detector can be connected directly to an antenna. 

For the highest responsivity performance, input impedance matching can be used, at the 

cost of limited bandwidth and circuit area. 

 

 

Figure 5.6. Input power (Pin) vs. output voltage (Vout) plot of GFET power detector (a) 

measurement result [1] (b) simulated result 

 

Graphene FET device described in section 5.1 has been used for detector 

demonstration, set as Figure 5.5 (a), with RF_load termination of 50 Ω. Open structure 

DC measurement shows the output voltage of ~10 μV, which is used as the background 

DC offset for a calibration of detection voltage (Figure 5. 6 (a)). s-parameters are 

measured with HP85109 XF network analyzer to calculate the RF power delivered to the 

graphene FETs and the DC output voltage responsivity. 

Baseline simulation was done with input frequency of 8.5 GHz and power level 

of -40 ~ 0 dBm, following the measurement condition in [1]. Both gate and drain bias 

were set to 0 V, however the gate bias can be controlled to set the FET at the optimized 
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condition. Intrinsic and extrinsic device parameters and parasitic components were fitted 

to have a good agreement with the measurement result. Figure 5.6 is a representative (a) 

measurement and (b) simulation result of power input (Pin) versus rectified output voltage 

(Vout). Device parameters affecting the performance of the detector will be discussed in 

the following section. 

 

5.3.2. Intrinsic device parameters related to the sensitivity of detector 

In order to understand the impacts of device parameters on the detector 

performance, the abstract model (Section 5.2.2.) was used with analytic expressions. First 

we investigated the device parameters with varying bias conditions, then the optimization 

of responsivity was performed based on external parameters such as pad capacitance and 

series resistance of the FET. All baseline circuit simulations were done with frequency of 

8.5 GHz and -40 to 0 dbm of r.f. input power under zero DC bias condition.  

Figure 5.7 (a) shows simulated curve the change of SD resistance vs. gate bias, 

fitted to the measurement result. Parasitic elements of Cpad = 0.6 pF, Rs + Rd = 40 Ω were 

used. When Vg is near VDirac, both resistance and gm increases. When the gate bias is 

applied to have a higher transconductance condition, the detector shows improved Vout 

as shown in figure 5.7 (b). In other words, responsivity (defined as output voltage over 

input power) increases when the device is operating at higher non-linearity regime. We 

would like to note that noise consideration is also an important factor to find the optimum 

operation condition. Because increased channel resistance at small |Vg-VDirac| causes 

more thermal noise, which will make the noise equivalent power larger and limit the 

sensitivity of the detector. 
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Figure 5.7. (a) R vs Vg plot of GFET. (b) Vout vs. Pin plot with Vg variation.  

 

From the abstract model, we can investigate which non-linear coefficient is 

important for sensitivity of the detector. We simulated the detector operation with swept 

values of a1 and a2 coefficients of following analytic expression of drain current as a 

function of Vg and Vd. a0, a1, and a2 coefficients are only valid for a small range, so they 

need to be adjusted for different bias conditions. 

 

Id = Vds (a0 + a1 Vgs + ½ a2 Vgs
2) 

 

a0 corresponds to a linear resistance component while a1 represents the non-

linearity of the FET detector. Figure 5.8 (a) shows the increment of Vout of the detector 

when a1 coefficient increases. Vout is a sensitive function of a1 value. a1 is affected by 

non-linearity and junction resistance Rj, both are functions of Vg and Vd, which can be 
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optimized to maximize the responsivity of the detector. a2 variation shows it has more 

impact when Pin is larger, however it shows a weaker dependency than a1. 

 

 

Figure 5.8. (a) Output voltage variation with a1 coefficient at Pin=0 and -30 dBm. (b) 

Output voltage variation with a2 coefficient  

 

5.4. Optimization of GFET based r.f. power detector 

5.4.1. Power Incident and Noise Considerations 

In previous discussions, we calculated the Vout of the detector in terms of the 

actual input power delivered to the detector FET from a source (such as antenna) with 50 

Ω source impedance Rs. This delivered power (Pin) could be calculated by subtracting the 

reflected power from the total incident power. However, in order to build a practical 

system, it would be helpful to estimate the realistic characteristics of device with 

consideration of extrinsic components of the detector system, such as parasitic 

capacitance, input impedance, and noise with consideration of as-is incident power input 

(Pinc) from the source (also known as available power of the source). Figure 5.9 displays 
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the schematic of power detector appeared in ADS simulator, including parasitic elements 

and noise sources such as Flicker noise and thermal noise. 

