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Increased challenges in CMOS scaling have motivated the development of 

alternatives to silicon circuit technologies, including graphene transistor 

development. In this work, we present a circuit simulator model for graphene FETs, 

developed to both fit measured data and predict new behaviors, motivating future 

research. The model is implemented in Agilent ADS, a circuit level simulator that is 

commonly used for non-standard transistor technologies, for use with parameter 

variation analyses, as well as easy integration with CMOS design kits. We present 

conclusions drawn from the model, including analyses on the effects of contact 

resistance and oxide scaling. We have also derived a quantum-capacitance limited 

model, used to intuit intrinsic behaviors of graphene transistors, as well as outline 

upper bounds on performance. Additionally, the ideal frequency doubler has been 

examined and compared with graphene, and performance limits for graphene 

frequency multipliers are elucidated. Performance as a demodulator is also discussed.  
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We leverage this advancement in modeling research to advance circuit- and 

system-level research using graphene transistor technology. We first explore the 

development of a GHz planar carbon antenna for use on an RF frontend. This research 

is further developed in work towards the first standalone carbon radio on flexible 

plastics. A front end receiver, comprised of an integrated carbon antenna, 

transmission lines, and a graphene transistor for demodulation, are all fabricated 

onto one plastic substrate, to be interfaced with speakers for a full radio demo. This 

complete system will motivate further research on graphene-on-plastic systems.  



 x 

Table of Contents 

Table of Contents ...................................................................................................................... x 

List of Tables ........................................................................................................................... xiii 

List of Figures ......................................................................................................................... xiv 

Chapter 1: Introduction .......................................................................................................... 1 

1.1 Overview .................................................................................................................... 7 

1.2 Outline ......................................................................................................................... 8 

Chapter 2: Graphene Device Physics and Prior Art .................................................. 11 

2.1 Graphene Device Physics .................................................................................. 11 

2.2 Prior Modeling Work .......................................................................................... 16 

Chapter 3: Compact Model of a Graphene FET ........................................................... 21 

3.1 Model Derivation ................................................................................................. 22 

3.1.1 Preparation ................................................................................... 22 

3.1.2 Analytic Approximation for the Quantum Capacitance and 
Drain Current ................................................................................ 24 

3.1.3. Implementation .......................................................................... 27 

3.2 Validation ................................................................................................................ 28 

3.3 Analysis and Results ........................................................................................... 30 

3.3.1 Contact Resistance Variation.................................................. 30 

3.3.2 Oxide Capacitance Variation ................................................... 33 

3.4 Quantum Capacitance Limited Device ......................................................... 35 

3.5 Summary and Outlook ....................................................................................... 38 

Chapter 4: Graphene in Frequency Multiplying Applications .............................. 41 

4.1 The Ideal Frequency Doubler .......................................................................... 41 

4.2 The Ideal Graphene Doubler ........................................................................... 44 

4.3 The Graphene Doubler in the Quantum Capacitance Limit ................. 48 

4.4. Parametric Analyses and Model Comparison .......................................... 50 



 xi 

4.4.1 Effects of varying gate bias ...................................................... 51 

4.4.2 Effects of contact resistance ................................................... 54 

4.5 Measurement results .......................................................................................... 54 

4.6 Summary and Outlook ....................................................................................... 56 

Chapter 5: Graphene as a Demodulator ........................................................................ 58 

5.1 Prior Work .............................................................................................................. 58 

5.2 Theoretical Matlab Calculation ....................................................................... 59 

5.3 ADS Full Model Simulations ............................................................................. 60 

5.4 Measurement Results ......................................................................................... 64 

5.5 Summary and Outlook ....................................................................................... 66 

Chapter 6: Flexible planar carbon antennas ............................................................... 68 

6.1 Prior Work .............................................................................................................. 68 

6.1.1 Flexible antennas in GHz frequencies ................................. 68 

6.1.2 Theory of convex and concave antennas ........................... 70 

6.1.3 Simulation and measurement of convex and concave 
antennas ......................................................................................... 72 

6.1.4 Planar carbon antennas ............................................................ 73 

6.1.5 Summary ........................................................................................ 74 

6.2 Patch Antenna Simulation ................................................................................ 75 

6.3 Patch Antenna Measurement and Characterization .............................. 81 

6.4. Meander Line Antenna Simulation .............................................................. 86 

6.5. Summary and Future ......................................................................................... 88 

Chapter 7: An integrated carbon radio on flexible substrate ............................... 90 

7.1 Prior Work .............................................................................................................. 90 

7.2 Theory ...................................................................................................................... 92 

7.3 GFET Characterization ....................................................................................... 94 

7.5 Test Plan ............................................................................................................... 100 

7.6 Potential Future ................................................................................................. 101 

7.6.1 Carbon implementation of capacitors ............................. 102 



 xii 

7.6.2 Carbon implementation of speakers ................................ 103 

7.6.3 Roll-to-roll process compatibility ..................................... 107 

Chapter 8: Conclusions and Outlook ........................................................................... 108 

8.1 Summary .............................................................................................................. 108 

8.2 Outlook .................................................................................................................. 109 

Appendix A. MATLAB codes ........................................................................................... 111 

A.1 MATLAB comparison of ab-initio E-k expression and linear ‘Dirac cone’ 
approximation: diraccone.m ..................................................................... 111 

A.2 MATLAB comparison of quantum capacitance approximations and 
resulting surface potential equations .................................................... 113 

A.3 MATLAB calculation of C-V curves for graphene devices ................. 117 

A.4. MATLAB doubler code ................................................................................... 122 

A.5. MATLAB demodulator code ........................................................................ 122 

Appendix B. Measurement Techniques ...................................................................... 122 

B.1 Linear S-parameter (PNA) measurement ............................................... 122 

B.2 Doubler measurement .................................................................................... 124 

B.3 Antenna measurement ................................................................................... 124 

Appendix C. GFET Model .................................................................................................. 126 

C.1. Low field model ................................................................................................ 126 

C.2. Velocity Saturation .......................................................................................... 127 

C.3. Voltage-Capacitance modeling ................................................................... 128 

C.4. ADS GFET model – DC fitting ....................................................................... 130 

Appendix D. CST models .................................................................................................. 132 

D.1 Nominal simulation ......................................................................................... 132 

D.2 Curvature simulation ...................................................................................... 132 

References ............................................................................................................................. 133 



 xiii 

List of Tables 

Table 2.1. Summary of past GFET modeling works. ............................................... 20 

Table 3.1 Analytical Expressions for Quantum Capacitance Limited GFET .. 39 

Table 6.1. Summary of past works of flexible planar antennas ......................... 69 

Table 6.2. Summary of past works on antenna bending ....................................... 73 

Table 6.3. Performance comparison for graphene patch antenna. ................... 77 

Table 7.1. Link budget for carbon radio at 2.4 GHz ................................................ 93 

Table 7.2. Example audio calculations for required speaker input. ................. 94 

Table 7.3 Summary of published planar carbon speakers. ............................... 104 

Table C.1. Model inputs for GFET simulations ....................................................... 130 



 xiv 

List of Figures 

Figure 1.1. Graphene and fullerene publications and patenting by year, compiled from 

Web of Science[5]...............................................................................2 

Figure 1.2. Number of papers published under the search terms "graphene" and 

"graphene transistor" by year, compiled from Web of Science[6]. ....3 

Figure 1.3. Mobility comparison for flexible FETs made from pentacene, zinc oxide 

thin film, carbon nanotube thin film, Silicon nanoribbon, Gallium 

Arsenide nanowire, Indium Arsenide Thin film, and graphene [Courtesy 

of Jongho Lee, from IEDM 2012]. .....................................................3 

Figure 1.4. Reported cutoff and maximum frequency for graphene transistors, until 

2012 (from Ref [6]). Though transit frequency (ft) has proven to be 

competitive with existing technologies and is predicted to exceed current 

technologies, the frequency of unity power gain (fmax) lags behind that of 

other technologies. ..............................................................................5 

Figure 2.1. Adapted from [16]. Ab-initio band structure of graphene (energy 

normalized to EF). Fermi energy (EF) and the valence band for values 

less than EF. .......................................................................................12 

Figure 2.2. Nearest neighbor tight-binding formulation for graphene band-structure 

(Energy normalized to EF), adapted from [ .......................................13 

Figure 2.3. Comparison of ab-initio and linear dispersion relation formulations as 

functions of the wave-vector. (a)and (b) show surface density plots of 

the Ab Initio and Dirac Cone solutions, respectively, with (c) and (d) 

displaying the same data in 3D form. ...............................................14 



 xv 

Figure 2.4. Error calculation showing how the Dirac Cone solution diverges from the 

Ab Initio solution. .............................................................................15 

Figure 3.1. [46] (a) Cross section of the modeled GFET. (b) Two-terminal capacitive 

divider model of the graphene channel, considering both the oxide and 

quantum capacitances (Cox and Cq, respectively). (c) Compact model of 

GFET; the intrinsic model is enclosed within the dashed lines. .......21 

Figure 3.2. Quantum capacitance as a function of surface potential, for Cox = CQi. (See 

Appendix A.2)...................................................................................25 

Figure 3.3. ADS implementations of GFET model. (a) Intrinsic GFET model, 

comprised of voltage controlled current source (SDD2P) and intrinsic 

capacitances. (b) Example scattering parameter simulation, where the 

intrinsic device is modeled with extrinsic contact resistances, pad 

capacitances and ports modeled. .......................................................28 

Figure 3.4. [43] DC model validation with strong agreement between simulation 

(solid lines) and measured data (symbols) at several values of gate bias 

VGS, for GFETs with length (a) 100 nm [44] and (b) 10 µm[45]. ..28 

Figure 3.5. [43] (a) Optical image of quartz GFET. (b) DC experimental and model 

data of pictured GFET (L = 500 nm). (c) Experimental and simulated 

small-signal current gain showing strong agreement with the extracted 

transit frequency ft = 2 GHz. (d) Output power as a function of input 

power. The inset is a screenshot of the oscilloscope showing frequency 

doubling behavior. ............................................................................29 

Figure 3.6. [46, 47] ID-VD profile of normalized current for GFET on flexible plastic 

substrate, demonstrating that the model is applicable to GFETs 

fabricated on novel substrate materials as well.................................30 



 xvi 

Figure 3.7.[43] Contact resistance parameter variation analysis. (a) Effect of 

normalized contact resistance on transconductance, normalized to the 

optimal transconductance (for a GFET with no contact resistance). (b) 

Contact resistance needed to achieve 80% of the optimal 

transconductance. (c) Current plotted as a function of VDS, demonstrating 

the obscuring effects of contact resistance on the negative differential 

resistance characteristic. (d) Drain-source conductance (dIDS/dVDS) for 

data from part (c). .............................................................................32 

Figure 3.8. [48]Modeled (a) current density and (b) transconductance for several 

values of contact resistance, demonstrating the inhibiting effects of 

parasitics including the distortion of the linear transconductance. ...33 

Figure 3.9.[43] Normalized current (a, b) and transconductance (c, d) revealing the 

impact of oxide scaling. The values are normalized to current and 

transconductance in the quantum capacitance limit (L = 1 μm).The 

dashed line indicates the Dirac voltage, VGS = VDS/2. ......................34 

Figure 3.10. [55] Plot of carrier density as a function of normalized position in the 

channel (left and bottom axes) and current as a function of the drain 

voltage (right and top axes). The hole and electron concentrations are 

plotted as a function of normalized position in the channel, where L is 1 

µm, with a gate bias of 0.5 V and a drain bias of 1 V. The current, 

normalized to device width, is plotted with a gate bias of 0.5 V. 

Saturation occurs at VDS = VGS, and is due here only to the electron/hole 

crossover observed previously, as the high-field saturation effects are 

negligible here.[22]  Regions of operation are indicated as sub-linear (I), 

saturation (II), and super-linear (III). ................................................36 



 xvii 

Figure 3.11. Plot with VDD = 0.5. (a) Plot of capacitance as a function of gate voltage, 

showing minimum capacitance at the Dirac point. (b) Plot of transit 

frequency as a function of gate voltage. The transit frequency is shown 

to be gate independent for large biases. ............................................38 

Figure 4.1. [56]Transport characteristics of an ideal FET frequency doubler 

possessing even-odd symmetry. (a) Standard frequency multiplier 

circuit. 𝑍𝑖𝑛 = 𝑅𝐿 = 50 Ω for RF/THz systems. The L and C networks 

are employed to route DC and AC signals separately. For an ideal FET, 

𝑅𝑐 = 0 Ω. (b) Parabolic even symmetry about the Dirac point. (c) Odd 

symmetry due to linear charge transport. ..........................................42 

Figure 4.2. [56]Performance of an ideal FET with even-odd symmetry.  (a) Maximum 

conversion efficiency as a function of normalized resistance. Equation 

4.6 (analytical) shows good agreement with rigorous harmonic balance 

(HB) simulation with differences ~15%. Using material constants 

similar to those found in graphene, the maximum conversion efficiency 

achieved yields go = 14.3, indicating that power gain is achievable with 

VDS = 0.5 V. (b) Output spectrum at gmax = go (Ro = 4 Ω , RL = 50 Ω) 

showing the exclusive presence of only even harmonics with perfect 

rejection of odd harmonics, a benefit of the even-odd symmetry of the 

ideal FET doubler. ............................................................................44 



 xviii 

Figure 4.3. Effect of gate bias away from the Dirac/minimum point. Matlab 

calculations performed in the absence of contact resistance, VDS = 1 V, 

for the ideal doubler. The product G = 0.01 S/V2. Input power is 10 

dBm. (a) Effect of varying gate voltage as observed in the time domain. 

(b) Spectrum for data in Figure 4.3.a. (c) Effects of varying gate voltage 

as a function of VGS. The minimum fundamental frequency is produced 

at VGS = 0. (d) Difference between curves to demonstrate the spectral 

purity (20 MHz output less the 10 MHz output) and conversion gain (20 

MHz output less the 10 MHz input) as a function of gate source voltage. 

(See Appendix A.3) ..........................................................................47 

Figure 4.4. Comparison between quantum capacitance limited GFET and the ideal 

frequency doubler. (a) ID-VGS characteristics that show the QC limited 

GFET behavior closely resembling that of the ideal doubler. (b) ID-VDS 

characteristics that show similarities in behavior for low VDS values.

...........................................................................................................48 

Figure 4.5. Effects of gate bias on doubling performance as simulated in Agilent 

ADS. The doubler quantity G is set to be equivalent to that of a quantum 

capacitance limited GFET of W/L = 20, mobility 500 cm2/V/s, and VDS 

= 1 V.(a) The ideal doubler, locally accurate around VGS = 0. (b) The 

finite capacitance GFET. (c) First harmonic suppression of the doubler 

and GFET, showing that the performance of both is the same. (d) 

Conversion gain of the doubler and GFET; the GFET CG is notably 

diminished compared to the ideal doubler. .......................................52 



 xix 

Figure 4.6. Effects of gate bias on doubling performance as simulated in Agilent 

ADS. (a) Time domain plot of output voltage for 5 different gate biases, 

clearly showing the contrast between the spectrally pure 2nd harmonic 

achieved at 0 V gate bias, and the amplified fundamental harmonic 

achieved for higher gate biases. (b) Output power at both the 

fundamental and 2nd harmonic as a function of gate bias. ................53 

Figure 4.7. Illustration of 5 discrete bias points on I-V curves to demonstrate 

crossover from rectifier to amplifying behavior. (a) IDS-VGS curve (VDS = 

1) showing points at the Dirac point (VGS = 0, black), and increasing VGS. 

(b) IDS-VDS curves for each distinct gate bias; the actual operating point is 

highlighted (again, VDS = 1), showing the transition from Region III 

operation (black, red), to Region II (blue), and finally for the largest gate 

biases, Region I (pink, green). ..........................................................53 

Figure 4.8. Effect of contact resistance on output signal. (a) Time domain plot of 

output voltage for 4 different contact resistances. (b) Output power at 

both the fundamental and 2nd harmonic as a function of contact 

resistance. ..........................................................................................54 

Figure 4.9. [57] The GFET on quartz of Chapter 3 is evaluated as a doubler by 

comparing (a) doubled output power and (b) conversion gain of the 

measured device with simulation, showing good agreement. The 20 

dB/decade slope is expected of ideal square-law ambipolar devices such 

as those described in Chapter 4.1. The GFET is biased at VDirac = 1.4 V 

and VDS = 2V. The input frequency is 10 MHz and the channel width and 

length are 50 𝜇𝑚  and 0.5 𝜇𝑚, respectively. ....................................55 



 xx 

Figure 4.10. Projected future work in integrated CMOS-GFET frequency sources. An 

on-chip CMOS frequency oscillator generates a sub-THz signal, which 

is then rectified by the on-chip GFET. The signal is propagated by a 

patch antenna, radiating to measurement equipment. .......................57 

Figure 4.11. Sample process flow for post-processing GFET circuitry onto standard 

CMOS chips. Graphene material is first transferred on top of the chip, 

and the sheet is etched to form the GFET. Contacts are deposited, and 

then the passivation layer is etched to connect the GFET to underlying 

metal contacts to connect the GFET to the rest of the circuit. (Figure 

courtesy of Maryam Mortazavi) .......................................................57 

Figure 5.1. Basic demodulating circuit including input bias and output capacitors. An 

output resistance of 8Ω is used to represent a typical speaker load. .59 

Figure 5.2. MATLAB calculations showing output for ideal doubler. The input 

modulated signal has a peak to peak voltage of 2 V. (a) Time domain 

and (b) frequency domain results, showing that the signal integrity is 

largely the same, but the doubler causes a reduction in output signal by 

over a factor of 10. ............................................................................60 

Figure 5.4. Input audio signal (top left corner) with three output demodulation 

scenarios. The modulated signal has an envelope voltage of 4 V peak-to-

peak, giving a “gain” 0.031 or approximately -30dB in the absence of 

contact resistance. .............................................................................62 

Figure 5.5. Effect of varying gate bias voltage on performance. (a) Time domain 

signal. (b) Spectrum of the signal. (c) Output power as a function of gate 

source voltage. ..................................................................................63 



 xxi 

Figure 5.6. Effect of varying contact resistance on performance. (a) Time domain 

signal. (b) Spectrum of the signal. (c) Output power as a function of 

contact resistance. .............................................................................64 

Figure 5.7. Measurement setup for characterization of the standalone GFET as a 

demodulator. .....................................................................................65 

Figure 5.8. Comparison of original and smoothed measured data, an ideal 2 kHz tone, 

and an ADS simulation of the circuit, at several different modulation 

frequencies.  The peak-to-peak voltage is less than 0.02 V, reducing the 

input signal by a factor of 50 (-34 dB). .............................................66 

Figure 6.1 (a) Geometry of a planar microstrip patch antenna, from [80]. (b) 

Geometry of a cylindrical-rectangular patch antenna, from [79]. ....71 

Figure 6.3. [68] (a) Measured change in resonant frequency when bending in the E-

plane. (b) Measured change in resonant frequency when bending in the 

H-plane, compared with theoretical prediction from Equation 6.1. .72 

Figure 6.4. Patch antenna. From www.emtalk.com/mpacalc.php. ........................75 

Figure 6.5. Optimized graphite patch antenna. (a) Patch antenna simulation in CST. 

(b) S-parameter response of antenna showing good match at both 2.4 

GHz and 5 GHz. ................................................................................77 

Figure 6.6. Far-field patterns for both (a) the primary resonance and (b) the secondary 

resonance. The primary resonance near 2.4 GHz is typical of patch 

antennas; however, the secondary resonance is due to an undesirable 

resonant cavity mode. .......................................................................77 



 xxii 

Figure 6.7. Time-domain simulated comparison of four different materials for patch 

antenna implementation in CST: an ideal perfect electric conductor 

(PEC), Copper (σ = 6E7), Graphite (σ = 2E5) and Graphene (σ = 2E3). 