 

 

Figure 5.9. Schematic of power detector with noise source 
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Figure 5.10. (a) Representative Vout vs. Pin plot with comparison of incident power (Pinc) 

versus delivered power (Pin). (b) Simulated Vout vs. incident power (Pinc) of unbiased 

graphene FET based power detector. Noise voltage (pink dot-dash line), responsivity 

(~40 V/W, gray dash), and noise equivalent power (NEP, red dot-dot) were also plotted. 
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In figure 5.10 (a), comparison of output voltage (Vout) between using incident 

power (Pinc) and delivered power (Pin) shows obvious reduction of sensitivity for using 

Pinc as a power input rather than Pin. The simulation is done with Zin = 50 Ω, and s-

parameters are calculated for each input power to extract the reflection coefficient Γ and 

r.f. power delivered to the GFET. It is possible to improve the responsivity with a 

matching network on the input to reduce the power loss by reflection, however, it could 

also result a narrower bandwidth of the detector response.  

Figure 5.10 (b) shows Vout vs. Pinc plot with ~40 V/W responsivity and 550 

pW/√Hz of noise equivalent power (NEP) for 8.5 GHz of r.f input frequency at Vg = Vd = 

0V. One can calculate NEP by the noise level divided by output voltage responsivity. It 

can be estimated as the input power level corresponds to intersection of Vout and Vnoise 

from plots in Figure 5.9 (indicated by arrow). The abstract model of GFET device was 

fitted to Rj-Vg curve of figure 5.7 (a) [1], assuming W = 12 μm. The r.f. circuit simulation 

was performed with parasitic components extracted from the measurement – Cgs = 3.3 

pF/mm, Cgd = 3.6 pF/mm, gate resistance (Rg) of 3.2 Ω, and access resistance (Rs + Rd) of 

40 Ω.     

Noise voltage is also displayed in the same plots, which show flat level versus 

input power of ~4 nV/√Hz until the Pin or Pinc reaches -25 dBm. Since the detector has no 

DC current due to zero drain bias operation, 1/f noise was suppressed at low Pin while 

only the thermal noise (or Johnson noise) contributes to noise voltage as discussed 

previously. However, when input power increases, Vout can build up large enough to 

induce the DC drain current from the device, which will generate the 1/f noise. This is the 

reason for the increasing noise voltage at higher input power. 
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Channel resistance of 497 Ω (at Vg = 0V) is the major factor of the thermal noise, 

however each parasitic components such as gate resistance and series resistances are also 

included in the total noise calculation. Both flicker noise and thermal noise are added as a 

serial voltage noise source at the channel of the simulation, using following expressions.  

Flicker noise:  

,   

where Kf=2x10-7 Hz a-1 ∙Rj
2, Idc is measured DC current at the drain in amperes, 

Af=1.1, f is simulation frequency, Ffe=1.1. For the zero-biased power detector, 1/f noise is 

negligible until the input power is large enough (~ -10 dBm) to build a DC output voltage 

which draws drain current. At the low power input operation range, thermal noise is the 

dominant noise source of the detector system. 

Thermal noise:  

 

, where k is the Boltzmann constant, T is temperature, Rj is channel resistance. 

 

5.4.2. Optimum Size of the Device: Effective Channel Width 

In order to have better sensitivity by applying proper gate bias, Vg is adjusted to -

2.5 V to increase transconductance for following simulation results. Responsivity 

increased with bias changes as described in figure 5.7 (a). a0, a1, a2 coefficients are also 

adjusted for each gate biases. Although the new bias condition will result higher channel 
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resistance, the benefit from operating at higher gm outweighs the higher noise from 

increased channel resistance.   

 

 

 

Figure 5.11. (a) Channel resistance (Rj) and parasitic capacitance (Cgs, Cgd) versus 

effective device width at Vg=-2.5V. (b) Responsivity and NEP vs. device channel width. 