(a) Gain as a function of material. (b) S11 as a function of material. 78 

Figure 6.8.  Illustration of bent antennas in CST. (a) Concave (positive) bend in patch 

antenna (bend radius of 29 mm). (b) Convex (negative) bend in patch 

antenna (bend radius of 18 mm). ......................................................79 

Figure 6.9.  S-parameters as a function of frequency for both nominal flat antenna and 

the antenna curved in the convex and concave directions. ...............79 

Figure 6.10. Shift in resonant frequency from nominal at (a) 2.45 GHz, with the grey 

lines indicating the edges of the ISM band frequency range, and (b) 

4.204 GHz. Large bending radius (120 mm) approximates a flat antenna.

...........................................................................................................80 

Figure 6.11. Reduction of gain induced by bending at (a) ISM band resonant 

frequency and (b) 4.2 GHz resonant frequency. Large bending radius 

(120 mm) approximates a flat antenna..............................................81 

Figure 6.12.  Example of fabricated antennas. (a) Front view, showing graphite 

antenna, with SMA feed soldered to copper feed. (b) Back view showing 

copper backing as a ground plane. ....................................................82 

Figure 6.13. Time-domain simulation using measured dimensions, compared with 

measured results. The resonant frequency shifts from 2.4 GHz in 

simulation to 2.32 GHz in measurement. The secondary resonance is at 

approximately 4.3 GHz for both measured and simulated. ..............82 



 xxiii 

Figure 6.14. Bending apparatus consisting of vice covered in RF absorbing film. The 

distance between the jaws is measured for each bend and used to 

calculate the bending radius and angle. ............................................84 

Figure 6.15. Scattering parameter measurements were performed under both (a) 

concave and (b) convex conditions. ..................................................84 

Figure 6.16. Scattering parameter measurements were performed under both (a) 

convex and (b) concave conditions. While the convex measurements are 

relatively stable, there is a large discrepancy from the nominal 

measurement to the concave measurements shown, likely due to a loose 

feed line. ............................................................................................85 

Figure 6.17. Shift in resonant frequency from nominal 2.4 GHz resonant frequency 

for (a) convex and (b) concave bending. As noted in Figure 6.16, the 

discrepancy in the concave measurements is likely due to a loose feed 

and not the intrinsic antenna. ............................................................86 

Figure 6.18. Meander line antenna as drawn and simulated in CST. There are 10 

“fingers”, each 0.1 mm wide with 0.25 mm spacing between lines. The 

lines extend 6 mm in length.  The metal lines all fit within a 1 cm x 1 cm 

area, allowing for fabrication using cleanroom processes. ...............87 

Figure 6.19. Meander line antenna simulated with copper and graphite materials.88 

Figure 7.1. Examples of published carbon radios. (a) Work by the UC Berkeley group 

on a radio comprised of a single CNT and a speaker, operating in a 

vacuum[90], and (b) work from the UC Irvine group using the CNT as 

the demodulator[91]. .........................................................................91 

Figure 7.2. Standard AM radio block diagram showing modulated and demodulated 

signals. From http://goo.gl/oHsTb. ...................................................92 



 xxiv 

Figure 7.3. Radio receiver block envelope detector. .............................................92 

Figure 7.4. Block diagram of carbon radio. ...........................................................93 

Figure 7.5. RF characterization of a flexible device with channel length 0.25 μm, 

measured at optimal bias conditions. (a) Current gain (H21) plotted to 

project transit frequency for both the device as measured (3.05 GHz) and 

de-embedded using open and short structures (25.2 GHz, projected). (b) 

Maximum available gain (MAG) plotted to calculate the maximum 

frequency for both the device as measured (0.85 GHz) and de-embedded 

(1.85 GHz). .......................................................................................95 

Figure 7.6. (a) Cross-sectional view of application of silver ink to graphite tape 

connection. (b) Photograph of fabricated transition. ........................96 

Figure 7.7. (a) Cross-sectional view of application of SMT component to graphite 

tape connection. (b) Photograph of fabricated inductor transition. ..97 

Figure 7.8. (a) Diagram of substrate connections (not to scale). Grey represents 

graphite sheet, blue is SMT parts, pink represents capacitors, and red is 

any instance of silver ink. The space for the GFET substrate is indicated 

by the outline. (b) Photograph of a fabricated substrate before GFET 

integration. ........................................................................................99 

Figure 7.9. (a) Layout of dummy structure that will be used to fabricate GFETs. The 

structure is roughly 2.5mm x 2.5mm. (b) Microscope view of integrated 

dummy substrate. (c) Image of final integrated system with dummy 

structure...........................................................................................100 



 xxv 

Figure 7.10. Proposed test setup for carbon radio. The modulated signal is produced 

by the previously described setup in (a), and then transmitted using a 

horn antenna (b). The modulated signal is then detected and 

demodulated by the radio in (c), which is biased using a simple power 

supply and alligator clips. The output of the radio is fed first to an 

oscilloscope to verify the signal (d), then can be adapted to RCA for 

audio output to a speaker (e). ..........................................................101 

Figure 7.11 (a) Waveforms of signal in[95], (b) schematic of driving circuit to 

prevent frequency doubling in [94]. ................................................104 

Figure 7.12. (a) Heat capacity for a CNT film as predicted by Arnold and Crandall 

(red) and by the new proposed model including thin film effects (black) 

[94]. .................................................................................................105 

Figure 7.13. Comparison of electroacoustic (EDGS) speaker and commercial earbuds 

(Sennheiser MX-400) from Ref[97]. The authors do not provide values 

for the y-axis. ..................................................................................106 

Figure B.1. Close-up of antenna showing connection from SMA feed to antenna.125 

Figure C.1. Comparison of exactly solvable model (velocity saturation 𝑣𝑠𝑎𝑡 is 

constant) with a model that assumes concentration dependent velocity 

saturation (𝑣𝑠𝑎𝑡 = ħΩħ𝜋𝑛).[22] Three values of ħΩ are used, 

corresponding to estimates found in three published works: 0.04 

eV,[105] 0.16 eV,[52] and 0.19 eV.[53] Qualitatively the curves are 

similar, with the exactly solvable model providing an upper bounds on 

the quantitative current values. .......................................................127 

Figure C.2. Cross-sectional view of GFET capacitor with equivalent circuit 

schematic.........................................................................................129 



 xxvi 

Figure C.3. Example simulation of GFET transistor. ..........................................130 



 1 

Chapter 1: Introduction  

Advancements in electronics and computing technology have largely been 

catalyzed by innovations in transistor technology. Over the past 60 years, decreases 

in gate channel length and increases in transistor density have closely followed the 

trends outlined by Gordon Moore[1], leading to reduced power consumption, 

increased computing ability, and faster transistors. However, the price for these 

advantages has been increased complexity and short channel effects: increased 

leakage currents, increased gate resistance, and others, which in turn diminish the 

advantages of continued scaling[2, 3]. Eventually, silicon CMOS (complementary 

metal–oxide–semiconductor) scaling as we know it may cease altogether in the 

presence of fundamental quantum limits, as transistors simply cannot be made 

smaller. Advancement in the face of this fundamental limit can be achieved by either 

the use of new materials, or novel circuit design methodologies that can counteract 

negative effects.  

Graphene is one such material that has been proposed to augment or replace 

CMOS technology in order to continue scaling trends[4]. The mono- or –few layer 

allotrope of carbon has gained traction as novel solutions in many applications, and 

has received much interest in the press due in part to the award of the Nobel Prize to 

its discovers in 2010. In the last 10 years, research interest in graphene (as well as 

other allotropes of carbon) has skyrocketed, as demonstrated by the publications and  
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Figure 1.1. Graphene and fullerene publications and patenting by year, compiled from 
Web of Science[5].  

 

patents published as a function of time (Figure 1.1). As interest in graphene 

research increased, work in graphene transistor technology has followed a similar 

exponential growth over the last several years (Figure 1.2).  

Graphene has been proposed for use in electronics, as the material exhibits 

very high mobility (as shown in Figure 1.3) [7], high saturation velocity[8], and high 

current handling capabilities[9]. Additionally, graphene is mechanically flexible and 

surface agnostic, making it an ideal candidate for flexible nanoelectronics.  
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Figure 1.2. Number of papers published under the search terms "graphene" and 
"graphene transistor" by year, compiled from Web of Science[6]. 
 

 

Figure 1.3. Mobility comparison for flexible FETs made from pentacene, zinc oxide 
thin film, carbon nanotube thin film, Silicon nanoribbon, Gallium Arsenide nanowire, 
Indium Arsenide Thin film, and graphene [Courtesy of Jongho Lee, from IEDM 2012]. 
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Graphene FET (GFET) performance at hundreds of GHz has been  previously 

reported [10], with transit frequencies predicted to reach the THz range[11]. 

Transistor RF performance can be characterized by two metrics: transit frequency ft, 

defined as the frequency of unity current gain (H21), and maximum frequency fmax, 

defined as the frequency of unity power gain, generally the frequency at which 

Mason’s unilateral power gain U goes to unity. Transit frequency, as in traditional 

CMOS FETs, can be calculated as 

𝑓𝑡 =
𝑔𝑚

2𝜋𝐶𝑔𝑔
 (1.1) 

where Cgg is the total gate capacitance. However, source and drain parasitic series 

resistances can contribute additional resistance and capacitance terms, decreasing 

the overall transit frequency[12]. The maximum frequency fmax can be calculated 

as[13] 

𝑓𝑚𝑎𝑥 =
𝑓𝑡

2√𝑔𝑑𝑠(𝑅𝑔 + 𝑅𝑑𝑠) + 2𝜋𝑓𝑡𝑅𝑔𝐶𝑔𝑔

 
(1.2) 

where gds is the drain-source conductance, Rg is the gate resistance, Rds is the drain-

source resistance, and Cgg is the total capacitance at the gate. The ultimate GFET 

transit frequency has been predicted to approach 21 THz as the channel length 

approaches 1 nm[13], but this channel length is not achievable in CMOS today. In 

order to draw a comparison to existing CMOS technology, intrinsic transit 

frequencies over 1 THz have been predicted for channel lengths as high as 50 nm, 

exceeding CMOS transit frequency by over a factor of 2[14]. However, achievement 
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of these high transit frequencies in realized devices have been hindered due to high 

parasitics, especially contact resistance (Figure 1.4). Additionally, the lack of a 

consistent saturation characteristic in the GFET has introduced great difficulty in 

achieving power gain at high frequencies. 

Though the maximum frequency for graphene is currently lower than those of 

competing technologies, existing graphene transistors are still useful for applications 

at moderate RF frequencies, below 10 GHz. With graphene demonstrated in flexible 

electronics as well as RF circuits, novel applications such as flexible cell phones, 

internet capable plastic e-paper, and similar futuristic technologies may one day be 

possible.  

 

 

Figure 1.4. Reported cutoff and maximum frequency for graphene transistors, until 
2012 (from Ref [6]). Though transit frequency (ft) has proven to be competitive with 
existing technologies and is predicted to exceed current technologies, the frequency 
of unity power gain (fmax) lags behind that of other technologies.  
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As research matures, compact modeling is needed to pave the way for future 

advancement in graphene circuit development. Models must be able to predict device 

and circuit level results from basic physics, while still maintaining calculation speed 

and being accurate for multiple transistor simulations. These models may build on 

existing numerical and self-consistent models, but should be implementable in a 

standard circuit simulator. 

The compact model can then be leveraged to simulate and design graphene 

circuits. While the GFET is thought to be promising for implementing existing RF 

circuits such as amplifiers and mixers, the device also has unique characteristics that 

may be leveraged to create entirely new topologies that are not possible in standard 

CMOS technology. The proposal and implementation of these new topologies will 

serve to advance the state of the art. Additionally, if the mechanical advantages of 

graphene can be leveraged, an entirely new type of electronics technology can be 

realized.  
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1.1 Overview 

In this dissertation we describe the author’s contributions to graphene compact 

modeling and circuit level research. The realization of a compact model, implemented 

in Agilent ADS, was motivated by the need to accurately and quickly model graphene 

device physics in a circuit simulator, to both compare to measured devices as well as 

predict new behaviors and the effects of parasitic reduction. Our implementation is 

not only closed form and implementable as a simple current equation, but also 

includes the effects of quantum capacitance at high and low voltages, which is an 

improvement upon existing modeling solutions. This modeling work paves the way 

for the development of an integrated carbon radio on flexible substrate. To preface 

the application work described in later chapters, we detail the theoretical behavior 

and simulation of the GFET used as both a frequency doubler and a demodulator. 

In order to further motivate graphene systems research, components beyond 

transistor devices should be fabricated in the same technology. To this end, we 

explore flexible planar carbon antennas that can be compatible with roll-to-roll 

fabrication techniques. Recently graphene transistors have been fabricated on 

flexible substrates and shown to withstand stress testing conditions such as substrate 

flexion and immersion in liquids[15]. Further work on developing a standalone, 

integrated high frequency circuit on the same material, exhibiting the same insulation 

from environmental conditions, would further motivate research in graphene 

nanoelectronics, especially on flexible substrates. Here, we demonstrate a test 
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prototype for a complete carbon radio circuit implemented on polyimide substrate. 

The key components are implemented in graphite and graphene material, and the 

finished product is compact and flexible. We demonstrate for the first time the GFET 

as a demodulator, as well as the first successfully demonstrated graphite antenna for 

GHz frequencies. 

1.2 Outline 

This report is organized as follows. Chapter 2 discusses basic graphene physics 

that serves as a foundation for the following chapters, as well as the current state of 

the art in graphene model development. In Chapter 3 we describe our compact 

graphene model for use in circuit simulation. Our model improves on the 

aforementioned models in two ways: first, we include the effects of quantum 

capacitance over the full range of surface potentials, from Dirac point (0 V potential) 

to high voltages (where amplifying behaviors are strongest). Second, this model is 

compact, closed form, and easily integrable in a circuit-level simulator (here, we have 

chosen Agilent ADS). The model is demonstrated by fitting both DC and RF data, from 

externally fabricated devices as well as devices fabricated at the Microelectronics 

Research Center at The University of Texas. Parameter variations and predictive 

analyses are included to demonstrate the intrinsic nature of the device. A quantum-

capacitance limited case is additionally examined, to set upper bounds on 

performance expectations and illustrate the intrinsic nature of the GFET.  
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In Chapters 4 and 5 we present detailed analysis of the GFET for two novel circuit 

applications. In Chapter 4, we present theoretical work on the fundamental nature of 

frequency doubling behavior, including comparisons between the ideal doubler and 

graphene devices. This is followed by our proposal introducing a hybrid CMOS-

graphene oscillator, to pave the way for on-chip frequency generation exceeding 

current standalone-CMOS capabilities. In Chapter 5, we discuss the feasibility of using 

the GFET as an amplitude-modulation demodulator including simulations of an ideal 

demodulator, as well as exploration of the effects of contact resistance and parasitics. 

Both these chapters include comparisons between simulation and measured data on 

transistors fabricated at the Microelectronics Research Center, with all RF 

measurement work performed by the author.  

In Chapter 6 we discuss our implementation of a flexible planar carbon antenna 

for ISM band (2.45 GHz) applications, with a thorough review of previously published 

flexible antennas and carbon antennas. We explore the effects of deformation and 

curvature on antenna performance to better elucidate the feasibility of the graphite 

antenna in flexible electronics. In Chapter 7, we propose a flexible carbon radio, with 

all components (antenna, interconnects, passives and GFET demodulator) integrated 

together on a flexible polyimide surface. This work will motivate further research in 

plastic nanoelectronics by demonstrating for the first time a complete planar carbon 

circuit is implemented on a flexible substrate, with the finished product no larger than 
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today’s mobile phones. Chapter 8 summarizes our accomplishments and highlights 

conclusions drawn from our work, with suggestions for furthering these results. 

  



 11 

Chapter 2: Graphene Device Physics and Prior Art 

In this chapter, we discuss the fundamental physics governing graphene 

device behavior and current state of the art. Fundamental device physics is examined 

to serve as a foundation for the following chapters. This is followed by a discussion of 

prior work in modeling, to illustrate the motivation for this work and also show 

current gaps in fundamental understanding of graphene transistor technology. 

2.1 Graphene Device Physics 

Graphene, a semi-metal allotrope of carbon, is a 2-dimensional planar 

material. In this work, we examine the behavior of mono-layer and few-layer 

graphene materials. The physical properties of the material are largely dictated by 

the band structure, shown in Figure 2.1. The band structure describes the allowable 

energy values that an electron may have within the material: below the conduction 

band, but above the valence band. 

At the K point, we observe that the conduction and valence bands touch, which 

gives the material its semi-metal properties. At this point, the electrons are effectively 

massless, leading to high mobility values. Unfortunately, the equations describing the 

full band structure are not compact, so that the nearest neighbor tight-binding 

approximation is applied to describe the band structure close to the K point, where 

the mobility is highest [17]: 
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Figure 2.1. Adapted from [16]. Ab-initio band structure of graphene (energy 
normalized to EF). Fermi energy (EF) and the valence band for values less than EF.  

 

𝐸(𝒌)± = ±𝛾√1 + 4 cos
√3𝑎

2
𝑘𝑥 cos

𝑎

2
𝑘𝑦 + 4 cos2

𝑎

2
𝑘𝑦 (2.1)  

where a is the atom-to-atom length in carbon, 1.42 Å, and k is the wave vector. The 

approximation is locally accurate, as the tight-binding formulation reduces the 

complexity of the relationships by assuming that only an atom’s “nearest neighbor” 

affects the atom itself. This formulation allows us to plot the dependence of energy on 

the 2D wave-vector (Figure 2.2.a). The plot indicates that at the 6 K-points (also 

referred to as Dirac points), the conduction band and valence band contact.   

We can further simplify the relationship between energy and the wave-vector 

by looking closer at the Dirac points. At these points, the dispersion relation can be 

approximated as the tip of a cone (Figure 2.2.b), or approximately 
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Figure 2.2. Nearest neighbor tight-binding formulation for graphene band-structure 
(Energy normalized to EF), adapted from [18]. (a) Plot of energy vs. 2D wave vector. 
(b) “Dirac cone” showing linear behavior near the Dirac points. 
 

𝐸(𝒌)𝑙𝑖𝑛𝑒𝑎𝑟
± = ±ℏ𝑣𝑓|𝒌| = ±ℏ𝑣𝑓√𝑘𝑥

2 + 𝑘𝑦
2 (2.2) 

where ℏ is the reduced Planck’s constant and 𝑣𝑓 is the Fermi velocity, with the wave 

vector k decomposed into the x and y directions. This expression has been 

experimentally demonstrated up to ±0.6 eV[19]. Analytically it can be shown that the 

approximation is within 10% of the ab-initio formulation for values up to 3 eV and 

exceeding 6 eV, depending on the specific wave vector (Figure 2.3). Figure 2.4 shows 

that, at the most pessimistic, the Dirac Cone model is within 10% accuracy to within 

10% of the normalized wave vector, and can be accurate for higher values. 
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Figure 2.3. Comparison of ab-initio and linear dispersion relation formulations as 
functions of the wave-vector. (a)and (b) show surface density plots of the Ab Initio 
and Dirac Cone solutions, respectively, with (c) and (d) displaying the same data in 
3D form. 
 
 

This dispersion relation is used to calculate the density of states g(E), which 

describes the occupied Bloch states per energy differential.  The density of states 

(DoS) can be calculated, based on the Dirac cone model, as follows[17] 

 

𝑔(𝐸) =
2

𝜋
|𝑘

𝑑𝑘

𝑑𝐸
| =

2

𝜋(ℏ𝑣𝑓)
2 |𝐸| (2.3) 

where the DoS is 0 at the Fermi-Dirac energy EF.  
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Figure 2.4. Error calculation showing how the Dirac Cone solution diverges from the 
Ab Initio solution.  
 
The Fermi-Dirac distribution is given by  

𝑓(𝐸𝐹) =
1

1 + 𝑒(𝐸−𝐸𝐹)/𝑘𝐵𝑇 
 (2.4) 

where 𝑘𝐵 is Boltzmann’s constant and 𝑇 is temperature in Kelvins. The 

Fermi-Dirac distribution is given by  
 

𝑛 = ∫ 𝑔(𝐸)𝑓(𝐸𝐹)𝑑𝐸
𝐸𝑚𝑎𝑥

0

 (2.5) 

where Emax can be set to infinity to account for all energy levels.  In this scenario, we 

can derive[17] 

𝑛 =
2

𝜋
(

𝑘𝑇

ℏ𝑣𝐹
)

2

𝐹1 (
𝐸𝐹

𝑘𝐵𝑇
 ) (2.6) 
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Where the Fermi-dirac integral of order 1 (F1) can be rewritten as an alternate 

definition of the dilogarithm Li2 as[20]   

𝐹1 (
𝐸𝐹

𝑘𝐵𝑇
 ) =  −Li2 (− exp

𝐸𝐹

𝑘𝐵𝑇
) (2.7) 

The dilogarithm is a power series and lacks a closed form expression. Thus numerical 

calculation is required if the full Fermi-Dirac function is used to calculate the carrier 

density.  

2.2 Prior GFET Modeling Work 

 In this section we will elucidate previous work in graphene device compact 

modeling. In the technology’s infancy, high-field and velocity saturation effects were 

excluded from device models. For example, in Kim, et al [21], the authors calculate 

the total contact resistance to be  

𝑉𝐷𝐷

𝐼𝐷
= 𝑅𝑡𝑜𝑡 = 𝑅𝑐 +

𝑊

𝑞𝐿𝜇√𝑛0
2 + 𝜋𝑛 (

𝐶𝑉𝐺𝑆

𝑞
𝑞

ℏ𝑣𝐹
)

2

 
(2.x) 

where the contact resistance Rc, width and length W and L, and mobility 𝜇 are 

functions of the device, and q is the magnitude of the charge of an electron, 1.6x10-19 

C. Here, n represents the impurity concentration, with n0 being the intrinsic impurity 

concentration, ideally 0. In Meric et al[22], the authors approximate the intrinsic 

carrier concentration to be equal to 𝐶𝑉𝐺𝑆/𝑞 where C is the gate capacitance and VGS is 

the applied gate-source voltage normalized to the Dirac voltage. The effects of 

quantum capacitance are ignored due to the small back gate capacitance value. The 
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intrinsic carrier concentration is combined with the minimum carrier concentration, 

dictated by impurities and other imperfections, as  

𝑛𝑡𝑜𝑡 = √𝑛0
2 + ([𝐶𝑏𝑎𝑐𝑘𝑉𝑔𝑠,𝑏𝑎𝑐𝑘 + 𝐶𝑡𝑜𝑝𝑉𝑔𝑠,𝑡𝑜𝑝]/𝑞)

2
  (2.8) 

with the back and top gate quantities denoted as such. The current is then calculated 

from the carrier density from the charge-sheet model of the MOSFET[23] by 

evaluating the integral 

𝐼𝐷𝑆 =
𝑊

𝐿
∫ 𝑞𝑛(𝑥)𝑣𝑑𝑟𝑖𝑓𝑡(𝑥)𝑑𝑥

𝐿

0

 (2.9) 

Where the carrier drift velocity is approximated as 

𝑣𝑑𝑟𝑖𝑓𝑡(𝑥) =
𝜇𝐸

1 + 𝜇𝐸/𝑣𝑠𝑎𝑡
 (2.10) 

where 𝜇 is the low field mobility (assumed equal for both holes and electrons), E is 

the electric field in the channel, and 𝑣𝑠𝑎𝑡  is the saturation velocity, calculated as  

𝑣𝑠𝑎𝑡 = 𝑣𝑓

ℏΩ

𝐸𝐹
 (2.11) 

except near the Dirac point. Here, ℏΩ represents the phonon energy. The full 

expression as discussed in the supplement to [22] is 

𝐼𝑑𝑠 =

𝑊
𝐿

𝑞𝜇 ∫ √𝑛𝑖
2 + (

[𝐶𝑏𝑎𝑐𝑘𝑉𝑔𝑠,𝑏𝑎𝑐𝑘 + 𝐶𝑡𝑜𝑝𝑉𝑔𝑠,𝑡𝑜𝑝]
𝑞

)

2

 𝑑𝑉
𝑉𝑑𝑠−

𝐼𝑑𝑠𝑅𝑐
2

𝐼𝑑𝑠𝑅𝑐
2

1 +
𝜇(𝑉𝑑𝑠 − 𝑅𝑐𝐼𝑑𝑠)

𝐿𝑣𝑠𝑎𝑡

 

 

(2.12) 
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which is a transcendental equation and must be solved iteratively. The model is then 

implemented in Verilog-A for simulation[24]. This modeling method does not 

distinguish between electron and hole behavior, prohibiting ambipolar simulation 

and only allowing the FET to operate in p-type or n-type mode. 

In Thiele et al[25], the quantum capacitance is included in calculations, using 

an approximation. The quantum capacitance, a capacitance contributed by the 

density of states[26], is expressed as[27]  

𝐶𝑄 =
2𝑞2𝑘𝐵𝑇

𝜋ħ2𝑣𝑓
2 ln 2(1 + cosh

𝑞𝜑𝑠

𝑘𝐵𝑇
)   (2.13) 

For large values of 𝜑𝑠, 𝐶𝑄 can be approximated as 

𝐶𝑄 ≈
2𝑞2

𝜋ħ2𝑣𝑓
2 𝑞𝜑𝑠 (2.14) 

And the authors approximate the carrier density as   

𝑛 = |
1

2

 𝐶𝑄𝑉𝑐ℎ

𝑞
| (2.15) 

to calculate the current as  

𝐼𝑑𝑠 =
𝑞𝜇𝑊 ∫ 𝑛𝑑𝑉

𝑉𝑑𝑠

0

𝐿 − 𝜇 ∫
1

𝑣𝑠𝑎𝑡

𝑉𝑑𝑠

0
𝑑𝑉

 (2.16) 

Where the velocity saturation model is updated from that used in [22] to account for 

the behavior near the Dirac point (See Appendix C.2): 

𝑣𝑠𝑎𝑡 =
Ω

(𝜋𝑛)0.5+𝐴𝑉2(𝑥)
 (2.17) 
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Again, this model must be solved numerically or with an iterative solver. In this work, 

circuit parameters such as transconductance gm and transit frequency ft are 

calculated as functions of voltage, carrier density, and gate length. 

 These works were only used to benchmark long-channel devices; as shorter 

channels became of interest, additional effects are included. In [28], Thornber’s 

equation[29] is used to more accurately account for high field effects, 

𝑣 =
𝜇𝐸

(1 + (
𝜇𝐸

𝑣𝑠𝑎𝑡
)

𝛽

)

1/𝛽

 

 
(2.18) 

where 𝛽 is a fitting parameter commonly equal to 2 for graphene. 

 The authors Jiménez and Moldovan have produced several similar works with 

a greater focus on the circuit properties of the devices[30, 31]. One additional 

contribution from the authors [32] is the calculation of intrinsic capacitances using 

the Ward-Dutton linear partition scheme[33]. However, these equations, like the 

current-voltage equations presented, are not compact and closed form. 

 Other published models include several compact models [34-36], and a virtual 

source model by Wang, et al[37]. The former models bear a close resemblance to the 

Meric, et al, and Thiele & Schwierz models, though they contribute novel results 

including position dependence[34], scattering parameter simulations and smith 

charts[35], and SPICE compatibility[36]. The latter model is based on the semi-

empirical physics-based virtual source method[38]. Still further models seek to 



 20 

include the effects of traps[39], or examine an electromagnetic[40] model. None of 

the models include the full effects of quantum capacitance.  

 These works can be summarized in Table 2.1. In summary, the models 

discussed have had varying degrees of compactness – none of the equations 

describing drain-current dependence on voltage can be rewritten as analytical, closed 

form equations. Additionally, some of the models are not appropriate for modeling 

ambipolar behavior, and many may not extend to RF circuits without implementation 

of capacitance models. Finally, none of the models include accurate expressions for 

the quantum capacitance; if the quantity is included it is approximated for high 

voltages, a further weakness for simulation near the Dirac point where ambipolar 

behavior occurs. 

Table 2.1. Summary of past GFET modeling works. 

Work 
Quantum 
Capacitance? 

Compact? Implementation 

Meric et al, 2008[22, 24] No Yes Iterative Verilog-A 
Thiele et al, 2010[25] Linear approximation No Iterative Numerical 
Wang et al, 2011[37] No Yes Iterative Virtual Source 

Jiménez, 2011[30-32] Linear approximation No Numerical 

Scott & LeBurton, 2011[34] No No Numerical 
Habibpour et al, 2012[35] No No Numerical 
Henry & Das, 2012[36] No Yes Verilog-A 
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Chapter 3: Compact Model of a Graphene FET 

Figure 3.1 illustrates a cross section of the standard, top-gated GFET device 

(Figure 3.1.a), as well as the intrinsic capacitive divider in the channel (Figure 3.1.b), 

and a compact circuit model of the device, including intrinsic capacitance Cgs and Cgd, 

transconductance gm, and drain-source conductance gds (Figure 3.1.c). Parasitics such 

as pad capacitances, gate resistance Rg, and contact resistance Rc are modeled 

externally to the intrinsic device and are not included in the following equations.   

 

Figure 3.1. [46] (a) Cross section of the modeled GFET. (b) Two-terminal capacitive 
divider model of the graphene channel, considering both the oxide and quantum 
capacitances (Cox and Cq, respectively). (c) Compact model of GFET; the intrinsic 
model is enclosed within the dashed lines. 
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The quantum capacitance is represented as[27]   

𝐶𝑞 =
2𝑞2𝑘𝐵𝑇

𝜋ħ2𝑣𝑓
2 ln 2(1 + cosh

𝑞𝜑𝑠

𝑘𝐵𝑇
)   (3.1) 

The quantum capacitance affects the low surface potential operation, where 

the value is comparable to the oxide capacitance of typical devices. However, when 

calculating the surface potential 𝜑𝑠 from the capacitive divider from Figure 3.1.b: 

𝜑𝑠(𝑥) =
𝐶𝑜𝑥

𝐶𝑜𝑥 + 𝐶𝑞(𝜑𝑠)
(𝑉𝐺𝑆 − 𝑉𝐶𝐻) (3.2) 

the expression is transcendental due to the dependence of 𝜑𝑠on 𝐶𝑞 and vice versa. 

The expression must be solved numerically or approximated in order to calculate the 

resulting potential, which in turn will be used to calculate the current. 

 

3.1 Model Derivation 

3.1.1 Preparation 

In our formulation, we use the charge-sheet model[23], previously used by 

Meric[22]. The drain current in an intrinsic graphene FET is known to be 

𝐼𝐷𝑆 =  𝑞
𝑊

𝐿
∫ 𝑛(𝑥)𝑣𝑑𝑟𝑖𝑓𝑡(𝑥)𝑑𝑥

𝐿

0

 (3.3) 

where q is the charge of an electron, W and L are the width and length respectively, 

𝑛(𝑥) is the carrier density in the device as a function of position in the channel 𝑥, and 
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𝑣𝑑𝑟𝑖𝑓𝑡(𝑥) is the drift velocity, a function of channel length, velocity saturation, and 

mobility. The carrier density is calculated from the Fermi-Dirac function as [17] 

𝑛 = 𝑛𝑖𝑚𝑝 −
2

𝜋
(

𝑘𝐵𝑇

ℏ𝑣𝑓
)

2

(Li2 [−𝑒
𝑞𝜑𝑠
𝑘𝐵𝑇] + Li2 [−𝑒

−
𝑞𝜑𝑠
𝑘𝐵𝑇]) (3.4) 

Where 𝑛𝑖𝑚𝑝 is the impurity concentration, ℏ is the reduced Planck’s constant, kB is 

Boltzmann’s constant, T is temperature in Kelvin, and 𝑣𝑓 is the Fermi velocity (~108 

cm/s). The function Li2 is the dilogarithm function, with the two terms accounting for 

electrons and holes, respectively. The dilogarithm satisfies the identity[41] 

Li2(𝑧) + Li2 (
1

𝑧
) = −

𝜋2

6
−

1

2
ln2(−𝑧) (3.5) 

Assuming symmetrical electron and hole mobilities, this expression enables us to 

simplify Equation 3.5 to 

𝑛 = 𝑛𝑖𝑚𝑝 +
2

𝜋
(

𝑘𝐵𝑇

ℏ𝑣𝑓
)

2

(
𝜋2

6
+

1

2
ln2 𝑒

𝑞𝜑𝑠
𝑘𝐵𝑇) (3.6) 

𝑛 = 𝑛𝑖𝑚𝑝 +
𝜋

3
(

𝑘𝐵𝑇

ℏ𝑣𝑓
)

2

+
1

𝜋
(

𝑞𝜑𝑠

ℏ𝑣𝑓
)

2

 (3.7) 

Thus Equation 3.3 simplifies further to 

𝐼𝐷𝑆 =  𝑞
𝑊

𝐿
∫ (𝑛𝑜 +

(𝑞𝜑𝑠(𝑥))
2

𝜋ħ2𝑣𝑓
2 )

𝜇𝐸

√(1 + (
𝜇𝐸

𝑣𝑠𝑎𝑡
)

2

)

𝑑𝑥
𝐿

0

 
(3.8) 

where E is the transverse field VDS/L, 𝜇 is the low-field mobility, and no  is the sum of 

the impurity concentration and intrinsic concentration (~1.6 x 1011 cm-2). Here, we 
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use Thornber’s equation with a fitting parameter of 2 for the velocity saturation 

model[29], and a constant saturation velocity (see Appendix C.2 for further 

discussion of velocity saturation models).  Equation 3.8 simplifies further to 

𝐼𝐷𝑆 =  𝑞
𝑊

𝐿

𝜇

√(1 + (
𝜇𝑉𝐷𝑆

𝐿𝑣𝑠𝑎𝑡
)

2

)

∫ (𝑛𝑜 +
(𝑞𝜑𝑠(𝑉𝑐ℎ))

2

𝜋ħ2𝑣𝑓
2 ) 𝑑𝑉𝑐ℎ

𝑉𝐷𝑆

0

 
(3.9) 

3.1.2 Analytic Approximation for the Quantum Capacitance and Drain Current  

In order to find a compact, closed form expression for the drain current, the 

surface potential must be found as a function of the gate-source voltage. In Chapter 2, 

we highlighted the previous method of estimating the quantum capacitance for 

sufficiently high surface potentials as [25] 

𝐶𝑄,𝑙𝑖𝑛 ≈ 2𝛽(𝑞𝜑𝑠) (3.10) 

where 𝛽 =
𝑞2

𝜋ħ2𝑣𝑓
2.  However, this method neglects the non-zero value of Cq at the Dirac 

(zero surface potential) point. At 𝜑𝑠 = 0, 𝐶𝑄𝑖 =
2𝑞2𝑘𝐵𝑇 

𝜋ħ2𝑣𝑓
2 ln 4 ≈8.426 fF/μm2. To account 

for this non-zero charge, we can include the low-potential capacitance in a quasi-

quadratic mean expression:  

𝐶𝑄 ≈ 𝐶𝑄𝑖√1 + (
𝑞𝜑𝑠

𝑘𝐵𝑇 ln 4
)

2

 (3.11) 

The accuracy of this improved model is demonstrated in Figure 3.2. While the 

linear approximation approaches the actual quantum capacitance for high voltages, 
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near the Dirac voltage, where 𝜑𝑠 = 0, the inaccuracies are large. For the square root 

model, the model has <10% error for all voltage sweeps, though the minimum error 

for high voltages is not negligible. 

 

Figure 3.2. Quantum capacitance as a function of surface potential, for Cox = CQi. (See 
Appendix A.2) 
 

With this simplified expressions for 𝐶𝑄, we can now derive the surface potential as a 

function of the gate voltage. Here we define 𝛼 =
𝐶𝑜𝑥

𝐶𝑞𝑖
, 𝛾 =

𝑞

𝑘𝐵𝑇 ln 4
, so that we can 

rewrite the above expressions as  

𝜑𝑠 =
𝛼

𝛼 + √1 + (𝛾𝜑𝑠)2
(𝑉𝐺𝑆 − 𝑉𝐶𝐻) (3.12) 

For the linear approximation, we can use Equation 3.10 to readily solve for the surface 

potential as: 

𝜑𝑠,𝑙𝑖𝑛 = 𝑠𝑖𝑔𝑛(𝑉𝐺𝑆)
 −𝛼 ±  √𝛼2 + 4𝛼𝛾|𝑉𝐺𝑆|

2𝛾
 (3.13) 
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where 𝛼 =
𝐶𝑜𝑥

𝐶𝑞𝑖
 and 𝛾 =

𝑞

𝑘𝐵𝑇 ln 4
. However, the solution for our proposed square-root 

approximation requires a Taylor series expansion. By simplifying Equation 3.12, we 

can derive  

𝜑𝑠
2(𝛼2 + 2𝛼√1 + (𝛾𝜑𝑠)2 + 1 + (𝛾𝜑𝑠)2) − 𝛼2𝑉𝐺𝑆

2 = 0 (3.14) 

The small value approximation, or Taylor expansion, of the square root terms, is  

2𝛼√1 + (𝛾𝜑𝑠,𝑠𝑞𝑟𝑡)
2

= 2𝑎 + 𝑎 ln 2 (𝛾𝜑𝑠,𝑠𝑞𝑟𝑡)
2

 , simplifying Equation 3.14 to 

(𝛼 ln 2 + 1)𝛾2𝜑𝑠
4 + (𝛼 + 1)2𝜑𝑠

2 − 𝛼2𝑉𝐺𝑆
2 = 0 (3.15) 

Which has a solution of 

𝜑𝑠
2 =

−(𝛼 + 1)2 +  √(𝛼 + 1)4 + 4(𝛼 ln 2 + 1)𝛾2𝛼2𝑉𝐺𝑆
2

2(𝛼 ln 2 + 1)𝛾2
 (3.16) 

When we use this expression evaluate Equation 3.8, we eventually derive the current 

to be 

𝐼𝐷𝑆 =  𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓 (𝑛𝑖𝑉𝐷𝑆

+ (
(𝛼 + 1)2(𝑘𝐵𝑇 ln 4)2

4𝜋ħ2𝑣𝑓
2(𝛼 ln 2 + 1)

(−2𝑉𝐷𝑆 + 𝑉𝐷𝐺√1 + 𝛿2𝑉𝐷𝐺
2

+ 𝑉𝐺𝑆√1 + 𝛿2𝑉𝐺𝑆
2

+
asinh 𝛿𝑉𝐷𝐺 + asinh 𝛿𝑉𝐺𝑆

𝛿
)) ) 

(3.17) 

where 𝜇𝑒𝑓𝑓 =
𝜇

√(1+(
𝜇𝑉𝐷𝑆
𝐿𝑣𝑠𝑎𝑡

)
2

)

 , 𝛽 =
𝑞2

𝜋ħ2𝑣𝑓
2 and 𝛿 =

2𝛼√(𝛼 ln 2+1)

(𝛼+1)2

𝑞

𝑘𝐵𝑇 ln 4
. 
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 This closed form expression offers several advantages over numerical 

solutions. First, it is computationally efficient in comparison to previous expressions. 

Additionally, it is easily implemented in a number of circuit simulators with little to 

no low-level code needed. Finally, the expression is useful in obtaining closed form 

expressions of circuit parameters such as transconductance gm, drain-source 

conductance gds, and derivative quantitities, as well as examining limits such as the 

case of very large oxide capacitance (𝛼 →  ∞, discussed in Chapter 3.4).  

3.1.3. Implementation  

This model is implemented in Agilent Advanced Design System (ADS), an 

industry standard electronic design simulation tool. The drain current expression in 

Equation 3.17 is implemented as a voltage-controlled current source (VCCS), with 

intrinsic capacitance Cgd and Cgs implemented as extrinsic components within the 

intrinsic model (Figure 3.3.a). Currently the model uses a simple model for the 

capacitance calculations, Cgs = Cgd = Cox/2; this partition of oxide capacitance is also 

used to calculate triode-regime intrinsic capacitances in MOSFETs[42]. Extrinsic 

contact resistances, as well as pad capacitances, substrate losses, and other parasitic 

components, can readily be implemented extrinsically as shown in Figure 3.3.b. The 

implementation in ADS enables time-domain (DC and AC), scattering parameter, 

harmonic balance, and other simulations as well as integration with other 

technologies and components. 
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Figure 3.3. ADS implementations of GFET model. (a) Intrinsic GFET model, comprised 
of voltage controlled current source (SDD2P) and intrinsic capacitances. (b) Example 
scattering parameter simulation, where the intrinsic device is modeled with extrinsic 
contact resistances, pad capacitances and ports modeled.  
 

3.2 Validation 

The model is first validated by comparing against DC data from two published 

devices, both a long- and short-channel device. Good agreement is observed, and the 

model matches well with saturation behavior  for both short (Figure 3.4.a) and long 

(Figure 3.4.b) devices.  

 
Figure 3.4. [43] DC model validation with strong agreement between simulation 
(solid lines) and measured data (symbols) at several values of gate bias VGS, for 
GFETs with length (a) 100 nm [44] and (b) 10 µm[45].  
 

Additionally, we have measured and simulated a GFET-on-quartz device 

fabricated at the Microelectronics Research Center (Figure 3.5.a). The DC data shows 
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good agreement with simulation, in spite of asymmetrical electron and hole 

mobilities (Figure 3.5.b). The measured small signal current gain H21 (Figure 3.5.c) 

also shows good agreement with the results of scattering parameter simulations. 

Finally, a harmonic balance simulation is performed, and the model behavior fits well 

with the measured power data. All RF simulation data in this work was acquired by 

the author personally in measurement, as detailed in Appendix B. 

 

Figure 3.5. [43] (a) Optical image of quartz GFET. (b) DC experimental and model data 
of pictured GFET (L = 500 nm). (c) Experimental and simulated small-signal current 
gain showing strong agreement with the extracted transit frequency ft = 2 GHz. (d) 
Output power as a function of input power. The inset is a screenshot of the 
oscilloscope showing frequency doubling behavior.  
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The model also demonstrates compatibility with flexible substrates, as shown 

in Figure 3.6. The ID-VD characteristics of a GFET on polyimide substrate are 

measured, and our model provides a good match with the data including saturation 

characteristics. 

 

Figure 3.6. [46, 47] ID-VD profile of normalized current for GFET on flexible plastic 
substrate, demonstrating that the model is applicable to GFETs fabricated on novel 
substrate materials as well.  
 

3.3 Analysis and Results 

3.3.1 Contact Resistance Variation 

These two device models have been can be used in a variety of parameter 

variation analyses to quantify the effects of device parameters, both intrinsic and 

extrinsic [43, 48]. Figure 3.7 demonstrates the effects of varying contact resistance. 

Figure 3.7.a shows the contact resistance (normalized to width) required to approach 

the highest achievable transconductance provided by an ideal device. Figure 3.7.b  
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quantifies the channel resistance required to achieve 80% of the highest achievable 

transconductance, as a function of channel length. As channel length decreases, 

channel resistance also increases, requiring more stringent specifications on the 

contact resistance to achieve similar results. Finally, Figures 3.7.c and 3.7.d 

demonstrate the realization of negative drain-source conductance in the ID – VDS and 

gds – VDS profiles, respectively. The 6 curves represent 6 different values of contact 

resistance, with decreased contact resistance revealing NDR (negative differential 

resistance) behavior, manifested as dipping in the ID – VDS curves or a negative gds 

value. The plot also accurately portrays the evolution of fabrication technology over 

the past several years. Initially, fabricated devices suffered from limiting contact 

resistance, but as the technology improved with processes such as self-aligning gates, 

contact resistances decreased sufficiently to reveal this behavior in measured devices 

[49]. 

Under further analysis, we can calculate the transconductance 𝑔𝑚 = 𝑑𝐼𝐷/𝑑𝑉𝑔𝑠
. 

In the absence of contact resistance, we find this transconductance to be 

𝑔𝑚 =  𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓 (

(𝛼 + 1)2(𝑘𝐵𝑇 ln 4)2

2𝜋ħ2𝑣𝑓
2(𝛼 ln 2 + 1)

(√1 + 𝛿2𝑉𝐺𝑆
2

− √1 + 𝛿2𝑉𝐷𝐺
2) ) 

(3.18) 

In the limit of large VGS, we find that [48] 

𝑔𝑚 =  𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓𝐶𝑜𝑥𝑉𝐷𝑆 

(3.19) 
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Figure 3.7.[43] Contact resistance parameter variation analysis. (a) Effect of 
normalized contact resistance on transconductance, normalized to the optimal 
transconductance (for a GFET with no contact resistance). (b) Contact resistance 
needed to achieve 80% of the optimal transconductance. (c) Current plotted as a 
function of VDS, demonstrating the obscuring effects of contact resistance on the 
negative differential resistance characteristic. (d) Drain-source conductance 
(dIDS/dVDS) for data from part (c). 
 

We note that this ideal gate-invariant transconductance behavior is accessible 

for a relatively wide range of practical oxide capacitances, within an order of 

magnitude of Cqi. The transconductance is demonstrated to be gate bias independent 

under large bias conditions, as illustrated in Figure 3.8. Both current (Figure 3.8.a) 
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and transconductance (Figure 3.8.b) are plotted as functions of input gate voltage. 

This gate-invariant transconductance phenomenon has been confirmed in a separate 

work by other researchers[50]. Accessing this behavior in circuitry may be 

challenging due to loading issues at the drain, but could prove useful for amplifying 

circuits if properly achieved.  

 

Figure 3.8. [48]Modeled (a) current density and (b) transconductance for several 
values of contact resistance, demonstrating the inhibiting effects of parasitics 
including the distortion of the linear transconductance.  

3.3.2 Oxide Capacitance Variation 

By increasing the oxide capacitance, performance improves, with the limiting 

case being referred to as the quantum capacitance (QC) limit (discussed in Section 

3.4). Figure 3.9 demonstrates the improvements offered by increased oxide 

capacitance by plotting current and transconductance (normalized to their quantum 

capacitance limited values) as functions of bias and normalized oxide capacitance. In 

addition to increased performance as oxide capacitance increases, we note that close 

to the Dirac point (dashed line) the behavior approaches the ideal QC limit. This can  
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Figure 3.9.[43] Normalized current (a, b) and transconductance (c, d) revealing the 
impact of oxide scaling. The values are normalized to current and transconductance 
in the quantum capacitance limit (L = 1 μm).The dashed line indicates the Dirac 
voltage, VGS = VDS/2. 
 

be explained by revisiting the capacitive divider relation in Equation 3.2. Since the 

quantum capacitance is at a minimum at the Dirac point (8.426 fF/μm2), the oxide 

capacitance is, compared to the quantum capacitance, largest at this point, and thus 

the behavior may approach that of the quantum capacitance limit. However, as the 

quantum capacitance increases with gate bias, the oxide capacitance-to-quantum 

capacitance ratio decreases, and the behavior (compared to the QC limit) degrades. 