Larger width will increase the Cpara, while lowering the channel resistance. 
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The size of the device is represented by the effective width of the device. By 

varying the width while maintaining other dimensions, there is a clear trade-off between 

the channel resistance and parasitic capacitance, which is indicated in figure 5.10 (a). 

Lower resistance in larger devices will suppress the thermal noise and make the Noise 

equivalent power (NEP) smaller, however, increasing capacitance will degrade the 

responsivity of the detector. In figure 5.11 (b), Simulation result shows the width of 15 ~ 

17 μm will be optimal width for this device for detector. Size of the device should be 

optimized with consideration of input power range, frequency, bias condition and other 

extrinsic components. 

 

5.4.3. Extrinsic Parameters: Zs, Cpad and Rload  

Source impedence (Zs) is another extrinsic parameter that affects the performance 

of the detector. Figure 5.12 shows the change of responsivity and NEP according to the 

source impedance at a given frequency 8.5 GHz. The result shows optimum input 

impedance is 250 ~ 300 Ω for 8.5 GHz. About 300 ohm of impedance could be obtained 

from the setup of antenna. Increased (from 50 Ω) impedance would be beneficial for 

enhancing the sensitivity, however, it will degrade the frequency response and make the 

detector bandwidth narrower.  
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Figure 5.12. Responsivity and NEP versus input impendance (Zs). 

 

 

Figure 5.13 (a) Frequency response of responsivity of power detector when Zs is varying 

from 50 to 500 Ω. 
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Figure 5.13 (continued) (b) NEP vs. r.f. frequency when Zs is varying 

 

In figure 5.13, the simulated frequency response is shown for Zs = 50 ~ 500 Ω, 

over the input r.f. frequency range of 1 ~ 200 GHz. Figure 5.13 (b) and (c) are frequency 

response plots of responsivity and noise equivalent power (NEP), respectively. At lower 

frequency range at 1 ~ 4 GHz, responsivity is maximized at Zs = 500 Ω. However, the 

responsivity drops rapidly as the input r.f. frequency increases. On the other side, lower 

input impedence such as 50 Ω shows lower responsivity than DC voltage than higher Zs 

cases at lower frequencies, but has better frequency response with a very flat level of 

sensitivity, which represents the characteristics of an excellent wide bandwidth detector. 

Zs = 50 Ω case eventually shows better or comparable responsivity and NEP at 30 GHz or 

higher frequency.  

The output voltage is measured at the load resistance at the output drain side 

node. Increased load resistance can enhance the responsivity and decrease the NEP to a 
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limited extent. Figure 5.14 displays the impact of Rload on responsivity and NEP when 

input r.f. frequency is 8.5 GHz. Larger resistance is favorable to have a high sensitivity 

power detector. With higher Rload, the response to time-varying input powers will be 

slower, however, for a given output capacitance.  

 

 

 

Figure 5.14. Responsivity and NEP for various Rload at 8.5 GHz.  

 

5.5. Zero-Bias Linear Resistive Mixers 

Other than power detectors, various graphene FET applications using graphene’s 

unique ambipolar behaviors have been explored, such as frequency doublers and mixers  

[9, 10]. It is also reported the mixer performances regarding linearity can improve with an 
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alternate scheme of using GFET for mixer. A demonstration of zero-bias linear resistive 

GFET mixers shows GFETs with excellent mixer linearity [2].  

In this section, simulated performance of GFET based linear resistive mixer will 

be discussed in order to support the experimental results, and to validate the versatility of 

GFET device models for circuit simulations. Both back-to-back connected GFET model 

and abstract analytic device model for GFET were used for fitting the the experimental 

device measurement data for mixers.  