However, the transconductance and current output of the GFET at the Dirac point are 
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far from the maximum, and may not be viable in circuits. Hence there is still 

substantial motivation to increase gate dielectrics and decrease gate thicknesses to 

increase the oxide capacitance in order to approach ideal performance. 

3.4 Quantum Capacitance Limited Device 

We have also derived a quantum capacitance limited model to suggest upper 

limits on device performance under the best possible conditions: no contact 

resistance and very large oxide capacitance. When the oxide capacitance is much 

larger than the quantum capacitance, in the case of very thin oxides and high-k 

dielectrics, Equation 2.4 simplifies to   

𝜑𝑠(𝑥) ≈ 𝑉𝐺𝑆 − 𝑉𝐶𝐻 (3.20) 

yielding a simple expression for the drain current: 

𝐼𝐷𝑆 = 𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓𝑉𝐷𝑆 (𝑛𝑜 + 𝛽 (𝑉𝐺𝑆

2 +
𝑉𝐷𝑆

2

3
− 𝑉𝐷𝑆𝑉𝐺𝑆)) (3.21) 

This expression, in addition to illustrating a limiting case for graphene transistor 

performance, is also useful for intuiting intrinsic behavior and deriving compact 

expressions for derived quantities such as transconductance. Parameters such as 

intrinsic gain and peak-to-valley current ratio can be analytically derived.  

Equations 3.7 and 3.21 are plotted in Figure 3.10 to demonstrate the intrinsic 

saturation due to electron/hole crossover. The plot demonstrates the intrinsic nature 

of the saturation region, Region II. With the additional reductive nature of velocity 

saturation effects at high field, Region II can actually exhibit a dip, or negative drain-
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source conductance. This behavior has been previously predicted and attributed to a 

number of issues[13, 51-54], but has only recently been observed in fabricated 

devices [49]. 

 

Figure 3.10. [55] Plot of carrier density as a function of normalized position in the 
channel (left and bottom axes) and current as a function of the drain voltage (right 
and top axes). The hole and electron concentrations are plotted as a function of 
normalized position in the channel, where L is 1 µm, with a gate bias of 0.5 V and a 
drain bias of 1 V. The current, normalized to device width, is plotted with a gate bias 
of 0.5 V. Saturation occurs at VDS = VGS, and is due here only to the electron/hole 
crossover observed previously, as the high-field saturation effects are negligible 
here.[22]  Regions of operation are indicated as sub-linear (I), saturation (II), and 
super-linear (III).  
 

 From Equation 3.21, we calculate the limiting cases of current in the saturation 

region, where VDS = VGS, and the off state found at the Dirac point, VGS = VDS/2.  Device 

properties such as transconductance (𝑔𝑚 = 𝑑𝐼𝐷𝑆/𝑑𝑉𝐺𝑆), drain-source conductance 

(𝑔𝑑𝑠 = 𝑑𝐼𝐷𝑆/𝑑𝑉𝐷𝑆), and properties derived from these such as the maximum 

achievable transconductance, the intrinsic gain (𝑔𝑚/𝑔𝑑𝑠), maximum achievable 

intrinsic gain, and transconductance-to-current ratio. 
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The capacitance is calculated according to the Ward-Dutton linear charge 

partition[33]. Due to the difference in the hole and electron charges, in contrast to the 

sum used in the current calculation, the expressions are not easily implemented in a 

circuit simulator as they include the full dilogarithm (or trilogarithm) expression.  

𝐶𝑔𝑠 =  
𝑞𝑊𝑑 ∫ (𝑛ℎ − 𝑛𝑒)𝑑𝑥

𝐿

0

𝑑𝑉𝑆

= 𝑞𝑊𝐿𝛽 (
(3𝑉𝐺𝑆 − 2𝑉𝐷𝑆)

3
+

(2𝑘𝐵𝑇)2

𝑉𝐷𝑆
2 (𝑉𝐷𝑆𝐿𝑖2 (−𝑒

𝑉𝐺𝑆
𝑘𝐵𝑇) + 𝑘𝐵𝑇 (𝐿𝑖3 (−𝑒

𝑉𝐺𝑆
𝑘𝐵𝑇) − 𝐿𝑖3 (−𝑒

−
𝑉𝐷𝐺
𝑘𝐵𝑇)))) (3.22) 

𝐶𝑔𝑑 =  
𝑞𝑊𝑑 ∫ (𝑛ℎ − 𝑛𝑒)𝑑𝑥

𝐿

0

𝑑𝑉𝐷

= 𝑞𝑊𝐿𝛽 (
(3𝑉𝐺𝑆 − 𝑉𝐷𝑆)

3
+

(2𝑘𝐵𝑇)2

𝑉𝐷𝑆
2 (𝑉𝐷𝑆𝐿𝑖2 (𝑒

−
𝑉𝐷𝐺
𝑘𝐵𝑇) + 𝑘𝐵𝑇 (𝐿𝑖3 (−𝑒

𝑉𝐺𝑆
𝑘𝐵𝑇) − 𝐿𝑖3 (−𝑒

−
𝑉𝐷𝐺
𝑘𝐵𝑇)))) 

(3.23) 

𝐶𝑔𝑠 =  
𝑞𝑊𝑑 ∫ (𝑛ℎ − 𝑛𝑒)𝑑𝑥

𝐿

0

𝑑𝑉𝑆

= 𝑞𝑊𝐿𝛽 ((2𝑉𝐺𝑆 − 𝑉𝐷𝑆) +
(2𝑘𝐵𝑇)2

𝑉𝐷𝑆

(𝐿𝑖2 (−𝑒
𝑉𝐺𝑆
𝑘𝐵𝑇) − 𝐿𝑖2 (−𝑒

−
𝑉𝐷𝐺
𝑘𝐵𝑇))) 

(3.24) 

With these known capacitances and the previously calculated transconductance, we 

can calculate transit frequency ft as gm/Cgg, as shown in Figure 3.11. As with the 

transconductance, we find that the transit frequency approaches a limiting value,  

𝑓𝑡,𝑚𝑎𝑥 =
𝜇𝑒𝑓𝑓

2𝜋

𝑉𝐷𝑆

𝐿2
 

(3.25) 

demonstrating that the maximum achievable transit frequency is greatly 

dependent on channel length, as well as high field behavior.  
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Figure 3.11. Plot with VDD = 0.5. (a) Plot of capacitance as a function of gate voltage, 
showing minimum capacitance at the Dirac point. (b) Plot of transit frequency as a 
function of gate voltage. The transit frequency is shown to be gate independent for 
large biases. 
 

3.5 Summary and Outlook 

 This model is used for several applications, a few of which are expanded on in 

the remainder of this work. The model has been used to match data from devices 

fabricated at the Microelectronics Research Center, on both rigid and flexible 

substrates. Further, the model has been used in conjunction with standard de-

embedding techniques (see Appendix B.1.) to provide a secondary method to identify 

intrinsic properties of devices, including predicting RF behaviors of the intrinsic 

devices. Finally, the model is used to both match data for frequency doubling circuits, 

including examining the effects of load impedance changes and reduced parasitics.    
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Table 3.1 Analytical Expressions for Quantum Capacitance Limited GFET 

Symbol Analytical Expression for Quantum Capacitance Limited GFET 

𝑛(𝑥) 𝑛𝑜 +
(𝑞𝜑𝑠(𝑥))2

𝜋ħ2𝑣𝑓
2  

𝐼𝐷𝑆 𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓𝑉𝐷𝑆 (𝑛𝑜 + 𝛽 (𝑉𝐺𝑆

2 +
𝑉𝐷𝑆

2

3
− 𝑉𝐷𝑆𝑉𝐺𝑆)) 

𝐼𝑆𝐴𝑇  𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓𝑉𝐺𝑆 (𝑛𝑜 + 𝛽

𝑉𝐺𝑆
2

3
) 

𝐼𝑂𝐹𝐹  𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓𝑉𝐷𝑆 (𝑛𝑜 + 𝛽

𝑉𝐷𝑆
2

12
) 

𝑔𝑚 𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓  𝛽𝑉𝐷𝑆(2𝑉𝐺𝑆 − 𝑉𝐷𝑆) 

𝑔𝑚,𝑚𝑎𝑥  𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓 𝛽𝑉𝐷𝐷

2  

𝑔𝑑𝑠 𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓( 𝑛𝑜 +  𝛽(𝑉𝐺𝑆 − 𝑉𝐷𝑆)2) −

𝜇𝑒𝑓𝑓
2

(𝐿𝑣𝑠𝑎𝑡)2
𝐼𝐷𝑆𝑉𝐷𝑆 

𝐶𝑔𝑠 𝑞𝑊𝐿𝛽 (
(3𝑉𝐺𝑆 − 2𝑉𝐷𝑆)

3
+

(2𝑘𝐵𝑇)2

𝑉𝐷𝑆
2 (𝑉𝐷𝑆𝐿𝑖2 (−𝑒

𝑉𝐺𝑆
𝑘𝐵𝑇) + 𝑘𝐵𝑇 (𝐿𝑖3 (−𝑒

𝑉𝐺𝑆
𝑘𝐵𝑇) − 𝐿𝑖3 (−𝑒

−
𝑉𝐷𝐺
𝑘𝐵𝑇)))) 

𝐶𝑔𝑑  𝑞𝑊𝐿𝛽 (
(3𝑉𝐺𝑆 − 𝑉𝐷𝑆)

3
+

(2𝑘𝐵𝑇)2

𝑉𝐷𝑆
2 (−𝑉𝐷𝑆𝐿𝑖2 (−𝑒

−
𝑉𝐷𝐺
𝑘𝐵𝑇) + 𝑘𝐵𝑇 (𝐿𝑖3 (−𝑒

𝑉𝐺𝑆
𝑘𝐵𝑇) − 𝐿𝑖3 (−𝑒

−
𝑉𝐷𝐺
𝑘𝐵𝑇)))) 

𝐶𝑔𝑔 𝑞𝑊𝐿𝛽 ((2𝑉𝐺𝑆 − 𝑉𝐷𝑆) +
(2𝑘𝐵𝑇)2

𝑉𝐷𝑆

(𝐿𝑖2 (−𝑒
𝑉𝐺𝑆
𝑘𝐵𝑇) − 𝐿𝑖2 (−𝑒

−
𝑉𝐷𝐺
𝑘𝐵𝑇))) 

𝑓𝑡  
𝑞𝑊𝜇𝑒𝑓𝑓 𝛽𝑉𝐷𝑆(2𝑉𝐺𝑆 − 𝑉𝐷𝑆)

2𝜋𝐿𝐶𝑔𝑔

 

𝑓𝑡,𝑚𝑎𝑥  
𝜇𝑒𝑓𝑓

2𝜋

𝑉𝐷𝑆

𝐿2
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 Future enhancements to the model may include adding the option for distinct 

electron and hole mobilities, as well as enhanced capacitance models that take into 

account the effects of quantum capacitance. While gate resistance and parasitic 

capacitances are present in the model as simple lumped elements, the parasitics that 

can be calculated from device geometry and material parameters can be added to the 

model by adding parasitic components with parameters defined as functions of the 

model inputs. Finally, self-heating effects have been observed in devices studied at 

the Microelectronics Center, and these effects could be integrated into the model to 

more rigorously study the effects of time, as well as bias and current flow, on the 

device[53]. 

  



 41 

Chapter 4: Graphene in Frequency Multiplying Applications  

In this chapter we discuss the first of two circuits to take advantage of the 

ambipolarity of graphene: the GFET frequency doubler. The ideal doubler device is 

examined and compared to the GFET, with discussion of limiting factors. Rigorous 

simulations are shown to illustrate the limiting characteristics of GFET as a frequency 

doubler. Characterization and measurement of the frequency doubling devices is also 

discussed.  

4.1 The Ideal Frequency Doubler 

              The ideal frequency doubler is illustrated in Figure 4.1. The multiplier circuit 

is shown in Figure 4.1.a. As shown in Figures 4.1.b and 4.1.c, the ideal doubler has 

current-voltage characteristics 𝐼𝐷𝑆 ∝ 𝑉𝐺𝑆
2 , 𝐼𝐷𝑆 ∝ 𝑉𝐷𝑆 (to be demonstrated shortly). To 

include both the large signal and small signal terms, respectively, we define 

𝐼𝑑𝑠 = 𝐼𝐷𝑆 + 𝑖𝑑𝑠 = 𝑔0𝑉𝑑𝑠(1 +
𝛾𝑉𝑔𝑠

2

𝑛0
) 

(4.1) 

Where 𝑉𝑑𝑠 = 𝑉𝐷𝑆 + 𝑣𝑑𝑠 and 𝑉𝑔𝑠 = 𝑉𝐺𝑆 + 𝑣𝑔𝑠. Here, 𝑛0 represents an offset equal 

to the sum of any equilibrium and impurity contributions, and 𝑔0 and 𝛾 are scaling 

factors. We define 𝑣𝑔𝑠 =  𝑣𝑖𝑛cos 𝜔𝑖𝑛𝑡, a pure fundamental tone. With these definitions 

and the trigonometric identity 2cos2( 𝜔𝑖𝑛𝑡) = 1 + cos(2𝜔𝑖𝑛𝑡), we can rewrite 

Equation 4.1 as 

𝐼𝑑𝑠 = 𝐼𝐷𝑆 + 𝑖𝑑𝑠 = 𝑔0(𝑉𝐷𝑆 + 𝑣𝑑𝑠) (1 +
𝛾𝑣𝑖𝑛

2 (1 + cos 2𝜔𝑖𝑛𝑡)

2𝑛𝑜
) 

(4.2) 
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Figure 4.1. [56]Transport characteristics of an ideal FET frequency doubler possessing even-odd 
symmetry. (a) Standard frequency multiplier circuit. 𝑍𝑖𝑛 = 𝑅𝐿 = 50 Ω for RF/THz systems. The L 
and C networks are employed to route DC and AC signals separately. For an ideal FET, 𝑅𝑐 = 0 Ω. 
(b) Parabolic even symmetry about the Dirac point. (c) Odd symmetry due to linear charge 
transport. 

 

 We exclude the DC component, 𝐼𝐷𝑆 = 𝑔0𝑉𝐷𝑆 (𝑛0 +
𝛾𝑣𝑖𝑛

2

2
) to examine only the 

remaining small signal ids:  

𝑖𝑑𝑠 = −𝑣𝑑𝑠/𝑅𝐿 = 𝑔0(𝑣𝑑𝑠) (1 +
𝛾𝑣𝑖𝑛

2 (1 + cos 2𝜔𝑖𝑛𝑡)

2𝑛𝑜
) + 𝑔0(𝑉𝐷𝑆) (

𝛾𝑣𝑖𝑛
2 (cos 2𝜔𝑖𝑛𝑡)

2𝑛𝑜
) 

(4.3) 

Solving for the output small signal voltage vds yields 

|𝑣𝑑𝑠| =
 𝑔0𝑅𝐿𝛾𝑉𝐷𝑆𝑣𝑖𝑛

2 (cos 2𝜔𝑖𝑛𝑡)

2𝑛𝑜 + 𝑔0𝑅𝐿(2𝑛0 + 𝛾𝑣𝑖𝑛
2 ) + 𝑔0𝑅𝐿𝛾𝑣𝑖𝑛

2 (cos 2𝜔𝑖𝑛𝑡)
 

(4.4) 

Neglecting the higher order term in the denominator, Equation 4.4 approaches 
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|𝑣𝑑𝑠| =
 𝑔0𝑅𝐿𝛾𝑉𝐷𝑆𝑣𝑖𝑛

2 (cos 2𝜔𝑖𝑛𝑡)

2𝑛𝑜 + 𝑔0𝑅𝐿(2𝑛0 + 𝛾𝑣𝑖𝑛
2 )

 
(4.5) 

yielding a dominant second harmonic, doubling the input frequency perfectly, with a 

conversion gain of  𝑔0𝑅𝐿𝛾𝑉𝐷𝑆𝑣𝑖𝑛/2. This is an improvement over the existing standard 

solution for frequency doubling, the full wave rectifier, which yields a rectified signal 

with output  

|𝑣𝑑𝑠| ∝
2

𝜋
−

4

𝜋
∑

cos 𝑛𝜔𝑡

𝑛2 − 1

∞

𝑛 𝑒𝑣𝑒𝑛

 
(4.6) 

which suffers from strong higher order harmonics, resulting in poorer spectral purity. 

 The maximum achievable power efficiency (𝜂𝑚𝑎𝑥) is defined as the maximum 

power in the second harmonic normalized to the input power in matched impedance 

conditions. 

𝜂𝑚𝑎𝑥 = max (
𝑃𝑜𝑢𝑡,𝑓2

𝑃𝑖𝑛,𝑓1

) 
(4.7) 

Power in the second harmonic is maximized under the condition 
𝑑

𝑃𝑜𝑢𝑡,𝑓2
𝑃𝑖𝑛,𝑓1

𝑑𝑣𝑖𝑛
= 0, which 

occurs, in the absence of impurities, when 𝑣𝑖𝑛 = √
2(𝑅0+𝑛𝑜𝑅𝐿)

𝛾𝑅𝐿
, 𝑅𝑜 = 1/𝑔0, 𝜂0 =

𝛾𝑉𝐷𝑆
2

8𝑛𝑜
, 

𝜂𝑚𝑎𝑥 = 𝜂0

𝑅𝐿

𝑅𝑜 + 𝑅𝐿
  

In contrast, the efficiency of the full wave rectifier at the doubled frequency is only 

𝜂 = 16/3𝜋2. 

(4.8) 
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Figure 4.2. [56]Performance of an ideal FET with even-odd symmetry.  (a) Maximum 
conversion efficiency as a function of normalized resistance. Equation 4.6 (analytical) 
shows good agreement with rigorous harmonic balance (HB) simulation with 
differences ~15%. Using material constants similar to those found in graphene, the 
maximum conversion efficiency achieved yields go = 14.3, indicating that power gain 
is achievable with VDS = 0.5 V. (b) Output spectrum at gmax = go (Ro = 4 Ω , RL = 50 Ω) 
showing the exclusive presence of only even harmonics with perfect rejection of odd 
harmonics, a benefit of the even-odd symmetry of the ideal FET doubler. 
 

4.2 The Ideal Graphene Doubler  

In the linear region (Region I as described in Chapter 2), the current of a 

graphene FET has an approximately linear dependence on drain voltage.  

𝐼𝑑𝑠 ∝ 𝑔𝑑𝑠,0𝑉𝑑𝑠 (4.9) 

For the dependence on the gate voltage, the description can be written locally as  

𝑑2𝐼𝑑𝑠

𝑑𝑉𝑔𝑠
2

∝ 𝑔𝑚
′  (4.10) 
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We find the solution to the second-order differential equation in Equation 

4.10 to be: 
 

𝐼𝑑𝑠 ∝
1

2
𝑔𝑚

′ 𝑉𝑔𝑠
2  (4.11) 

Combining the two yields  

𝐼𝑑𝑠 =
1

2
𝑔𝑑𝑠0𝑔𝑚

′ 𝑉𝑑𝑠𝑉𝑔𝑠
2 =

1

2
𝐺𝑉𝑑𝑠𝑉𝑔𝑠

2  (4.12) 

Where 𝑔𝑑𝑠0 and 𝑔𝑚
′  are locally calculated around the Dirac point, with G being the 

product of both and thus having units of 
𝑆

𝑉2. Repeating the analysis from the previous 

section gives  

|𝑣𝑜𝑢𝑡| =
1

2
𝐺𝑉𝐷𝑆 (2𝑉𝐺𝑆𝑣𝑖𝑛 cos 𝜔𝑡 +

𝑣𝑖𝑛
2

2
(cos 2𝜔𝑡)) +

1

2
𝐺𝑣𝑜𝑢𝑡(𝑉𝐺𝑆

2

+
𝑣𝑖𝑛

2

2
(1 + cos 2𝜔𝑡) + 2𝑉𝐺𝑆𝑣𝑖𝑛 cos 𝜔𝑡) 

(4.13) 

−𝑣𝑜𝑢𝑡 =
𝐺𝑅𝐿(𝑣𝑖𝑛

2 cos 2𝜔𝑡)𝑉𝐷𝑆

𝐺𝑅𝐿𝑣𝑖𝑛
2 (1 + cos 2𝜔𝑡) + 4

 (4.14) 

|𝑣𝑜𝑢𝑡| =
𝐺𝑅𝐿(𝑣𝑖𝑛

2 cos 2𝜔𝑡)𝑉𝐷𝑆

𝐺𝑅𝐿𝑣𝑖𝑛
2 + 4

 (4.15) 

Again, the efficiency can be calculated as above and is found to be, at most,  

𝜂𝑚𝑎𝑥 =
𝐺𝑅𝑆𝑉𝐷𝑆

2

8
 (4.16) 

In the above analysis, the gate bias offset is assumed to be 0 to ensure 

performance around the minimum current point, to take advantage of the 

ambipolarity of the GFET. However, in a realistic device it is difficult to extract the 
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exact Dirac point, and so the device may operate at a sub-optimal gate bias point. If 

we do not neglect the gate bias term in the above analysis, we arrive at the following 

expression for output voltage: 

𝑣𝑜𝑢𝑡 =
𝐺𝑅𝐿𝑉𝐷𝑆(4𝑣𝑖𝑛𝑉𝐺𝑆 cos 𝜔𝑡 + 𝑣𝑖𝑛

2 cos 2𝜔𝑡)

2𝑛𝑜 + 2𝐺𝑅𝐿𝑉𝐺𝑆
2 𝑛𝑜 + 𝐺𝑅𝐿𝑣𝑖𝑛

2 + 4𝑛𝑜𝑣𝑖𝑛𝑉𝐺𝑆 cos 𝜔𝑡 + 𝑣𝑖𝑛
2 cos 2𝜔𝑡

 (4.17) 

If the oscillating terms in the denominator are neglected, we can 

straightforwardly observed that the gate-source DC voltage contributes a first order 

term that can eclipse the second order peak for high values of VGS. This is graphically 

demonstrated in Figures 4.3.a and 4.3.b, in terms of both the time domain distortion 

of the signal and the increasing fundamental harmonic peak at 10 MHz in the 

spectrum. Figures 4.3.c and 4.3.d show the power levels as a function of swept voltage, 

and the gain as a function of the same, respectively. Note that the conversion gain is 

simply the red 20 MHz curve, in Figure 4.3.c, less 10 dBm, since the input power is a 

constant 10dBm. 
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Figure 4.3. Effect of gate bias away from the Dirac/minimum point. Matlab 
calculations performed in the absence of contact resistance, VDS = 1 V, for the 
ideal doubler. The product G = 0.01 S/V2. Input power is 10 dBm. (a) Effect of 
varying gate voltage as observed in the time domain. (b) Spectrum for data in 
Figure 4.3.a. (c) Effects of varying gate voltage as a function of VGS. The 
minimum fundamental frequency is produced at VGS = 0. (d) Difference 
between curves to demonstrate the spectral purity (20 MHz output less the 
10 MHz output) and conversion gain (20 MHz output less the 10 MHz input) 
as a function of gate source voltage. (See Appendix A.3) 
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4.3 The Graphene Doubler in the Quantum Capacitance Limit 
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Figure 4.4. Comparison between quantum capacitance limited GFET and the ideal 
frequency doubler. (a) ID-VGS characteristics that show the QC limited GFET behavior 
closely resembling that of the ideal doubler. (b) ID-VDS characteristics that show 
similarities in behavior for low VDS values. 
 

We can observe qualitatively that the behavior of the intrinsic GFET can be 

similar to the ideal doubler (Figure 4.3). Figure 4.3.a shows that in terms of I-VGS 

characteristics, the devices are basically identical; however, in Figure 4.3.b we 

observe that only in the low VDS region  For the devices described in Chapter 3, the 

minimum current point occurs at the Dirac bias voltage, 𝑉𝐺𝑆 = 𝑉𝐷𝑆/2. Revisiting 

Equation 3.21,  
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𝐼𝐷𝑆 + 𝑖𝑑𝑠 = 𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓(𝑉𝐷𝑆 + 𝑣𝑑𝑠) (𝑛𝑜

+
𝑞2

𝜋ħ2𝑣𝑓
2 ((

𝑉𝐷𝑆

2
+ 𝑣𝑔𝑠)

2

+
(𝑉𝐷𝑆 + 𝑣𝑑𝑠)2

3

− (𝑉𝐷𝑆 + 𝑣𝑑𝑠) (
𝑉𝐷𝑆

2
+ 𝑣𝑔𝑠))) 

(4.18) 

𝐼𝐷𝑆 + 𝑖𝑑𝑠 = 𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓(𝑉𝐷𝑆 + 𝑣𝑑𝑠) (𝑛𝑜

+
𝑞2

𝜋ħ2𝑣𝑓
2 (

𝑉𝐷𝑆
2

12
+ (𝑣𝑖𝑛

2
1 + cos(2𝜔𝑖𝑛𝑡)

2
) +

𝑣𝑑𝑠
2

3
+

𝑣𝑑𝑠𝑉𝐷𝑆

6

− 𝑣𝑖𝑛 cos(𝜔𝑖𝑛𝑡) 𝑣𝑑𝑠)) 

(4.19) 

To first order, this is  

𝑖𝑑𝑠 = −
𝑣𝑑𝑠

𝑅𝐿
= 𝑞

𝑊

𝐿
𝜇𝑒𝑓𝑓 (𝑣𝑑𝑠𝑛𝑜

+
𝑞2

𝜋ħ2𝑣𝑓
2 (

𝑣𝑑𝑠𝑉𝐷𝑆
2

4
+ 𝑉𝐷𝑆𝑣𝑖𝑛

2
cos(2𝜔𝑖𝑛𝑡)

2
− 𝑉𝐷𝑆𝑣𝑖𝑛 cos(𝜔𝑖𝑛𝑡) 𝑣𝑑𝑠

+ 𝑣𝑑𝑠𝑣𝑖𝑛
2

1 + cos(2𝜔𝑖𝑛𝑡)

2
)) 

(4.20) 
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|𝑣𝑑𝑠|

=

𝑉𝐷𝑆𝑅𝐿𝑞
𝑊
𝐿 𝜇𝑒𝑓𝑓

𝑞2

𝜋ħ2𝑣𝑓
2 𝑣𝑖𝑛

2 (cos(2𝜔𝑖𝑛𝑡))

2 + 𝑅𝐿𝑞
𝑊
𝐿 𝜇𝑒𝑓𝑓 (2𝑛0 +

𝑞2

𝜋ħ2𝑣𝑓
2 (

𝑉𝐷𝑆
2

2 − 2𝑉𝐷𝑆𝑣𝑖𝑛 cos(𝜔𝑖𝑛𝑡) + 𝑣𝑖𝑛
2 (1 + cos(2𝜔𝑖𝑛𝑡))))

 

(4.21

) 

If 𝑔0 = 𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓 and 𝛾 =

𝑞2

𝜋ħ2𝑣𝑓
2, we can rewrite as 

|𝑣𝑑𝑠| =
𝑔0𝑅𝐿𝛾𝑉𝐷𝑆𝑣𝑖𝑛

2 (cos(2𝜔𝑖𝑛𝑡))

2 + 𝑔0𝑅𝐿(2𝑛0 + 2𝛾 (
𝑉𝐷𝑆

2

2 − 2𝑉𝐷𝑆𝑣𝑖𝑛 cos(𝜔𝑖𝑛𝑡)) + 𝑔0𝑅𝐿𝛾𝑣𝑖𝑛
2 (cos 2𝜔𝑖𝑛𝑡)

 
(4.22) 

Which closely resembles Equation 4.4.  

4.4. Parametric Analyses and Model Comparison 

The aforementioned models are numerical approximations, with behavior 

outside of the Dirac point largely ignored, as well as the finite capacitance effects and 

consequences of contact resistance. Here we compare three different models in ADS: 

the ideal doubler with quadratic dependence on VGS and linear dependence on VDS, the 

quantum capacitance limited GFET, and a normal GFET. The doubler’s value of G is 

chosen such that 𝐺 = 0.013, which is comparable to a quantum capacitance limited 

GFET device with mobility of 500 cm2/V/s, W/L of 20, and VDS = 1 V. The input power 

is 10 dBm, and the conversion gain never exceeds unity under the matched load 

conditions (both input and output resistance are 50 ohms).  
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4.4.1 Effects of varying gate bias 

As the gate bias shifts away from the ideal, minimum current point, the 

performance of the device departs from that of an ambipolar or rectifying device and 

approaches a more typical amplifier behavior. One would expect that in this case, the 

second harmonic that is so strong in the ideal conditions would be supressed, while 

the fundamental harmonic is increasingly amplified.  

To generate Figure 4.5, we compare a realistic device similar to those 

fabricated at the Microelectronics Research Center (mobility = 500 cm2/V/s, oxide 

capacitance = 5 fF/𝜇𝑚2) except with no contact resistance.  

The simulations in Figure 4.5 agree with our expectations, with the highest 

suppression of the fundamental harmonic at VGS = 0 V. The maximum power of the 2nd 

harmonic is also realized at this bias value. This concept is further explained by 

examining several discrete bias points on the IDS – VGS curve, in Figure 4.6.a, by 

showing the transition from rectifier to amplifier as the gate bias increases. Figure 4.7 

illustrates the operating regions for these select bias points. In Figure 4.7a, the bias 

voltage is shown on an I-VGS curve – the voltage of interest moves up the curve away 

from the Dirac point. Figure 4.7b shows the transition from Region III to Region I.  

This image also illustrates why the GFET offers higher spectral purity than the 

standard MOSFET transistor, which is also a square law device in the ideal limit. The 

MOSFET transistor operates in a region that is similar to the GFET “amplifying” region 

where there is a weak second harmonic and a strong fundamental frequency.   
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However, we also observe anomalies or resonances in the curves, especially 

obvious in Figures 4.5.c and 4.5.d, occurring at VGS a little larger than VDS/2 (though 

this effect is not observed in the realistic GFET simulation, why – the doubler doesn’t 

have a “region 3”).  

 

Figure 4.5. Effects of gate bias on doubling performance as simulated in Agilent ADS. 
The doubler quantity G is set to be equivalent to that of a quantum capacitance limited 
GFET of W/L = 20, mobility 500 cm2/V/s, and VDS = 1 V.(a) The ideal doubler, locally 
accurate around VGS = 0. (b) The finite capacitance GFET. (c) First harmonic 
suppression of the doubler and GFET, showing that the performance of both is the 
same. (d) Conversion gain of the doubler and GFET; the GFET CG is notably 
diminished compared to the ideal doubler.  
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Figure 4.6. Effects of gate bias on doubling performance as simulated in Agilent ADS. 
(a) Time domain plot of output voltage for 5 different gate biases, clearly showing the 
contrast between the spectrally pure 2nd harmonic achieved at 0 V gate bias, and the 
amplified fundamental harmonic achieved for higher gate biases. (b) Output power 
at both the fundamental and 2nd harmonic as a function of gate bias. 
 
 

 

Figure 4.7. Illustration of 5 discrete bias points on I-V curves to demonstrate 
crossover from rectifier to amplifying behavior. (a) IDS-VGS curve (VDS = 1) showing 
points at the Dirac point (VGS = 0, black), and increasing VGS. (b) IDS-VDS curves for each 
distinct gate bias; the actual operating point is highlighted (again, VDS = 1), showing 
the transition from Region III operation (black, red), to Region II (blue), and finally 
for the largest gate biases, Region I (pink, green).  
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4.4.2 Effects of contact resistance 

Figure 4.8 illustrates the effects of contact resistance on output voltage. In 

contrast to the gate bias, the contact resistance decreases the output power at both 

harmonics. In Figure 4.8.a, the voltage response is shown to be increasingly distorted 

by the contact resistance. The cause of this is reflected in Figure 4.8.b, where both the 

fundamental and second harmonics are reduced with contact resistance.  

 
Figure 4.8. Effect of contact resistance on output signal. (a) Time domain plot of 
output voltage for 4 different contact resistances. (b) Output power at both the 
fundamental and 2nd harmonic as a function of contact resistance.   
 

4.5 Measurement results  

 In Chapter 3 we compared the DC and S-parameter simulation results of the 

full GFET model to a measured device fabricated on quartz substrate. In this section 

we further explore the doubling properties of this device including comparing the 

measured doubler performance to simulation by plotting the output power (Figure 

4.9.a) and conversion gain (Figure 4.9.b) as functions of input power.  
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Figure 4.9. [57] The GFET on quartz of Chapter 3 is evaluated as a doubler by 
comparing (a) doubled output power and (b) conversion gain of the measured device 
with simulation, showing good agreement. The 20 dB/decade slope is expected of 
ideal square-law ambipolar devices such as those described in Chapter 4.1. The GFET 
is biased at VDirac = 1.4 V and VDS = 2V. The input frequency is 10 MHz and the channel 
width and length are 50 𝜇𝑚  and 0.5 𝜇𝑚, respectively.  
  
 The measurement setup is elaborated on in Appendix B.2. Here we also find 

good agreement between measured data and our full GFET model. In addition, the 

experiment also reveals that the 3dB bandwidth, a metric that describes the 

amplifying power as a function of frequency, is 3 GHz, over 50% larger than the 

measured transit frequency.  
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4.6 Summary and Outlook 

In this chapter we have quantified the response of the ideal frequency doubler, 

and examined how the graphene FET approaches the behavior of the ideal doubler. 

The effects of sub-optimal gate bias and parasitic contact resistance is qualified.  

Since our model is compatible with circuit simulators, one option for future 

work is to simulate and build a hybrid CMOS-graphene oscillator, as shown in Figure 

4.9. Additionally, with the correct postprocessing steps, GFET technology is itself full 

integrable with CMOS, when the passivation layer is removed from the die. A sample 

process, previously used to test graphene interconnects in standard CMOS process, is 

shown in Figure 4.10. Preliminary work on this project has been completed, with a 

conventional Colpitts oscillator having already been fabricated in IBM 45nm SOI 

technology. The oscillator is designed to produce a frequency of 30 GHz, with the 

graphene doubler outputting 60 GHz. Our fabrication techniques have not yet 

produced a standalone FET performing with sufficiently high transit frequency (for 

example, according to previous experiments, the extrinsic ft of the transistor should 

exceed 45 GHz).  Additionally, the technique for post-processing CMOS, illustrated in 

Figure 4.11, is still being developed, and would likely yield an even lower extrinsic ft.  
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CMOS Oscillator GFET Frequency Doubler Antenna

 

Figure 4.10. Projected future work in integrated CMOS-GFET frequency sources. An 
on-chip CMOS frequency oscillator generates a sub-THz signal, which is then rectified 
by the on-chip GFET. The signal is propagated by a patch antenna, radiating to 
measurement equipment. 

 

Figure 4.11. Sample process flow for post-processing GFET circuitry onto standard 
CMOS chips. Graphene material is first transferred on top of the chip, and the sheet 
is etched to form the GFET. Contacts are deposited, and then the passivation layer is 
etched to connect the GFET to underlying metal contacts to connect the GFET to the 
rest of the circuit. (Figure courtesy of Maryam Mortazavi) 
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Chapter 5: Graphene as a Demodulator 

In this chapter we discuss the theoretical and practical application of GFET 

devices to demodulating applications. Prior work is discussed and theoretical 

background is provided. Using MATLAB, we compare the behavior of the ideal 

doubler (an approximation of the GFET with optimal ambipolar biasing, as described 

in Chapter 4) as opposed to the standard rectifier. Additionally, we use the full model 

described in Chapter 3 to discuss realistic behaviors that could be expected of GFET 

demodulators.  

5.1 Prior Work 

The demodulating properties of graphene material have previously been 

examined. Dragoman, et al, have measured the electrical demodulating properties of 

a monolayer graphene two-terminal coplanar waveguide up to 25 GHz[58]. 

Meanwhile, a graphene nanoribbon NEMS (nano-electromechanical system) 

demodulator has been proposed for THz frequencies[59]. However, the operating 

mechanism for this device is mechanical movement of the graphene nanoribbon, and 

is not applicable to RF electronics.  

The demodulating properties of graphene transistors have yet to be 

demonstrated. However, the GFET is known to be ambipolar, as discussed extensively 

in the preceding chapters, and has been compared to the ideal rectifier[60], so it is 

reasonable to extrapolate that the GFET could be used to replace existing simple 

demodulators, such as those found in crystal radios (discussed further in Chapter 7).  
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5.2 Theoretical Matlab Calculation 

In the previous chapter, the distinction between the rectifying device and the 

ideal doubler was elucidated. The GFET was found to more approximate the ideal 

doubler; however, for the purposes of a demodulating circuit (Figure 5.1), the GFET 

can still serve as a good candidate. As with a bridge-diode type full-wave rectifier, the 

input signal is not a “small signal”, and is large enough to switch the transistor 

between p-type and n-type modes. This operational mode is also found in the 

previous chapter’s frequency doubler, with a bias away from the minimum current 

point having negative consequences which will be identified in the following section. 

GFET
demodulator

VDD

Rout

(1 kOhm) Cdecap 

(10 uF)

Csmooth 

(50 nF)

DC Short

VG

Vin
DC 

Block

Rspeaker

(8 Ohm)

Vout

  

Figure 5.1. Basic demodulating circuit including input bias and output capacitors. An 
output resistance of 8Ω is used to represent a typical speaker load.  
 

A simplified MATLAB model is used to show the viability of using the ideal 

doubler block in place of the standard rectifier, as is the usual case for crystal radios. 

A mathematical model is constructed, using an “audio” signal of 2 kHz and a carrier 

frequency of 200 kHz. The modulated signal is fed to the “gate” of either the ideal 



 60 

rectifier (𝑣𝑜𝑢𝑡 = |𝑣𝑖𝑛|) or the ideal frequency doubler (𝑣𝑜𝑢𝑡 = 𝑣𝑖𝑛
2 ). The output is then 

smoothed with a 1 μF capacitor, implemented with a numerical integral to compute 

the output voltage from the input current. The time domain and frequency domain 

results are shown in Figure 5.2. Though the doubler circuit suffers from a roughly 20 

dB attenuation, the frequency components of the signal are not significantly more 

distorted.  

 

Figure 5.2. MATLAB calculations showing output for ideal doubler. The input 
modulated signal has a peak to peak voltage of 2 V. (a) Time domain and (b) frequency 
domain results, showing that the signal integrity is largely the same, but the doubler 
causes a reduction in output signal by over a factor of 10. 
 

5.3 ADS Full Model Simulations 

The demodulator circuit as it would appear in the receive chain of a radio is 

modeled more realistically in ADS as shown in Figure 5.3. Here we use the realistic 

GFET model constructed in Chapter 3, with 0 contact resistance, mobility 500 cm2/V⋅s 

and capacitance 5 fF/𝜇𝑚2.  The drain is biased with an output resistance of 1 𝑘Ω. The 

10 𝜇F capacitor presents a reactance between 0.8 and 800 Ω at audio frequencies, 
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allowing the audio signal to reach the 8 Ω speaker instead of flowing through the 

higher impedance path. Meanwhile, the capacitor blocks the DC current from flowing 

into the low impedance speaker instead of the transistor. The smoothing capacitor 

reconstructs the envelope from the rectified signal, reproducing the original audio 

signal. For this example ADS simulation, the audio signal is 200 kHz and the carrier 

frequency is 2.4 GHz.  

Figure 5.3. ADS schematic of RX chain. 

 



 62 

 

Figure 5.4. Input audio signal (top left corner) with three output demodulation 
scenarios. The modulated signal has an envelope voltage of 4 V peak-to-peak, giving 
a “gain” 0.031 or approximately -30dB in the absence of contact resistance. 

Parameter variations were performed to evaluate the effects of bias and 

contact resistance on the circuit. The gate bias is swept under the nominal conditions 

described above. While the frequency doubler circuit is more readily analyzed, due to 

the implementation of an inductor at the drain node rather than a resistor, similar 

qualitative results are observed. As the gate voltage moves away from the drain bias, 

the audio output power decreases. Here, the bias that provides the optimal output 

power is not 0 V (offset from 1 2⁄ 𝑉𝐷𝑆), but rather slightly less, since the intrinsic drain 

voltage of the device is equal to the drain voltage, less the voltage drop in the drain 
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bias resistor. In the demodulator case, as the gate voltage chances, we observe that 

not only is the output power lower than optimal (Figures 5.5a and 5.5.b), but also the 

2.4 GHz frequency is (relatively) stronger  (Figure 5.5b inset). This indicates that the 

device performance as a demodulator is poorer away from the Dirac point, as 

expected, as found for the doubler in Chapter 4. However, the optimal audio output 

power is not achieved at VGS = 0. This is because in this case, since the low frequencies 

force us to bias the transistor with a resistor instead of an inductor, the bias resistance 

actually changes the minimum current bias voltage. So VGS = 0 V (including adjustment 

by the Dirac voltage VDS/2) does not give the minimum current point. 

 

Figure 5.5. Effect of varying gate bias voltage on performance. (a) Time domain signal. 
(b) Spectrum of the signal. (c) Output power as a function of gate source voltage.   
 

Here as with the doubler, contact resistance can prove detrimental to device 

performance. In Figure 5.6, an increase in contact resistance greatly suppresses the 

first harmonic and distorts the audio signal. The gate bias is set to 0, but the effective 

gate bias changes with contact resistance as with the doubuler. Additionally, with 
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high contact resistances the higher order harmonics, as well as the carrier frequency, 

show increased signal.  

 

Figure 5.6. Effect of varying contact resistance on performance. (a) Time domain 
signal. (b) Spectrum of the signal. (c) Output power as a function of contact resistance.   
 

5.4 Measurement Results 
 
 By probing an on-wafer graphene device and building the circuit shown in 

Figure 5.3, we can measure and categorize the demodulated output. The 

measurement set up is shown in Figure 5.7. The modulated input to the system is 

constructed using the Amplitude Modulation feature in the Signal Generator, coupled 

with a waveform generator to construct the envelope. The Cascade probe station is 

used in conjunction with Cascade ground-signal-ground probes to feed the device 

with this modulated signal to the gate of the GFET. We use an embedded gate GFET 

fabricated on flexible polyimide substrate, probed with ground-signal-ground probes 

to feed a modulated RF signal to the gate.  
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Figure 5.7. Measurement setup for characterization of the standalone GFET as a 
demodulator.  
 

In this experiment, we amplitude modulate a 2 kHz, 1 V amplitude signal with 

100 MHz, 200 MHz, 300 MHz, and 400 MHz signals. The GFET is biased at the Dirac 

voltage for optimal ambipolar behavior. The output voltage is measured using an 

oscilloscope (high impedance load), with the results shown in Figure 5.8. The 

measured output (blue) still shows signs of high frequency oscillations even after the 

smoothing capacitors, which should be filtered out by any speaker. Additionally, there 

is some distortion in the measured output; the positive peaks are flattened (as 

observed in the smoothed data, green). The ADS model also shows some distortion 

(cyan), with the negative peaks flattening, likely due to voltage railing due to lack of 

contact resistance. The ideal 2 kHz tone is plotted in red.  
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Figure 5.8. Comparison of original and smoothed measured data, an ideal 2 kHz tone, 
and an ADS simulation of the circuit, at several different modulation frequencies.  The 
peak-to-peak voltage is less than 0.02 V, reducing the input signal by a factor of 50 (-
34 dB).   
 