 

5.5.1. GFET resistive mixer operation 

The dynamic range and linearity of mixers are important for r.f. communication 

systems [2]. R.f. up- or down-conversion linear mixers passive resistive FET mixers have 

been preferred due to low intermodulation results [11]. Figure 5.14 describes the 

schematic of GFET based linear resistive FET mixer. This shows a completely passive 

resistive FET mixer with gate-pumped configuration. No DC drain bias was applied, 

therefore the DC power consumption is eliminated. 
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Figure 5.15. Schematic of resistive FET mixer, where the LO signal is applied to the gate 

(gate-pumped). The IF output signal is measured at the drain. [2]  

 

The mixer operates with local oscillator (LO) signal applied to the gate while DC 

gate bias controls the channel property to desired resistance level. When r.f. signal is 

feeded to the drain, LO signal to the gate will control the channel resistance modulation 

and provides linear r.f. mixer performance. Intermediate frequency (IF) signal is 

measured at the output at drain. The input third-order intercept point (IIP3) displays the 

nonlinearity of the mixer, which can be read off from the input or output power axis of 

intercept point of extended straight lines of first and third-order output vs. input curves.  

 

5.5.2. Linear region of GFET near zero bias 

For zero-biased linear resistive FET mixer, linear drain current vs. bias near at 

near zero drain bias is a region of intersest. Figure 5.16 displays Ids-Vds curve of GFET, 

focusing on linear region near zero bias. Operation near zero Vds provides linear response 
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of channel resistance and suppresses intermodulation, which results an excellent mixer 

linearity. [2, 11] 

 

 

Figure 5.16. Simulated Ids-Vds curves of GFET with varying gate bias. (inset) zoom-in: 

region of interest near Vds = 0 V. 

 

5.5.3. Mixer Simulation and impact of device parameters  

Figure 5.17 displays the schematic of GFET based resistive mixer in the ADS 

simulation with parasitic elements such as series resistances, which used the BTBC 

GFET model fitted to the measurement result (Figure 5. 18, R-Vg). The simulated and 

measured device is 2-finger graphene FET with width of 2x12 μm, gate length of 0.25 

μm.  
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Figure 5.17. Schematic of resistive GFET mixer with bact-to-back-connected FET device 

model   

 

Figure 5.18. Simulated GFET resistance as a function of gate voltage. (inset) Measured 

GFET resistance vs. Vg and reflection coefficient [2].  
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Figure 5.19.  (a) Measured IF power versus r.f. input power of GFET at 10 GHz [ ] (b) 

Simulated IF power vs. r.f. input power at 10 GHz (c) Measured two-tone test result of a 

GFET at 10 GHz (d) Simulated two-tone test of GFET at 10 GHz. The gate width was 

2*12μm, gate length was 0.25 μm.  

 

Figure 5.19 (a) and (b) shows IF power versus r.f. power of a graphene FET with 

gate length of 0.25 μm, measured and simulated with LO power -3.5 dBm and 10 GHz of 

r.f. frequency. In the measurement, 1 dB compression occurs at r.f. power of 12 dBm. 

Simulation result with BTBC FET model shows a good agreement with the measurement 

result. IF and IM3 of two-tone measurement and simulation is displayed in Figure 5.19 

(c) and (d), respectively. IIP3 is estimated about 22 dBm for both measurement and 
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simulation by extrapolation of IF and IM3 based on 10 and 30 dB/dec slopes. Ambipolar 

graphene mixer showed IIP3 of 13.8 dBm at Vds = 1V at 10 MHz [10].  

Abstract model replaced the BTBC FET model for investigation of impact of 

nonlinearity coefficients. Figure 5.20 (a) shows the schematic of the linear mixer as used 

in the ADS simulation. R.f. power is set to 1 dBm, frequency is 10 GHz and LO power is 

-3.5 dBm. Baseline device parameters are a0 = 0.033445, a1 = 0.0550792, a2 = -0.01903, 

b = 0. a1 and a2 variation sweep shows that the rectification hinges on a1 coefficient, 

however it is not strongly dependent on a2 coefficient (Figure 5. 20 (b) and (c)). 