5.5 Summary and Outlook 

 The graphene FET is evaluated, in basic calculation and simulation, for use as 

a demodulator. When an ambipolar transistor can be achieved, the behavior is similar 

to that of the ideal doubler which was explored previously in Chapter 4. While the 
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standard rectifier diode is often used in radio applications, we demonstrate using 

MATLAB that the ideal doubler provides the same demodulation capabilities. 

Frequency doubling is observed although at suppressed amplitudes, which may 

provide distortion during audio playback. 

 We revisit the ADS model described in Chapter 3 to simulate a full 

demodulator circuit, as well as compare with an ideal doubling circuit. We use this 

model to demonstrate the detrimental effects of contact resistance and sub-optimal 

biasing. The model is also able to reproduce the characteristics observed in 

preliminary measurement of a GFET device.  

 Based on this work, we can conclude that the GFET can serve as a satisfactory 

demodulator for radio applications. With further advances in fabrication technology, 

the device will be suitable for applications operating beyond the frequency of AM 

radio, as the measurements shown in this chapter demonstrate. Additionally, higher 

mobilities and lower contact resistances will enable higher output signals. Future 

work will include the integration of this circuit block into an application such as a full 

radio system; this is discussed further in Chapter 7.  
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Chapter 6: Flexible planar carbon antennas 

Flexible antennas have been of interest for decades, for use in applications 

such as RFID tags. For work in flexible carbon electronics, we are interested in a 

carbon solution that can be manufactured either using roll-to-roll processing or using 

standard cleanroom techniques already used to fabricate GFETs, all on flexible 

polyimide substrate. In this chapter, we discuss two potential antenna topologies that 

can be fabricated in planar carbon technologies for use at 2.4 GHz: the microstrip 

patch antenna and the electrically small meander line antenna. The microstrip patch 

antenna is simulated, and positive results motivate the fabrication and measurement 

of the antenna. The meander line antenna is studied but is shown to be challenging to 

properly fabricate with existing carbon materials and is left to future work. 

 

6.1 Prior Work  

6.1.1 Flexible antennas in GHz frequencies 

Due to the ubiquity of RFID tags, flexible planar antennas have been 

investigated for over 10 years. Table 6.1 summarizes published works on planar 

antennas fabricated in flexible materials, though not necessarily tested for 

bendability. The antennas are fabricated on flexible plastics, fabrics, and foams, with 

the conductive material generally thinned copper or conductive fabric. Several   
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Table 6.1. Summary of past works of flexible planar antennas 
 

Reference 
& year 

Topology Material 
Resonant 
Frequency 

Impedance 
BW (-10 dB) 

gain 

[61] 2001 
CPW fed 
Planar 
Inverted-F  

휀𝑟 = 3.29 2.45 GHz 11 % 2.2 dBi 

[62] 2003 Patch  
woven conductive 
fabric on felt  

(휀𝑟 = 1.43) 
2.5 GHz Not published 6.51 dBi 

[63] 2004 
dual-loop 
metallic strip 

flexible 
PCB on a foam base 

2.4 and 5 GHz 
7% and 20% 
Respectively 
(sim only) 

4 dBi & 
5 dBi 

[64] 2004 
Quarter-
wavelength 
monopole  

Polyimide (휀𝑟 =
3.15) 

2.4 GHz 9% 3.08 dBi 

 
[65] 2006 
 

CPW fed dual 
band 
meander 

FR4 (휀𝑟 = 2.8) 
2.34 GHz, 5.69 
GHz 

15.4 % and 22.7 
% 

3.5 dBi 

[66] 2006 
 

Diagonal fed 
rectangular 
ring  

flectron fabric on 
fleece. 

2.45 GHz 9.4% ~8 dBi 

[67] 2007 
CPW fed 
notched 
monopole  

PET film (휀𝑟 = 3.9) 
UWB 
frequencies 

Not reported N/A 

[68] 2007 
Patch antenna 
with dual U 
slots. 

Copper mesh on 
cotton fabric 1.63. 
(with adhesive, 2.6) 

2.45 GHz. 16.8% N/A 

[69] 2008 
inverted-F 
antenna 

Polyimide (휀𝑟 = 3.6) 2.4 GHz 8% ~ 2.5 dBi 

[70] 2008 
 

slotted 
monopole 

copper tape on 
neoprene (휀𝑟 = 5.2) 

wideband various N/A 

[71] 2009 patch Kapton 
17.2 GHz, 20.5 
GHz 

5.8% and 3% N/A 

[72] 2009  
 

Truncated 
corner 
microstrip 
patch antenna   

closed cell foam pad 
of 1.52 (1.67 
compressed), 

2.45 GHz 9.4% 6 dBi 

[73] 2010 
 

zeroth-order 
resonant 

Roger’s RO 3003 
(휀𝑟 = 3.0) 

2.45 GHz  6.5%  1.39 dBi 

[74] 2010 

Composite 
right/left-
handed 
transmission 
line 

LCP polymer (휀𝑟 =
2.9) 

2.3 GHz 
N/A (S11 exceeds 
-10 dB) 

-3.34 dBi 

[75] 2011 patch 
Roger’s RT/duroid 
5880 , (휀𝑟 = 2.2) 

4.7 GHz 10% N/A 
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topologies are used, although the most common topologies used are microstrip patch 

antenna based.   

We highlight two antennas from the above table that are designed specifically 

to be resistant to the effects of bending: the zeroth-order resonant antenna[73] and 

the composite right/left-handed transmission line[74]. Both these antennas rely on 

the formation of resonant LC circuits out of metal shapes, to achieve an electrically 

small antenna with a resonance at a desired frequency. At a propagation constant of 

0, the antenna is impervious to substrate deformation.  

6.1.2 Theory of convex and concave antennas 

Though all of the aforementioned antennas are fabricated on flexible 

substrates, not all of them are characterized based on bending performance. The 

antennas can be bent in both the H-plane (the width of the patch antenna is kept 

constant) or in the E-plane (the length is constant). Additionally, the antenna can be 

bowed in either the convex or negative direction (which is more common in 

application situations, such as wrapped around a cylinder, or an arm or a leg), or the 

concave or positive direction. Bending can affect the input impedance (and in turn, 

the resonant frequency), antenna gain, or have minimal or no effect on performance.  

 While microstrip patch antennas have been explored since the mid-1970s [76, 

77], the behavior of these antennas on curved surfaces was first reported in 1983 by 

Krowne [78], with a calculation of the resonant frequency of the cylindrical-

rectangular patch antenna from the wave equation. This work is expanded and 
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refined by Luk et al[79]. The resonant frequency is expressed in terms of the speed of 

light c, modes m and n, and dimensions a, h and b (Figure 6.1) as: 

𝑓𝑚𝑛 =
𝑐

2√휀eff

[(
𝑚

𝑎 + ℎ
)

2

+ (
𝑛

2𝑏
)

2

]

1
2

 (6.1) 

 

Figure 6.1 (a) Geometry of a planar microstrip patch antenna, from [80]. (b) Geometry 
of a cylindrical-rectangular patch antenna, from [79]. 
 
The effective length when curvature is introduced, a + h, can be expressed another 

way as [68] 

𝑎 + ℎ = 𝐿 − ℎ𝜃1 (6.2) 

where L is the flat length of the patch antenna (Figure 6.1.a). Similarly, the quantity 

2b corresponds to the width of a patch antenna. Note that this equation only serves 

for bending parallel to the width of the antenna.  

 Luk et al also postulates that curvature does not have a strong impact on 

resonant frequency, though does have significant impact on the radiation pattern. 

Additionally, higher permittivity substrates are more sensitive to curvature.  
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6.1.3 Simulation and measurement of convex and concave antennas 

 There are two main methods of characterizing the behavior of bent antennas: 

bending over a curved surface, such as an arm, plastic bottle or cylinder, or a method 

that introduces a bend of 90° or 180° in the antenna curvature.   

Figure 6.2 (a) Example of convex (negative) bend in the H-plane from[62]. (b) 
Example of convex (negative) bend in the E-plane from [67].  
 

 

Figure 6.3. [68] (a) Measured change in resonant frequency when bending in the E-
plane. (b) Measured change in resonant frequency when bending in the H-plane, 
compared with theoretical prediction from Equation 6.1.  
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Strain was examined[71] and found that the resonant frequency (nominally 17.75 

GHz) shifts less than 1% in the face of strain up to 0.5%. 

Table 6.2. Summary of past works on antenna bending 
Reference 
& year 

Topology 
Measurement 
Method 

S11 effect Gain effect 

[61] 2001 
CPW fed 
Planar 
Inverted-F  

H-plane convex over 
arm/sleeve 

Increased  the resonant 
frequency 0.1 – 0.2 GHz 

 

[62] 2003 Patch  
h plane and e plane 
bent 90 and 180 
degrees. 

H-plane: minimal shift 
resonance down.  
E-plane: shift resonance 
up 1%/90°.  

H-plane: -1.3 dB for 
90°, -2 dB for 180° 
E plane: -1.5 dB for 
90°, -2.4 dB for 180° 

 
[65] 2006 
 
 

CPW fed dual 
band 
meander 

H-plane bend over 
plastic bottle and 
paper cup 

No effect at 2.34 GHz 
resonance, decreased 
resonant frequency for 
former 5.69 GHz 
resonance 

-0.5 dB @ 2.34 GHz  
-1 dB @ 5.69 GHz 

[66] 2006 
 

Diagonal fed 
rectangular 
ring  

E-plane bend over 
plastic cylinder 

No change  

[67] 2007 
CPW fed 
notched 
monopole  

E-plane bend over 
air cylinder 

Minimal change   

[68] 2007 
Patch antenna 
with dual U 
slots. 

N/A 

H-plane: resonance 
shifts up or down with 
concave or negative 
bending, respectively 
E-plane: bending shifts 
resonant frequency 
down 

 

[73] 2010 
 

zeroth-order 
resonant 

H-plane bend over 
foam cylinder 

No effect  

[74] 2010 

Composite 
right/left-
handed 
transmission 
line 

 No effect No effect 

6.1.4 Planar carbon antennas 

While planar sheets of graphite or graphene have not been used to fabricate 

antennas in the GHz range (to our knowledge), graphite ink has been examined. 

graphite paste has been used in the development of antennas for RFID tag 
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applications[81]. Graphite paste was printed to polyimide film for both HF and UHF 

antennas. However, antenna performance was not reported due to the high resistivity 

of the graphite paste – over three orders of magnitude more resistive than the 

alternative silver paste. This paper demonstrates one of the key challenges in using 

carbon material compared to a metallic antenna. 

Planar graphene antennas have been proposed for THz radiation[82-84] by 

taking advantage of physics distinct from the physics governing the operation of 

metallic planar antennas.  Graphene supports the transit of surface-plasmon 

polaritons (SPP), which have a smaller wavelength than even photons. By taking 

advantage of this feature, a graphene patch antenna with dimensions on the order of 

microns is predicted to resonate at THz frequencies[85]. The achievable results are 

at lower frequencies than could be achieved with a metal antenna (which would 

require an antenna too small to reasonably fabricate in cleanroom processes), and at 

higher efficiencies.  

Finally, to our knowledge there are no proposed or fabricated planar carbon 

antennas that are made to be flexible and rendered on flexible substrates.  

6.1.5 Summary 

While there has been extensive work on flexible electronics for RF frequencies, 

to our knowledge, there has been no rendering of a flexible planar carbon antenna on 

plastic or flexible substrate. Additionally, with the facilities at the Microelectronic 

Research Center, we could not only fabricate the antenna and graphene device with 
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graphene, but could leverage the roll-to-roll fabrication technologies provided by the 

NSF NASCENT center.  

While some theoretical work has been done on bending antennas, simulation 

and measurement have not been done extensively. Most measurement is done by 

wrapping the antenna around a plastic or foam cylinder, or a human arm, and may 

simulate ‘real-world’ conditions but do illustrate how bending at different angles and 

radiuses impact performance. Finally, there is very little direct mapping between 

simulated and measured results.  

6.2 Patch Antenna Simulation  

The microstrip patch antenna, shown in Figure 6.4, is examined due to high 

performance as well as compatibility with roll-to-roll processes.  

 

 

Figure 6.4. Patch antenna. From www.emtalk.com/mpacalc.php. 
  

The design equations governing the patch antennas are as follows[80]: 
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𝑐𝑜
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− 2Δ𝐿   (6.5)  

For a resonant frequency of 2.4 GHz, the equations give dimensions of 3.1 cm x 3.91 

cm, or approximately 0.5 𝜆 long by 0.65 𝜆 wide. 

CST transient simulations demonstrate a dual band patch antenna comprised of 

high quality graphite sheet adhered to polyimide, with dimensions similar to the 

nominal calculations of 3.9 cm x 3.2 cm (Figure 6.5.a). The antenna provides excellent 

gain and impedance match at 2.4 GHz and 5 GHz simultaneously (Figure 6.5.b and 

Table 6.3). However, while the expected patch antenna radiation pattern is achieved 

at 2.44 GHz (Figure 6.6.a), while the radiation pattern at 4.2 GHz (Figure 6.6.b) is not 

useful for standard applications. Examination of the simulated magnetic field indicate 

that at the secondary resonance, the field is propagating in the incorrect direction, in 

spite of the correct impedance match, which contributes to the unconventional 

radiation pattern. 
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Figure 6.5. Optimized graphite patch antenna. (a) Patch antenna simulation in CST. 
(b) S-parameter response of antenna showing good match at both 2.4 GHz and 5 GHz. 
 

  

Figure 6.6. Far-field patterns for both (a) the primary resonance and (b) the 
secondary resonance. The primary resonance near 2.4 GHz is typical of patch 
antennas; however, the secondary resonance is due to an undesirable resonant cavity 
mode. 
 

Table 6.3. Performance comparison for graphene patch antenna. 
Frequency Gain Impedance  S11 
2.4 GHz 9.45 dB 46 + 3.2 j -25.5 dB 
5 GHz 7.9 dB 83.35 – 13.5j -11.4 dB 

 
 The material is mechanically flexible and easily manipulated and cut to 

form any size antenna. High quality pyrolitic graphite sheets, made from highly-

a) b) 

W 

L 
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oriented graphite films, are produced commercially with conductivities up to 1 x 106 

S/m[86], which is comparable to the traditional copper material, as shown in Figure 

6.7. Increased metal losses decrease the gain (Figure 6.7.a) but do not affect the 

resonant frequency (Figure 6.7.b), as expected.  

 

Figure 6.7. Time-domain simulated comparison of four different materials for patch 
antenna implementation in CST: an ideal perfect electric conductor (PEC), Copper (σ 
= 6E7), Graphite (σ = 2E5) and Graphene (σ = 2E3). (a) Gain as a function of material. 
(b) S11 as a function of material. 
 

While the patch is optimized for performance in the mechanically neutral 

(unbent, unstrained) state, we would like to further examine the effects of applying a 

curvature to the antenna and substrate. To this end, we model bending along both the 

length and width (Figure 6.8), calculating as if the antenna were being wrapped 

around an air cylinder (see Appendix D.2). A smaller bending radius implies a more 

extreme curve.  

The antenna curvature is swept in both the concave and convex directions to 

examine the effect on S-parameters, primary resonance, and gain. Figure 6.9 shows  
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Figure 6.8.  Illustration of bent antennas in CST. (a) Concave (positive) bend in patch 
antenna (bend radius of 29 mm). (b) Convex (negative) bend in patch antenna (bend 
radius of 18 mm).  

 

Figure 6.9.  S-parameters as a function of frequency for both nominal flat antenna and 
the antenna curved in the convex and concave directions.   
 

S-parameters as a function of frequency for both the nominal flat antenna and several 

bent situations. Both resonant frequencies, at 2.4 GHz and the secondary resonance, 

shift slightly, with no serious change to the S-parameter characteristics.  
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Figure 6.10 quantifies the effect of bending on resonant frequency. For the 

bending performed, the change in resonant frequency is less than 10%, with the 

frequency of the 2.4 GHz resonance staying in the ISM band range for light bending. 

Figure 6.11 shows the decrease in gain at the resonant frequency as the antenna is 

deformed. While the resonant frequency only changes minimally, the gain at this 

adjusted resonant frequency decreases substantially with bending.  

 

Figure 6.10. Shift in resonant frequency from nominal at (a) 2.45 GHz, with the grey 
lines indicating the edges of the ISM band frequency range, and (b) 4.204 GHz. Large 
bending radius (120 mm) approximates a flat antenna. 
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Figure 6.11. Reduction of gain induced by bending at (a) ISM band resonant frequency 
and (b) 4.2 GHz resonant frequency. Large bending radius (120 mm) approximates a 
flat antenna. 
 

6.3 Patch Antenna Measurement and Characterization  

The antennas are constructed and tested individually to characterize 

performance. To test the antennas, shown in Figure 6.12, a copper feed is attached to 

the antenna. The copper tape is backed with adhesive and is electrically connected to 

the patch antenna with silver paint. A solder-to-SMA connector is used to connect the 

copper feed to SMA cables for testing with a VNA. The antennas are backed with 

shorted copper tape for a ground plane.  

S-parameters are measured using the Agilent PNA E8361C (measurement 

setup is elaborated on in Appendix B.3). Single port SOLT calibration is performed 

using the Agilent calibration wizard and calibration kit. A sample results is shown in 

Figure 6.13, with good agreement between measured and simulated data.  

 

 
(a) (b) 
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Figure 6.12.  Example of fabricated antennas. (a) Front view, showing graphite 
antenna, with SMA feed soldered to copper feed. (b) Back view showing copper 
backing as a ground plane. 
 

 

Figure 6.13. Time-domain simulation using measured dimensions, compared with 
measured results. The resonant frequency shifts from 2.4 GHz in simulation to 2.32 
GHz in measurement. The secondary resonance is at approximately 4.3 GHz for both 
measured and simulated. 
 
 One advantage of the flexible substrate and antenna material is performance 

under physical stress and bending, enabling applications such as wearable 

electronics. The antennas were subjected to curvature testing on the apparatus 

shown in Figure 6.14.  The metal vice is layered with FA Series Non-Conductive RF 

adhesive-backed absorber material, from Device Technologies Inc, in order to reduce 

the interference introduced by reflections from the test fixture on the antenna 

radiation. The measurement setup enables the evaluation not just of the effects of 

antenna curvature on S-parameters, but also allows an analysis that is not possible 

with CST: evaluating any memory effects or hysteresis. For flexible electronics 
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application, we are interested not just in performance of the device when bent, but 

also if there are any lingering effects of the curvature. 

As shown in Figure 6.15, the antenna scattering parameters were measured 

under both concave (Figure 6.15.a) and convex (Figure 6.15.b) conditions. The width 

of the antenna substrate is 4.7 cm, and the chord length was measured at every data 

point. The angle of curvature and bending radius can be calculated as follows:  

𝐴 =
𝑊𝑠𝑢𝑏

2𝜋𝑟
, 𝐿𝑐ℎ𝑜𝑟𝑑 = 2𝑟 sin (

𝐴

2
) 

To make a measurement, the antenna is placed in the vice and slowly bent, with the 

S-parameters measured for each mm decrease in length. The resulting bending radius 

and angle of curvature can thus be calculated from the geometry of the patch antenna 

(Appendix D.2). 



 84 

Graphite 
antenna

Absorber 

 
Figure 6.14. Bending apparatus consisting of vice covered in RF absorbing film. The 
distance between the jaws is measured for each bend and used to calculate the 
bending radius and angle.  
 
 

 
Figure 6.15. Scattering parameter measurements were performed under both (a) 
concave and (b) convex conditions.  
 

(a) (b) 
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An example of a hysteresis measurement is shown in Figure 6.16, showing the 

nominal performance of the flat antenna, as well as bending radii in the mid-range of 

curvature (less than the most extreme bend induced on the antenna). The nominal 

antenna S-parameters are measured when the antenna is relaxed (flat) in the vice. 

The antenna is bent slowly to scroll through the radius of curvatures, then relaxed 

with measurements made for each of the same radii. In Figure 6.16.a, little change is 

observed in the S-parameters as the antenna is bent. In Figure 6.16.b, while the 

bending and relaxing measurements are very similar, they differ substantially from 

the nominal measurement. Exploratory measurements demonstrate that this is likely 

due to the looseness of the feed, and not due to the antenna curvature. 

 

Figure 6.16. Scattering parameter measurements were performed under both (a) 
convex and (b) concave conditions. While the convex measurements are relatively 
stable, there is a large discrepancy from the nominal measurement to the concave 
measurements shown, likely due to a loose feed line. 
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Figure 6.17. Shift in resonant frequency from nominal 2.4 GHz resonant frequency for 
(a) convex and (b) concave bending. As noted in Figure 6.16, the discrepancy in the 
concave measurements is likely due to a loose feed and not the intrinsic antenna. 
 

This hysteresis is further quantified in Figure 6.17, where the change in 

resonant frequency is plotted as a function of bending radius. In Figure 6.17.a, for the 

convex curvatures, the resonant frequency shifts less than ± 1%, staying well within 

the ISM band. However, the concave bending response (Figure 6.17.b) shows higher 

differentiation from the initial response of the flat antenna, but the S-parameters 

when bending and relaxing are very similar to each other, indicating only a weak 

memory effect.  As discussed above, this is likely due to looseness in the antenna feed, 

rather than due to any issue with the antenna itself. 

6.4. Meander Line Antenna Simulation  

Another antenna topology that was considered is the meander line antenna 

[87-89]. The meander line can be understood as a dipole or monopole antenna that is 

made increasingly compact by snaking or winding the antenna trace (Figure 6.18).  
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However, when the optimized copper antenna was re-simulated with a standard 

graphite conductivity value, the impedance match was too poor for the antenna to be 

considered as a viable option (Figure 6.19). Due to the small dimensions of the 

antenna, cleanroom fabrication techniques must be used, which have not yet been 

developed for work with the pyrolitic graphite sheet. 

 

Spacing

Length

 

Figure 6.18. Meander line antenna as drawn and simulated in CST. There are 10 
“fingers”, each 0.1 mm wide with 0.25 mm spacing between lines. The lines extend 6 
mm in length.  The metal lines all fit within a 1 cm x 1 cm area, allowing for fabrication 
using cleanroom processes.  
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Figure 6.19. Meander line antenna simulated with copper and graphite materials. 
    

6.5. Summary and Future 

 In this chapter we present simulation and measurement results for the first 

planar carbon antenna on flexible substrate. Both simulation and measurement 

indicate that flexing and bending the antenna, at least in the E-plane, have negligible 

effect on the resonant frequency of the antenna. Additionally, the gain as 

characterized in simulation changes only slightly. 

 As our fabrication techniques improve, by integrating with either clean room 

processes or roll-to-roll printing methods, we may explore other antenna topologies, 

such as the transmission line/zeroth order antennas discussed that are designed to 

withstand bending conditions.  
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   Finally, due to issues with the transition from the measurement equipment 

to the antenna, with the looseness of the feed. Future antenna prototypes with an 

improved feed, possibly with frequency generation circuitry already integrated onto 

the substrate. Additionally, with improvements in feed adhesion, we can test the 

antenna further with bends that are not aligned with either the E-plane or H-plane; 

twisting, stretching, and straining can be explored. 
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Chapter 7: An integrated carbon radio on flexible substrate 

In this chapter we discuss the design and implementation of the first 

integrated carbon radio circuit. This work would provide further motivation for 

flexible graphene nanoelectronics, and the techniques developed in the fabrication of 

this circuit would lay the groundwork for future projects. Prior work is discussed and 

theoretical background is provided. We leverage the model discussed in Chapter 5 to 

provide simulation results. The fabrication and measurement of the system are 

described, and future improvements are elucidated. 

7.1 Prior Work 

 Previously, carbon nanotubes have been used in radio circuits due to the IV 

characteristics of the device. Similarly to graphene, the CNT has I-V characteristics 

approaching that of a full-wave rectifier. The CNT has been used as both an entire 

system [90] (Fig. 7.1.a) and as just the demodulating device [91] (Fig. 7.1.b). In the 

former case, the CNT antenna/tuner/amplifier/demodulator only works in vacuum 

conditions, prohibiting it from being used as a practical device. The latter radio 

requires significant external circuitry to output an audible signal, and so is not 

compact.  
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Figure 7.1. Examples of published carbon radios. (a) Work by the UC Berkeley group 
on a radio comprised of a single CNT and a speaker, operating in a vacuum[90], and 
(b) work from the UC Irvine group using the CNT as the demodulator[91]. 
 

The carbon radio described in this chapter is based on the standard AM radio 

receiver (Figure 7.2).  An audio signal (Figure 72.a) is modulated with an RF signal to 

allow transmission at a higher carrier frequency between 540 kHz and 1.6 MHz for 

commercial broadcasting (Figure 7.2.b). The modulated signal is then transmitted by 

the broadcasting antenna, and received by the radio antenna (Figure 7.2.c). The 

simplest receiver is the envelope detector shown in Figure 7.3. The half-wave rectifier 

or full-wave rectifier (the diode in Figure 7.2) rectifies the signal, while a smoothing 

capacitor is used to reconstruct the envelope (Figure 7.2.d). This reconstructed audio 

signal is then emitted by a speaker. 
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Figure 7.2. Standard AM radio block diagram showing modulated and demodulated 
signals. From http://goo.gl/oHsTb. 

 

Figure 7.3. Radio receiver block envelope detector. 
 

7.2 Theory 

Here, we adapt the AM radio for carbon processes and ISM band (Bluetooth – 

2.4 GHz) frequencies. As pictured in Figure 7.4, the transceiver is comprised of an 

audio source, signal generator and horn antenna. The audio source (digital music 

player or phone) generates frequencies between 20 Hz and 20 kHz. The audio signal 

is then modulated by the Agilent E8257D Signal Generator at 2.45 GHz (ISM band) 

and transmitted by a horn antenna. The signal is received by the receive chain, 
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implemented in graphite and graphene on 250 𝜇𝑚 thick flexible KAPTON polyimide 

substrate (𝜖𝑟 = 3.5). The signal is first captured by a graphite antenna, then fed to a 

demodulating GFET. The audio signal is then reconstructed by the smoothing 

capacitor and then broadcast by a speaker.  

TX RX

Modulation provided
by Signal Generator

Modulated 
signal

Audio
source

Horn 
Antenna Graphite 

Antenna

GFET
demodulator

Speaker

Demodulated 
audio

Cdecap 

(10 uF)

Csmooth 

(50 nF)

VDD

VG  

 Figure 7.4. Block diagram of carbon radio. 
 

Table 7.1. Link budget for carbon radio at 2.4 GHz 
Path loss Graphite Antenna GFET Demodulator Circuit Total 
-1 dB/cm @ 6cm -5 dB -35 dB -46 dB 

 
A link budget is shown in Table 7.1. Assuming that the output of the 

transmitting antenna roughly 10 dBi, we can expect that the output signal to be 

approximately -36 dB. Many factors determine whether the output signal, when fed 

to a speaker or other audio output device, will be audible; these are summarized in 

Table 7.2. Assuming the noise level of the building to be roughly 60 dB, we would need 

an output signal at the ear to be at least 70 dB. Speaker sensitivities range from 85 to 

95 dB for 1 W, measured at a distance of 1 m. Earbud sensitivities are around 100 db 

for 1 mW at the earpiece. Since sound pressure decreases inversely proportionally to 

distance, a change in one order of magnitude of distance yields a 20 dB change in 

sound pressure level (SPL).  
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Table 7.2. Example audio calculations for required speaker input. 
Device Sensitivity Input power Input RMS voltage Distance SPL 
Speaker 90 dB/W @ 1 m 1 W 2.83 V 1 m 90 dB 
  1 𝜇W 2.83 mV 1 m 30 dB 
  1 𝜇W 2.83 mV 1 cm 50 dB 
  100 𝝁W 28.3 mV 1 cm 70 dB 
Earbuds 100 dB/mW @ bud 1 mW 90 mV At earbud 100 

dB 
  1 𝝁W 2.83 mV At earbud 70 dB 

 
 From Chapter 5, since an output voltage of approximately 14 mV rms was 

observed with an oscilloscope (very large load), the change to an 8 Ω load could 

reduce the output voltage by over 30 dB. To achieve the minimum 2.83 mV, an 

additional power amplification of over 15 dB may be required. To achieve 28.3 mV 

for audible levers with a speaker, 35 dB of amplification is needed. This level of gain 

is achievable using discrete circuits built in house, or commercial audio amplifiers.  

7.3 GFET Characterization 

 The transistors we use in this work are similar to previously published 

embedded gate graphene FETs on flexible substrate. [46, 47, 92, 93]. These FETs have 

previously been characterized for RF performance (Figure 7.5), as well as evaluated 

for performance under strain and curvature conditions and a variety of 

environmental stressors such as liquid immersion and pressure testing.  

 While the transit frequency of the device achieved in Figure 7.5 far exceeds the 

required transit frequency for this application, in a previous work [57], we have 

determined that the 3-dB frequency of a device can exceed the transit frequency by 

up to 50%. While this work focused on the GFET as a frequency doubling device, the 

same argument can be applied to this circuit as we are concerned with the amplifying 
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potential of the device, rather than the RF performance.  Since we have achieved over 

3 GHz transit frequency in a flexible GFET device, before de-embedding, the device 

should perform as a demodulator for frequencies up to at least 4.5 GHz. 

 

Figure 7.5. RF characterization of a flexible device with channel length 0.25 μm, 
measured at optimal bias conditions. (a) Current gain (H21) plotted to project transit 
frequency for both the device as measured (3.05 GHz) and de-embedded using open 
and short structures (25.2 GHz, projected). (b) Maximum available gain (MAG) 
plotted to calculate the maximum frequency for both the device as measured (0.85 
GHz) and de-embedded (1.85 GHz). 
 

7.4. Fabrication and Integration 
 

We first cut an appropriately sized rectangle of 250 μm thick polyimide to 

serve as the substrate. A 3x4 cm rectangle of adhesive-backed pyrolitic graphite sheet 

is applied to the substrate. A feed line can be cut from the same sheet as part of the 

antenna. This surface is now designated as the circuit surface, with the opposite 

surface used as a ground plane. 

 Since the pyrolitic graphite sheet (also referred to as graphite tape) is adhesive 

backed, it is only conductive on the graphite surface; it is insufficient to simply 

overlap the material to make an electrical connection. In order to electrically connect 



 96 

two lines, we apply a small droplet of ink to the overlap as demonstrated in Figure 

7.6.a. The substrate is then heated at 200o C for 30 seconds, to cure the silver ink, with 

the result shown in Figure 7.6.b.  

We can also use this technique to attach RF-appropriate SMT (surface mount) 

components on the substrate. The circuit requires an SMT component for the 

inductor to prevent the high frequency signal from being shorted at the DC bias input. 

The chosen inductor is manufactured by TE Connectivity, part number 36501E5N6 

(5.6 nH, minimum Q is 20 with self-resonant frequency of 4.8 GHz). An SMT 1kΩ 

resistor is also used for the drain bias (part number ERJ-6GEYJ102V). The SMT 

components are first physically attached to the substrate with epoxy, as shown in 

Figure 7.7.a. The substrate is heated at 100o C for 60 seconds and then silver ink is 

carefully applied. The viscosity of the ink decreases due to the heat of the substrate, 

allowing for a more accurate electrical connection. The substrate is then heated as 

above to cure the silver ink, as shown in Figure 7.7.b.  

 

Figure 7.6. (a) Cross-sectional view of application of silver ink to graphite tape 
connection. (b) Photograph of fabricated transition. 
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Figure 7.7. (a) Cross-sectional view of application of SMT component to graphite tape 
connection. (b) Photograph of fabricated inductor transition.  
 

Figure 7.8.a shows a diagram of the complete system, indicating the different 

materials used. Eventually all metal connections and discrete components could be 

replaced with carbon counterparts. Figure 7.8.b shows the component integration 

before the addition of the GFET substrate.  

For the final integration step, the GFET substrate is adhered to the substrate 

and electrically connected using the same heated silver ink method described 

previously. In this example, a dummy allowing for the measurement of a source-drain 

resistance without the presence of a channel. Because the layout includes longer 

metal lines than previous layouts that have been used for RF characterization (Figure 

7.9.a), the additional resistance must be characterized and considered in simulation. 

Figure 7.9.b shows the adhered substrate before electrical connections are made with 

silver ink. Finally, Figure 7.9.c demonstrates the entire system, ready to measure the 

resistance from extrinsic drain (at the drain voltage input) to the extrinsic ground. 

This resistance is found to be 400 Ω, demonstrating that contact has been made and 
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giving an estimation of expected contact resistance due to metal losses. This contact 

resistance is in the range of previously observed contact resistances for graphene 

FETs, and has been considered in simulation (Chapter 5). A contact resistance of 400 

Ω was simulated to reduce the output signal by over 20 dB compared to the ideal 

device. However, we have included the effects of this resistance in the calculations in 

Chapter 7.2 to calculate the appropriate amplification needed for audible signal.  
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Figure 7.8. (a) Diagram of substrate connections (not to scale). Grey represents 
graphite sheet, blue is SMT parts, pink represents capacitors, and red is any instance 
of silver ink. The space for the GFET substrate is indicated by the outline. (b) 
Photograph of a fabricated substrate before GFET integration.   
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Figure 7.9. (a) Layout of dummy structure that will be used to fabricate GFETs. The 
structure is roughly 2.5mm x 2.5mm. (b) Microscope view of integrated dummy 
substrate. (c) Image of final integrated system with dummy structure. 
 

7.5 Test Plan  

 In order to characterize and verify the device, we implement the block diagram 

of Figure 7.4.  In Figure 7.10, we transmit the modulated signal through a horn 

antenna over a short distance to the circuit substrate, where it is either monitored by 
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an oscilloscope, or connected to a speaker. Note that due to the low impedance of the 

speaker, if the speaker is not connected during the oscilloscope measurement, the 

signal may appear up to 30 dB higher than if the speaker was connected, according to 

simulations.  

Modulated 
signal

VG

VD

(a) (b) (c)

(d)(d)

(e)

 
Figure 7.10. Proposed test setup for carbon radio. The modulated signal is produced 
by the previously described setup in (a), and then transmitted using a horn antenna 
(b). The modulated signal is then detected and demodulated by the radio in (c), which 
is biased using a simple power supply and alligator clips. The output of the radio is 
fed first to an oscilloscope to verify the signal (d), then can be adapted to RCA for 
audio output to a speaker (e).  
 

The system would be characterized for output amplitude and spectral purity, 

in the case of testing with a single modulated tone that is observed by the oscilloscope. 

The next step would be to monitor the tone at the speakers, especially in comparison 

with a clean tone. Finally, an audio signal such as music would be modulated and 

played through the speakers.  

 

7.6 Potential Future  

 While to our knowledge, this is the first flexible circuit fabricated using 

graphene transistor technology, several improvements can be made to further 

advance the technology. By refining fabrication techniques to develop the passive 
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components in carbon, we can further reduce interconnect losses as well as move 

towards a more integrated prototype that is compatible with clean room processes, 

which is more attractive in motivating circuits research.   

 For example, this version of the flexible carbon radio was integrated by hand, 

instead of using optimized cleanroom processes or printing using conductive ink. 

This requires that the layout of the GFET device to be incompatible with standard 

ground-signal-ground measurements, thus many of the device’s exact RF 

characteristics are unknown. Optimizing even this small step of making electrical 

connections with the GFET device would allow researchers to better characterize the 

GFET device before implementing it in the radio. Other improvements are described 

in detail below.  

7.6.1 Carbon implementation of capacitors 

 Several options are available to designers looking to fabricate capacitors in 

graphene technology. Vertical natural capacitors (VNCaps), parallel plate capacitors, 

as well as MOSCAPs are commonly implemented in standard CMOS technology. We 

can evaluate the sizing requirements of these by taking commonly used oxide 

capacitance values and applying them to these paradigms. 

 Commonly, the oxide capacitance in GFETs is around 1 to 10 fF/um2. In order 

to achieve the required 1 𝜇F, an area of over 108 um2, or 1 square cm, is necessary. 

However, the achievement of a 47 nF capacitor is more reasonable at 5 x 106 or 5 

mm2. 
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7.6.2 Carbon implementation of speakers 

Typical mechanical loud speakers use a mechanical diaphragm which, when a 

current is applied, produces a magnetic field that displaces a magnet in the speaker, 

creating sound pressure waves. These speakers typically have oscillatory responses, 

requiring damping to broaden the response across the audio range. Thermoacoustic 

speakers operate based on their rapid response to oscillation in temperature 

(induced by a current), which translates to thermal expansion leading to sound 

pressure oscillation. Electrostatic loudspeakers generate sound from force exerted on 

a thin membrane by two uniform current grids, with air providing damping to smooth 

out the frequency response. In the past, few miniaturization attempts have been made 

because smaller lateral dimensions reduce the effectiveness of the air damping – 

shrinking requires a shrink in thickness as well, and thinning materials can easily 

break.  

Both CNT film speakers ([94-96]) and Graphene speakers ([97-101]) have 

been fabricated.  The majority of these devices take advantage of the very small heat 

capacity of both graphene and CNT films (and thus their ability to quickly change 

temperature when a current is applied) to fabricate thermoacoustic speakers. 

Additionally, 2D carbon material can be flexible, optically transparent, and 

transferrable to a variety of substrates including glass or cloth[94], as well as 

paper[100], and still project sound. The planar carbon thermoacoustic speakers also 

report low distortion except at very low frequencies. However, the heat-to-current 
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conversion introduces a frequency doubling effect (see Figure 7.11.a). This can be 

solved by applying a current offset to prevent the input signal from crossing over 0 

(Figure 7.11.b). These speakers are compared in Table 7.3 below. Note that ideally, a 

speaker will have a relatively constant performance over the audio frequency range 

20 Hz to 20 kHz (in terms of sound pressure level, SPL) for best performance for 

humans.  

 

Figure 7.11 (a) Waveforms of signal in[95], (b) schematic of driving circuit to prevent 
frequency doubling in [94].  
 

 Table 7.3 Summary of published planar carbon speakers. 
Ref. Material SPL @ 300 Hz SPL @ 3 kHz Size 
[94] 
2008 

Super aligned MWNCT film in free 
space, on cloth or glass 

~ 70 (in free space) ~ 87 (in free space) 8 cm  x 
14.5 cm 

[95] 
2011 

vertically aligned MWNT web in free 
space 

~ 45 ~ 55  5 cm x 5 
cm 

[100] 
2011 

20 nm, 60 nm and 100 nm thick 
graphene on paper 

N/A 68 (20 nm thick) 1 cm x 1 
cm 

[99] 
2012 

Monolayer, 20nm, 100 nm, and 200 
nm thick graphene on Anodic 
aluminum oxide 

N/A 73 (monolayer) N/A 

[98] 
2012 

Monolayer graphene on PET, PMDS 
and glass 

N/A 30 1.5 cm x 
1.5 cm 

[101] 
2013 

Graphene on PVDF thin film ~ 23 50 12 cm x 
7 cm 
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The thickness of the above represented materials vary, but a key advantage of 

2D carbon materials is that thin films that can be achieved for increased audio 

sensitivity, while maintaining flexibility and structural integrity. Previously, Arnold 

and Crandall proposed that the SPL output of a thermophone is proportional to the 

heat capacity per unit area (red line, Figure 7.12.a)[102]. However, for thin films this 

model doesn’t hold, and considerations for  additional heat loss per unit area in thin 

film and heat exchange with the surrounding air must be included to accurately model 

thin film speakers [94]. For this reason, the advantage of thinning the material is not 

as high as expected, with diminishing returns as the material is increasingly thin. 

 

Figure 7.12. (a) Heat capacity for a CNT film as predicted by Arnold and Crandall (red) 
and by the new proposed model including thin film effects (black) [94]. 

 

 Planar carbon thermoacoustic speakers pose a few challenges, including the 

frequency doubling effect mentioned above. The efficiency of the speakers is low as 

most of the input energy is lost in heat conduction rather than sound production, as 

low as 10-8 at 3 kHz [99, 100]. Recently, the response of the graphene speaker to 
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bending has been recorded [101], with bending shown to have both negative and 

positive consequences on performance.  

A recent publication uses graphene as an electroacoustic speaker[97]; the 

mechanical flexibility of mono-layer graphene enable the miniaturization of 

electroacoustic speakers. An electric field is applied to two perforated silicon 

electrodes, coated in silicon dioxide, which sandwich a multilayer graphene 

membrane. While the speaker is reported to perform comparably to commercially 

available earphones (Figure 7.13), the paper does not specify the actual SPL levels 

and only includes qualitative curves. In addition the paper reports that a tubular 

waveguide is needed to make the sound levels audible.  

 

Figure 7.13. Comparison of electroacoustic (EDGS) speaker and commercial earbuds 
(Sennheiser MX-400) from Ref[97]. The authors do not provide values for the y-axis.  
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7.6.3 Roll-to-roll process compatibility 

Future work sponsored by the recently developed NASCENT center at the 

University of Texas will lead to future work developing plastic integrated 

circuits[103, 104]. The development of the afore-mentioned technologies, in 

conjunction with the methods to fabricate and connect all of these on a single 

substrate using an automated process, is crucial to advancement of this technology. 

Figure 7.14 shows a process developed to transfer large graphene films from copper 

foil, on which the films are grown, to a polymer substrate.  

 

Figure 7.14. Demonstration of roll-to-roll fabrication processing. [103] 
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Chapter 8: Conclusions and Outlook 

8.1 Summary 

  In this dissertation we have described the development of a novel model for 

graphene field effect transistors, with intention for using this model for circuit design 

using these devices. This model improves on existing models by including the effects 

of quantum capacitance, as well as integrating seamlessly with circuit and system 

simulator Agilent Advanced Design System (ADS). The model is used to both match 

existing measurement data, as well as make predictions on existing devices and 

future ideal limitations, including the examination of the quantum capacitance limit.  

 We use this model to explore circuit topologies that take advantage of the 

unique ambipolar property of graphene, including the frequency doubler and the AM 

demodulator. We find that not only is graphene a good candidate for both 

applications, we quantify this behavior and the consequences of contact resistance 

and low oxide capacitance. We additionally contrast the ambipolar behavior of the 

GFET device with the amplifying behavior that can be achieved by adjusting the bias 

conditions.  

 While we propose a novel application for the frequency doubler, the hybrid 

CMOS-GFET frequency source, we leave this for future work. However, we find that 

the AM demodulator can be directly implemented in a planar carbon technology 

standalone system. To this end, we explore a graphite antenna fabricated on flexible 

polyimide, and discuss the effects of bending in both simulation and measurement. 
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The antenna would then be integrated with a graphene transistor used as an AM 

demodulator, to form a complete standalone radio receiver. Here, we have done all 

preparatory work to implement a test structure – analogous to a printed circuit 

board, but on a flexible substrate. Once a suitable graphene FET is fabricated, it will 

replace the existing test structure on the flexible substrate, and the radio will be 

tested and characterized using the outlined test plan.  

 

8.2 Outlook 

 The research described in this dissertation lays the foundation for a number 

of future technology advancements. One future research effort could advance the 

model by including intrinsic capacitances, adding the effects of asymmetric 

mobilities, and including additional saturation or short channel effects. This modeling 

technique can also be extended to similar 2D material technologies, including MoS2 

(molybdenum disulfide).  

 Outside of improving and expanding the existing model, applications for the 

model are vast, including modeling existing circuit topologies or exploring novel 

technologies, such as the doubler and demodulator described in this work. As 

fabrication technology becomes more reliable, multi-FET designs that can accurately 

predict performance, before fabrication, will be possible. As integrated technologies 

such as capacitors and resistors are developed, models for these can be integrated 
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into circuit models to produce large scale integrated circuits. In addition, the model 

is integrable with existing CMOS models and so can be used to design hybrid circuits.  

 Two of the applications explored in this work, the doubler and demodulator, 

have immediate uses as proposed in this work. The frequency multiplying effect 

activated by biasing the doubler at the minimum current point is useful for doubling 

frequencies with high spectral purity. With graphene transit frequency expected to 

exceed hundreds of GHz, a hybrid CMOS-graphene frequency source could output 

frequencies exceeding what is currently possible in CMOS alone. As quality control in 

arrays improves, multiple FETs could be used in cascade to quadruple frequencies, 

reaching THz frequencies handily.  