 

)2/1)((
2

210

3

gsgsdsds VaVaaVbVId   

 

An additional third order term is added with coefficient b, in order to show the 

impact third harmonic component on the linearity of mixer. In Figure 5. 20 (d), as non-

zero coefficient b is used and third order term of Vd contributes to the modulation, IM3 

increases faster which results a lower linearity and IIP3. b coefficient influences 

compression point as well. 
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Figure 5.20.  (a) A schematic of the linear mixer as used in the ADS simulation. (b) IF 

power respect to a1 parameter variation (c) IF power versus a2 parameter (d) Output 

power vs. r.f. power when b parameter varies. 
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5.6. Conclusion 

Graphene FET models, power detector and resistive mixer applications are 

investigated with simulations in detail. Back-to-back-connected FET model describes 

ambipolar current flows in GFET and easy to use in circuit simulations with proper 

parameter setup. Abstract analytic model provides in depth information of device 

parameter for circuit performance, such as non-linearity coefficients to estimate 

responsivity of detectors and linearity of mixers. Circuit simulations using both device 

models showed a good agreement with experimental results. Various extrinsic and 

parasitic components were included to simulate more realistic r.f. power detector and 

mixer systems, then the impacts of each components were discussed.  

Optimized width for low channel resistance and low parasitic capacitance is 

required, and input impedance is important to choose high responsivity at lower 

frequency or a wide frequency response of detector. GFET based resistive mixer showed 

excellent linearity at low LO power without DC bias applied, offers the potential high 

quality linear mixers. 
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Chapter 6 

 

Conclusion 

 

 

6.1. Thesis Summary 

This dissertation presents various physical aspects of graphene FETs of 

importance in r.f. applications. Basic building blocks of graphene electronics such as p-n 

junction and graphene-metal junction are described, as well as the impact of film quality 

in terms of uniformity. Joule self heating and heat dissipation of graphene device is also 

studied. Finally, two examples of graphene based r.f. circuit applications are presented 

with device models, for investigating the relation between graphene’s device parameters 

and the circuit performance. 

  In the first part, a brief history and background was reviewed, followed by a 

summary of structure and electrical properties of graphene and film manufacturing 
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methods. Electrical characteristics of graphene have been emphasized, such as high 

electron and hole mobilities due to its unique band structure, large maximum current, and 

ambipolar nature of graphene FETs. 

Chapter 2 starts with the discussion of the device physics of graphene p-n 

junctions with a two dimensional device simulation with adjusted parameters for 

graphene devices. The estimation of spatial resistivity in vicinity of graphene p-n junction 

is based on carrier density and local variation of carrier mobilities. Id-Vg curves of 

GFETs nominally should have a symmetric ambipolar curve due to same density and 

mobility of carriers on electron and hole branch with same |Vg-VDirac|. However, the 

observed hole branch current is lower than electron branch’s current when ungated 

graphene film and contacts are n-type. In this thesis, it is shown that  because the channel 

of electron branch has n-n-n type area along the channel while carriers of hole branch 

should flow through n-p-n regions, where two p-n junction exists. The simulation results 

show the p-n junction adds additional resistance generated by carrier depletion at the p-n 

transition region with comparable magnitude with experimental results. The amplitude 

and width of p-n junction resistivity peak is controlled by carrier density, gate bias and 

fringe electric field.  

Metal-graphene interface and junctons are also of important for device 

performance, and as graphene devices are developed and improved, the impact of contact 

resistance on the performance becomes more significant factor. Imbalance between Fermi 

energy of graphene and the work function of metal at the interface causes charge transfer 

between layers, which can dope or deplete the graphene film in contact. This effect is 

emphasized in graphene due to its single atom-thick physical dimension that forces the 
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whole material affected by the interface, and also its small density of states near 

conduction or valence band edges.  It is shown here that when the doping (or depletion) 

have large enough difference from the equilibrium charge density of the un-doped 

graphene in the channel, lateral charge transfer occurs and form a finite charge transfer 

region (CTR). It can make the contact resistance lower (additional doping) or higher 

(form a p-n junction), and generate errors on conventional contact resistance 

measurement such as TLM method. CTR becomes larger when channel equilibrium 

charge density is low, work function difference is larger, the metal is thicker, where 

fringe field comes from the side wall of metal. 

 Chaper 3 describes modeling of inhomogeneous graphene films, based on 

randomly distributed charges on 2-D graphene film which represents the so-called 

electron and hole puddles. Graphene film fabrication technology has been improved 

significantly, however it is still a challenging task to control the charge density uniformly 

over large area, especially near VDirac where puddle formation has significance. 