 With similar advancements in fabrication technology, including the 

improvement in FET fabrication, as well as the development of carbon interconnects, 

the circuit described in Chapter 7 could be produced entirely with cleanroom 

processes. As FET quality improves and transistor gain is achieved, the 

implementation of CNT film or graphene speakers would allow for a completely 

integrated product, which could also be mass produced, as variation in planar carbon 

fabrication decreases.   
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Appendix A. MATLAB codes 

A.1 MATLAB comparison of tight-binding approximation and linear ‘Dirac cone’ 

approximation: diraccone.m 

 

clc;clear;gamma = 3.1*1.6e-19; 

so = 0.05; 

a = 2.46e-10; 

delta = pi/a/2; q = 1.6e-19; 

 

kx = transpose(linspace(-delta,delta)); 

ky = (linspace(-4*pi/a/3-delta, -4*pi/a/3+delta)); 

abinit 

=gamma*sqrt(1+4*cos(sqrt(3)/2*a*kx)*cos(a/2*ky)+4*transpose(linspace(1,1))*cos(a/2*ky).^2); 

linear = 6.582e-16*10^6*q*sqrt(kx.^2*(ky./ky)+kx./kx*(ky+4*pi/a/3).^2); 

 

 

figure(3) 

surface(kx/pi*a,ky/pi*a,(abinit-linear)./abinit*100) 

colorbar 

xlabel('\pi/a(k_x)') 

ylabel('\pi/a(k_y)') 

title('Error') 

 

figure(4) 
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subplot(2,2,1) 

surface(kx/pi*a,ky/pi*a,abinit/q) 

xlabel('\pi/a(k_x)') 

ylabel('\pi/a(k_y)') 

colorbar 

title('abinitio') 

subplot(2,2,2) 

surface(kx/pi*a,ky/pi*a,linear/q) 

xlabel('\pi/a(k_x)') 

ylabel('\pi/a(k_y)') 

title('linear') 

colorbar 

subplot(2,2,3) 

surf(kx/pi*a,ky/pi*a,abinit/q) 

title('abinitio') 

xlabel('\pi/a(k_x)') 

ylabel('\pi/a(k_y)') 

subplot(2,2,4) 

surf(kx/pi*a,ky/pi*a,linear/q) 

title('linear') 

xlabel('\pi/a(k_x)') 

ylabel('\pi/a(k_y)') clc 

clear 
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A.2 MATLAB comparison of quantum capacitance approximations and resulting 

surface potential equations 

 

%global definitions (intrinsic truths) 

 

kb = 8.617*10^-5;           %Boltzmann's (eV/K) 

elec = 1.6*10^-19;             %Electron charge (C) 

hbar = 6.582*10^-16;        %Plancks constant (eVs) 

vf = 10^8;                  %Fermi velocity  (cm/s) 

chi = 1/pi/hbar^2/vf^2; 

T = 300;                    %Temperature (K) 

L=1; %length, um 

W = 1; %width, um 

 

 

mob = 8600;    

 

Rc = 1540; %fitting param - contact resistanmce 

Rc = 0; 

gamma = 1/kb/T/log(4); 

Bg = 2/pi / (hbar * vf)^2/10^8; 

Bg2 = Bg*elec*10^15; %constant (makes Cq = Bg2*phis in units of F/um^2) 

 

 

phitest = linspace(-1,1,501); %input phiS for numerical solution for comparison 
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Cqi =(Bg2*(2*kb*T*log(1+exp(0/(kb*T))))); %intrinsic Cq value at phi = 0 

Cox = Cqi; 

Cqlin = Cqi*gamma*phitest.*sign(phitest); 

Cq = Bg2*(2*kb*T*log(1+exp(phitest/(kb*T)))-phitest); %Cq for all values 

Cq_sqrt = sqrt(Cqi^2 + (Bg2*phitest).^2); %Cq estimate  

 

Vg = ((Cox+Cq)/Cox).*phitest; %this gives us the test Vgs values.  

myPlot2 = figure(2);   

   set(myPlot2,'Position',[100,100,800,350]) 

   subplot(1,2,1) 

plot(phitest,Cq,phitest,Cqlin,phitest,Cq_sqrt); 

legend('Actual', 'Linear Approx.', 'Squareroot Approx.') 

title('Quantum capacitance approximations') 

xlim([-0.1,0.1]) 

xlabel('Surface Potential [V]') 

ylabel('Quantum Capacitance [fF/\mum^2]') 

subplot(1,2,2) 

plot(phitest,(Cq-Cqlin)./Cq*100,phitest,(Cq-Cq_sqrt)./Cq*100); 

legend('Linear Approx.', 'Squareroot Approx.') 

title('Error calculation') 

xlim([-0.1,0.1]) 

xlabel('Surface Potential [V]') 

ylabel('Error [%]') 

 

 

gamma = 1/kb/T/log(4);a = Cox/Cqi;eps = (a*log(2)+1)*gamma^2; 
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philin = sign(Vg).*(-a+sqrt(a^2+4*a*gamma*abs(Vg)))./(2*gamma); 

phisqrt = sign(Vg).*sqrt((-(a+1)^2+sqrt((a+1)^4+4*eps*a^2*(Vg).^2))/2/eps); 

myPlot1 = figure(1);   

   set(myPlot1,'Position',[100,100,800,600]) 

subplot(2,2,1) 

plot(Vg,phitest,Vg, philin, Vg, phisqrt) 

legend('self-consistent', 'linear' ,'squareroot') 

title('Surface Potential approximations') 

xlabel('Gate Voltage [V]') 

ylabel('Surface Potential [V]') 

%limits check out in mathematica and matlab 

xlim([-0.5,0.5]) 

 

subplot(2,2,2) 

plot(Vg,(phitest-philin)./phitest*100, Vg,(phitest-phisqrt)./phitest*100) 

legend('linear' ,'squareroot') 

title('Error calculations') 

xlabel('Gate Voltage [V]') 

ylabel('Error [%]') 

%limits check out in mathematica and matlab 

xlim([-0.1,0.1]) 

 

subplot(2,2,3) 

plot(Vg,phitest,Vg, philin, Vg, phisqrt) 

legend('self-consistent', 'linear' ,'squareroot') 

title('Surface Potential approximations') 
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xlabel('Gate Voltage [V]') 

ylabel('Surface Potential [V]') 

%limits check out in mathematica and matlab 

xlim([-0.1,0.1]) 

 

subplot(2,2,4) 

plot(Vg,phitest,Vg, philin, Vg, phisqrt) 

legend('self-consistent', 'linear' ,'squareroot') 

title('Surface Potential approximations') 

xlabel('Gate Voltage [V]') 

ylabel('Surface Potential [V]') 

%limits check out in mathematica and matlab 

xlim([0.3,0.5]) 
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A.3 MATLAB calculation of C-V curves for graphene devices 

function  main 

  

mat=csvread('CV_2V.csv'); 

  

%input constants and define phi 

T=300;h = 4.125e-15;kb = 8.617e-5;elec = 1.6e-19; 

kT = kb*T; c=3e8, vf = 3e8/300; hbar = 6.58211899e-16; 

phis = linspace(-.2,.2,60); %will calculate V from phi 

Bg = 2/pi / (hbar * vf)^2 ; 

Cox = 6 %ff/um^2  

%actual: 

%Cox = 15.5 %ff/um^2 

%calculate function of dilogs 

mydilog = (dilog(-exp(phis/(kb*T)))+dilog(-exp(-phis/(kb*T)))); 

%calculate quantum capacitance  

Cq = Bg*(2*kb*T*log(1+exp(phis/(kb*T)))-phis)*elec*10^3; %ff/um^2 

%calculate V from inverse relation: 

%phi = V*Cox/(Cox+2Cq) 

V = (Cox + 2*Cq)/Cox.*phis; 

%calcualte effective capacitance 
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Ceff = (2./Cox + 1./Cq).^-1; 

Ceff2 = Cq*Cox./(2*Cq+Cox); 

subplot(2,2,1) 

plot(V, Ceff*40, mat(:,1)+1, mat(:,2),mat(:,1)+1, mat(:,3),mat(:,1)+1, mat(:,4)) 

  

legend('Ceff [pf]', 'Ceff [100 kHz]', 'Ceff [500 kHz]', 'Ceff [1 MHz]') 

  

subplot(2,2,2) 

plot(V, Ceff*40, mat(:,1)+1, mat(:,2),mat(:,1)+1, mat(:,3),mat(:,1)+1, mat(:,4)) 

ylim([90,115]) 

legend('Ceff [pf]', 'Ceff [100 kHz]', 'Ceff [500 kHz]', 'Ceff [1 MHz]') 

  

Cmes = mat(:,2:4); 

Cqc= 2*Cmes/40*Cox./(Cox-2*Cmes/40); 

  

subplot(2,2,3) 

plot(V, Cq, mat(:,1)+1, Cqc) 

  

legend('Cq [ff/um^2]', 'Cq [100 kHz]', 'Cq [500 kHz]', 'Cq [1 MHz]') 

  

subplot(2,2,4) 
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plot(V, Ceff, mat(:,1)+1, Cmes/40) 

  

legend('Ctot [ff/um^2]', 'Ctot [100 kHz]', 'Ctot [500 kHz]', 'Ctot [1 MHz]') 

  

  

   

function d = dilog(z) 

% DILOG = di-Logarithm. 

% 

% d = dilog(z) = Li_2(z)  

%   = -Int From t=0 To t=z    log(1-t) dt/t         for all z. 

%   =  Sum From n=1 To n=Inf  z^n/n^2               for |z|<=1. 

% 

% INPUT  z: real or complex, scalar, vector or matrix. 

% OUTPUT d: component-wise dilogarithm of z. 

  

% References: 

% [1] Lewin, L. 1958. Dilogarithms and associated functions. Macdonald. 

% [2] Wood, D. C. 1992. Technical Report 15-92. University of Kent computing 

laboratory. 

% [3] http://en.wikipedia.org/wiki/Polylog 
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% Didier Clamond, February 28th, 2006. 

  

% Initialization. 

d  = zeros(size(z));      

s  =  ones(size(z));      

       

% For large moduli: Mapping onto the unit circle |z|<=1. 

j = find(abs(z)>1); 

d(j) = -1.64493406684822643 - 0.5*log(-z(j)).^2;  

s(j) = -s(j); 

z(j) = 1./z(j);  

  

% For large positive real parts: Mapping onto the unit circle with Re(z)<=1/2. 

j = find(real(z)>0.5); 

d(j) = d(j) + s(j).*( 1.64493406684822643 - log((1-z(j)).^log(z(j))) ); 

s(j) = -s(j); 

z(j) = 1 - z(j); 

  

% Transformation to Debye function and rational approximation. 

z = -log(1-z);                                                                                 
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s = s.*z;                                                                                       

d = d - 0.25*s.*z;                                                                             

z = z.*z;                                                                                      

s = s.*(1+z.*(6.3710458848408100e-2+z.*(1.04089578261587314e-

3+z*4.0481119635180974e-6)));     

s = s./(1+z.*(3.5932681070630322e-2+z.*(3.20543530653919745e-

4+z*4.0131343133751755e-7)));     

d = d + s;        
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A.4. MATLAB doubler code 
 

A.5. MATLAB demodulator code 
 

Appendix B. Measurement Techniques 

B.1 Linear S-parameter (PNA) measurement 

All linear scattering (S-) parameter measurements are made with the Agilent 

PNA E8361C, a Vector Network Analyzer operating from 10 MHz to 67 GHz. Other 

equipment used include Cascade Infinity Probes I67-A-GSG-150 and I67-A-GSG-100, 

GORE cables provided by Cascade, and WinCal software.  

The probes are installed and calibrated according to Cascade 

recommendations, then the GFET device is contacted, with DC bias applied at the gate 

and drain through the bias tees on the PNA. S-parameters are measured and H21 

(forward current gain) is extracted directly from the software.  

De-embedding is performed by fabrication open and short structures and 

subtracting the parasitic components contained within these structures from the 

overall device-under-test (DUT) measurement. Once the original devices are 

measured, the devices are erased from the substrate with a plasma etching step. After 

the open structures are measured, the gate, source and drain contacts are shorted 

using electron beam lithography, and the resulting short structures are characterized 

as well. Using Agilent ADS, the s-parameter data is loaded into three separate 

http://www.home.agilent.com/agilent/product.jspx?cc=US&lc=eng&nid=-536902643.761692&&cc=US&lc=eng
http://www.home.agilent.com/agilent/product.jspx?cc=US&lc=eng&nid=-536902643.761692&&cc=US&lc=eng
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simulation files (open, short, and DUT) for comparison of de-embedding results with 

the intrinsic. The parasitics are accounted for using the equations described in Ref 1: 

𝑌𝐹𝐸𝑇 = 𝑌𝐷𝑈𝑇 − 𝑌𝑂𝑃𝐸𝑁 (B.1)  

𝑍𝐹𝐸𝑇 = (𝑌𝐷𝑈𝑇 − 𝑌𝑂𝑃𝐸𝑁)−1 −  (𝑌𝑆𝐻𝑂𝑅𝑇 − 𝑌𝑂𝑃𝐸𝑁)−1  (B.2)  

Where Y and Z are the matrices that represent admittance and impedance 

characteristics, respectively. The Y and Z matrices are derived from the S-parameter 

data by matrix operations (standard functions in ADS).  

 

Associated files: deembedding_wrk in ADS.  

 

 

 

 

 

  

                                                 
1 An improved de-embedding technique for on-wafer high-frequency characterization 
 

http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=160985
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B.2 Doubler measurement   

 

B.3 Antenna measurement   

 The antennas were measured using the Agilent PNA E8361C, with GORE 

cables and 2.4mm-to-SMA adapters. Only one-port measurements were required for 

the S-parameter/bending characterization measurements, and short-open-load 

calibrations were performed with the 85056D Economy Mechanical Calibration Kit 

for 2.4mm adapters. Because the SMA connectors used to connect to the antenna feed 

cannot mate with the 1.8mm cables, the measurement results include the effects of 

the 2.4mm-to-SMA adapters which cannot be calibrated out.  

 While the cables are phase stable, we had numerous issues with stability in the 

measurements likely due to the connection between the SMA and the graphite 

antenna. Since the graphite material does not dewet the solder, it is difficult to attach 

the SMA component directly to the graphite. To circumvent this issue, we solder the 

SMA component to a copper tape feed (adhesive backed), and then electrically 

connect the copper feed to the antenna. However, due to the solder, the adhesive 

backing on the copper feed appears to melt and detach from the substrate and 

graphite antenna. This weak attachment can cause the s-parameters to fluctuate 

during measurement. 

 

http://www.home.agilent.com/agilent/product.jspx?cc=US&lc=eng&nid=-536902643.761692&&cc=US&lc=eng
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Figure B.1. Close-up of antenna showing connection from SMA feed to antenna.  
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Appendix C. GFET Model 

C.1. Low field model  

 For low field, we can approximate the solution by ignoring the variation in the 

channel and assuming a linear dependence of the current on voltage. [48] 

𝑉𝐷𝑆/𝐼𝐷𝑆 = 𝑅 = ( 𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓𝑛𝑡𝑜𝑡𝑎𝑙)

−1

 (C.1.1) 

We can rewrite Equation 3.9 as  

𝐼𝐷𝑆 =  𝑞
𝑊

𝐿

𝜇

√(1 + (
𝜇𝑉𝐷𝑆

𝐿𝑣𝑠𝑎𝑡
)

2

)

𝑉𝐷𝑆 (𝑛𝑜 +
(𝑞𝜑𝑠(𝑉𝐺𝑆))

2

𝜋ħ2𝑣𝑓
2 ) 

(C.1.2) 

This implementation gives a current value that is approximately accurate for low 

values of VDS, when compared with the full model described in Chapter 3. Additionally, 

for low VDS, the effective mobility term can be set equal to low-field mobility value, 

allowing for easy back-of-the-envelope calculations and estimations. 
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C.2. Velocity Saturation  

 

 

Figure C.1. Comparison of exactly solvable model (velocity saturation 𝑣𝑠𝑎𝑡 is constant) with a 

model that assumes concentration dependent velocity saturation (𝑣𝑠𝑎𝑡 =
ħΩ

ħ√𝜋𝑛
).[22] Three values 

of ħΩ are used, corresponding to estimates found in three published works: 0.04 eV,[105] 0.16 

eV,[52] and 0.19 eV.[53] Qualitatively the curves are similar, with the exactly solvable model 

providing an upper bounds on the quantitative current values.  
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C.3. Voltage-Capacitance modeling  

 

Equation 3.2, describing the dependence of quantum capacitance on oxide 

capacitance, surface potential, and input voltage in a standard GFET is reproduced 

below:  

𝜑𝑠(𝑥) =
𝐶𝑜𝑥

𝐶𝑜𝑥 + 𝐶𝑞(𝜑𝑠)
(𝑉𝐺𝑆 − 𝑉𝐶𝐻) (3.2) 

This equation is transcendental in terms of 𝜑𝑠, as the quantum capacitance is a 

logarithmic function of surface potential:  

𝐶𝑄 =
2𝑞2𝑘𝐵𝑇

𝜋ħ2𝑣𝑓
2 ln 2(1 + cosh

𝑞𝜑𝑠

𝑘𝐵𝑇
)   (2.13) 

In order to find quantum capacitance as a function of voltage, we can solve Equation 

3.2 numerically for 𝜑𝑠 as a function of 𝑉𝐺𝑆 − 𝑉𝐶𝐻, and then calculate 𝐶𝑄 from Equation 

2.13. However, if we do not need to know the corresponding quantum capacitance 

values for a given set of 𝑉𝐺𝑆 − 𝑉𝐶𝐻, and instead just want to generate a curve showing 

this dependence, we can rewrite Equation 3.2 as  

(𝑉𝐺𝑆 − 𝑉𝐶𝐻) = 𝜑𝑠(𝑥)
𝐶𝑜𝑥 + 𝐶𝑞(𝜑𝑠)

𝐶𝑜𝑥
 (C.1) 

We define a dataset 𝜑𝑠, calculate 𝐶𝑄 from Equation 2.13, and then calculate 𝑉𝐺𝑆 − 𝑉𝐶𝐻 

from Equation C.1. In this way we can plot 𝐶𝑄 as a function of 𝑉𝐺𝑆 − 𝑉𝐶𝐻 exactly, with 

no need for numerical solvers. However, we cannot input a data set to represent 𝑉𝐺𝑆 −
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𝑉𝐶𝐻. Additionally, we can calculate the effective gate capacitance as a function of input 

gate voltage as 

𝐶𝑒𝑓𝑓 =
𝐶𝑜𝑥𝐶𝑞(𝜑𝑠)

𝐶𝑜𝑥 + 𝐶𝑞(𝜑𝑠)
 (C.2) 

We can reframe these equations for the problem shown in Figure C.2, such that  

(𝑉𝐺𝑆 − 𝑉𝐶𝐻) = 𝜑𝑠(𝑥)
𝐶𝑜𝑥 + 2𝐶𝑞(𝜑𝑠)

𝐶𝑜𝑥
 (C.3) 

And the effective capacitance is  

𝐶𝑒𝑓𝑓 =
𝐶𝑜𝑥𝐶𝑞(𝜑𝑠)

𝐶𝑜𝑥 + 2𝐶𝑞(𝜑𝑠)
 (C.4) 

 

Figure C.2. Cross-sectional view of GFET capacitor with equivalent circuit schematic.  
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C.4. ADS GFET model – DC fitting  

 This section illustrates how to use the model described in Chapter 3 (Figure 

C.3), focusing on describing model inputs and outputs. Further outside review of ADS 

software usage may be required. The inputs to the model are shown in Table C.1. The 

inputs are separated into intrinsic (used directly by the lower hierarchy model) and 

extrinsic (added by the user). Other possible extrinsic quantities include gate 

resistance, additional parasitic capacitances, biasing circuitry and more. 

 

 

Figure C.3. Example simulation of GFET transistor. 

 

 Table C.1. Model inputs for GFET simulations 
Variable Variable Name Unit Typical Value 

Intrinsic quantities 

Saturation Velocity vsat cm/s 2.5e7 

Low-field mobility Mobility (mu) cm2/V/s 500 - 5000 

Channel Length Length (L) 𝜇m < 10  



 131 

Channel Width Width (W) 𝜇m > 1 

Oxide Capacitance  Oxide_Cap (Cox) fF/𝜇m2 1-10  

Carrier Density n (nimp) cm−2 1e10 – 1e12 

Extrinsic quantities (for all simulations)  

Contact Resistance Rc Ω 100-1000 

Drain Voltage Vd V 0.1-2 

Gate Voltage Vg V (-2) - 2 

Dirac Offset Voltage Vdirac V 0 

 

Once these values are input into the simulator, a simulation can be run. ADS 

includes options for DC, transient, AC, S-parameter, and harmonic balance 

simulations, among others.  
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Appendix D. CST models 

D.1 Nominal simulation 

 

The antennas were simulated in CST using frequency-domain simulation. the patch 

antenna is constructed in graphene, with the feed length of something. Ground is PEC. 

Substrate is lossy polyimidee. TABLE 

 

D.2 Curvature simulation 

 

In CST, the substrate is swept over a curve defined using circle equations.  

 

 

Radius R

θ 

Sub/2-feedwidth/2

Z = Rcos(θ)

φ

Feedwidth/2
Measured/2-fw/2

 

Figure 4. Arc calculations. 
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Measured =  𝑅 sin(𝜃) 

Feedwidth =  2𝑅 sin(φ) 

𝜃 − φ = (sub − Feedwidth)/(2𝑅) 

The feedwidth is required  because CST can’t handle curved edges at the port 

boundary. We could simplify the calculation by the following equations:  

 

 𝑅 sin(𝜃) = Measured/2 

 

 𝜃 = Sub/𝑅 

 

In CST, we define the point of rotation (Z away from the substrate) and the angle in 

degrees. Positive angle indicated concave bending; negative angle indicates convex. 

H plane means that the length is shortened, E plane means that the width is shortened.  
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