Inhomogeneity not only impacts the result of Hall measurement and causes the 

underestimation of Hall mobility but also gives errors in the VDirac estimation. Size 

(area) and strength (amplitude of charge density variation) of puddles contribute to 

inhomogeneous Hall measurement data and spread Dirac point among devices on 

inhomogeneous film. Statistical trends on these deviations were studied with repeated 

simulations with different random dopant matrices. 

 Thermal properties related to heat dissipation of epitaxial graphene devices are 

investigated in chapter 4. 3-D heat thermal simulation displayed the importance of lower 

interface thermal interface, small device dimensions, and the role of metal contacts to 
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enhance lateral heat spreading for minimizing the impact of Joule self-heating. Even 

though the graphene has excellent lateral thermal conductivity, majority of heat should 

dissipate vertically through the substrate, where SiC substrate might have benefit over 

oxide substrates. Since graphene has a very small heat capacity, it can self-heat even with 

a short period of pulse such as 200 ns. Both simulation and experiments showed 

consistant results on this and the extracted thermal resistance of the system is 8∙10-5 K 

cm2W-1. 

 The first part of chapter 5 shows SPICE model of graphene FET which consists 

with back-to-back connected NMOS and PMOS to describe the ambipolar Id-Vg curves. 

The model fits well with experimental data and can be used for graphene based circuit 

simulations easily. Analytic expression of abstract model was also developed for further 

investigation of device parameters such as non-linearity, and its overall impact on the 

circuit performance.  

 The rest of chapter 5 discusses the GFET based r.f. power detector and resistive 

mixer simulation results compared with experiments. Both results show good agreement, 

which validates the compact model for GFET. For the GFET r.f. power detector, non-

linearity of GFET enhances the responsivity while the zero-biased operation suppresses 

the flicker noise and allows a good sensitivity, which is represented with noise equivalent 

power (NEP). Optimization of the detector was performed with various device 

parameters including parasitic elements such as parasitic capacitances, gate resistance, 

and series resistance at source and drain. High input impedance improves the sensitivity 

at lower frequency, however, lower impedance input showed better broadband capability. 

On the other hand, linearity of GFET drain current near Vd=0V helped to make a good 
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resistive linear mixer performance at low LO power without DC bias, which was 

comparable to other state-of-the-art passive resistive mixers. 

 

6.2. Future Work 

This dissertation has covered various aspects towards building the graphene based 

r.f. system, from material properties, junction with other materials, thermal behavior and 

a few examples of circuit applications. The following presents several research objectives 

that are extensions of the topics discussed in this dissertation. 

 

 More case studies could be doneof errors and oversights in the use of 

measurement and analysis techniques for conventional semicondcutors when 

applied to  on nano devices such as graphene FETs. Inhomogeneous graphene 

modeling study was motivated by unexpectedly lower Hall mobility 

measurement, while CTR investigation started with unphysically low contact 

resistance data from TLM method. Ambipolar conduction was also prominent in 

graphene.  Due to its extremely scaled dimension and small DOS, it is possible to 

have additional sources of errors in applying conventional semiconductor 

measurement methods to graphene devices. 

 

 Expansion of thermal simulation for other devices and material systems: The 

study in this dissertation showed the importance of interfacial thermal resistance 

and the limit of graphene’s extremely good lateral thermal conductivity. More 

consideration for optimum device thermal design will be needed. One of several 
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findings is that it is important to place a low thermal resistance heat spreading 

layer as near as possible to the hot spot of the device, which can be applied to 

design of devices with any materials. 

 

 Capacitance modeling: One possible topic which could have been covered in the 

dissertation is study of capacitance between graphene andadjacent materials. An 

analytic modeling of capacitance using conformal mapping to describe fringe 

field and parasitic elements could be done. More over, it would be interesting to 

apply the method to graphene devices on flexible substrate which can be bent or 

rolled.  

 

 Exploration of more GFET circuit applications with compact model: Since the 

simple SPICE compact model showed the capability of straight forward use of 

device models in the circuit simulations, it would be good to expand the scope of 

applications and apply similar method to understand and optimize the circuit 

performances.  
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