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Power consumption in digital systems will be the bottleneck of future high 

performance and mobile computing. For the past four decades, the wireline 

communication bandwidth, the number of packaging pins, and transistor density have 

grown exponentially. Meanwhile, the power consumption has also grown at the same 

rate when the conventional scaling rule is applied. The ratio of data throughput rate 

over system power consumption is the figure of merit which has to be addressed for 

future designs on top of geometrical scaling. Although continuing advancement on the 

complementary metal oxide semiconductor (CMOS) technologies reduces the device 

feature size, pitch, and supply voltage simultaneously as well as enables higher 

transistor count and operation frequency for larger data and  link bandwidth, the 

frequency dependent loss becomes a serious issue for energy-efficient system. The 

low-power and high-speed design has been the backbone to develop the next-

generation electronic device, which requires new nonlinear concepts on the CMOS 

roadmap. In this dissertation, a novel switch is proposed and implemented using 

single-layer graphene as the channel material to provide higher carrier mobility, 

bandgap modulation and efficient band-to-band tunneling. System implementation and 

process integration in the frontend space lithography and backend thin films are 

proposed and verified. On the system point of view, the passive transmission 

equalization by nonlinear transmission line (NLTL) is used as a receiver front-end to 

reduce the inter-symbol interference (ISI) and suppress the phase noise (PN) without 



 

adding power budget. The device structure tradeoffs and system design optimization 

are also discussed. 
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CHAPTER 1 

INTRODUCTION 

1.1 Problems in Computing Performance and Energy  

1.1.1 Evolution of VLSI Technology 

Since the transistors have been invented by Bardeen, Brattain and Shockley from 

Bell Lab in 1947, the silicon very-large-scale integration (VLSI) technology has 

continuously evolved, as shown in Figure 1.1, and has made a great impact on the 

human society in many aspects [1-5]. The three major sectors of integrated circuits 

(IC) industry, including logic, memory, and communication, are driven by the needs 

for computing power and functionalities. The convergence of multiple applications, 

ranging from wired/wireless communication, embedded systems to micro-

electromechanical systems (MEMs), enables the new wave of Internet of Things (IoT) 

and smart devices. The individual mobile device requires even more sophisticated 

system integration than before. On the infrastructure side, the data centers need higher 

data bandwidth and massive connection toward users. Therefore, the design trade-offs 

between computing power and energy vary with applications. However, in principle, 

all the electronic systems today, including personal computers (PC), cell phones, and 

tablets, are energy-limited by the power wall.  

The performance optimization on computing and communication data rate has 

continuously driven the power consumption toward the limit for the past 40 years [6-

9], even before the energy scaling of gates has shown a clear sign of slowing down. 

Beyond the 40nm technology node, both static and dynamic power consumptions [5] 

have turned into the major energy issues. The energy scaling on the digital gate has 
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become more challenging and caused additional system burdens on excessive heat 

dissipation [10-12]. 

 

Figure 1.1. The timeline and milestones of VLSI development. 

 

 

 

 

 

 

 

Let us quickly review the well-known Moore’s Law, which has accurately governed 

the progress of microelectronics for the past five decades [1]. In principle, it has 

predicted that the number of transistors per chip for complementary metal-oxide-

semiconductor (CMOS) technology doubles every 18-24 months. It also describes the 

exponential evolution in the feature size, transistor count, cost per bit, operation speed 

and even the market revenue. To date, the 22nm technology in CMOS device 

fabrication was first introduced in 2008 for memory production and in 2012 for 

consumer-level central-processing unit (CPU) which has been reported over 10 billion 

counts on the die size of 160mm [6]. 

1.1.2 Data Throughput 

In parallel to hardware prediction in the Moore's law, the data rate demand and 

number of input/output (I/O) pins have also steadily increased. Moreover, the 

microprocessor takes the advantage of transistor scaling which evolved from single 

core to many cores. One of the state-of-the-art applications is the tera-scale many-core 

processor with the aggregate I/O data rate over 2TB/s. The high data rate per I/O pin is 
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the backbone of high performance CPUs, graphic processing units (GPUs) and gigabit 

switched routers [13-15]. 

In our daily life, the high speed interfaces are all around us. Take the universal serial 

bus (USB) as an example. It is an industry standard developed in the 1993 and has 

been widely used in computer peripheral devices. Comparing the first generation of 

USB 1.0 with the current USB 3.0, the data rate has launched from 1.5Mbps to 

4.8Gbps [16], an increase of more than 3,000 times. The major changes have been 

implemented in the USB3.0 to meet the increased demands of external devices in 

terms of data rate, power management, and physical appearance. These significant 

changes provide the faster and friendlier signaling channel between devices. 

(a) (b) (c) 

   
Figure 1.2. Historical trends of (a) clock frequency, (b) performance, and (c) power 
consumption [6, 17]. 
 

1.1.3 Energy-Efficient Digital Systems 

Looking at the historical trend of CPU performance in the Figure 1.2, it is clear to 

observe that clock frequency, system throughput, and power consumption have all 

increased in an exponential fashion [9] until some saturation and diversification after 

2005. From the simplistic point of view, the essence of the energy-efficient system can 

be benchmarked by the energy per operation which equals to the ratio of the total 

energy consumption and the total number of operations per second [17, 18]. Ideally, if 
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the gate charging energy were reduced as fast as performance enhancement, we would 

not expect to observe large increase in total power consumption even when the total 

number of operations increases significantly. The root cause of this power 

consumption growth can be traced to two factors: supply voltage and clock frequency. 

In order to obtain higher computing power, the clock frequency is aggressively 

cranked up. However, the supply voltage is not reduced at the same rate to keep the 

electric field constant. 

In the digital system, the high energy efficiency can be achieved by either ultra low-

power operation or high data rate. Looking at the transistor level, the power 

consumption can be reduced by lowering the supply voltage since the dynamic power 

for CMOS switching is 

𝑃 = 𝑎 × 𝐶𝑙 × 𝑉𝑑𝑑2 × 𝑓𝑟𝑒𝑞     (1-1) 

, where 𝑎, 𝐶𝑙, 𝑉𝑑𝑑, and 𝑓𝑟𝑒𝑞 are the transitioning probability, the load capacitance, the 

supply voltage, and the operating frequency. The square dependence on the 𝑉𝑑𝑑 will 

cut down the dynamic power in a quadratic rate. On the other hand, considering the 

point-to-point data transmission, the signaling between high speed I/O ports is the next 

question that has to be addressed, as shown in the equation of  

𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑝𝑒𝑟 𝑏𝑖𝑡 = 𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟
𝑑𝑎𝑡𝑎 𝑟𝑎𝑡𝑒

    (1-2) 

The intuitive optimization is either increasing the data rate under given power budget 

or lowering the power budget without sacrificing the data rate. 
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1.2 Challenges of Energy Scaling 

1.2.1 Scaling Challenges 

Indeed, the system performance can potentially be optimized by lowering the supply 

voltage. This statement is only true if the active performance is evenly better. Moore's 

law indicates that the numbers of transistors will double every 18-24 months, which  

implies that the gate pitch and length will shrink by about 30%. Ideally, the shorter 

gate length is able to provide higher ON current, higher transconductance (gm) and 

lower operational voltage. The transistor scaling has continued for the past 50 years. In 

fact, it has never been easy and many factors have made scaling increasingly difficult 

for the past decade. More and more requirements in lithography, variations, and device 

operations have been addressed. 

In the modern VLSI device, the challenges in technology scaling can be traced to the 

limitations of process integration and device physics [19-22]. The equipment 

capabilities have great impacts on the process yield and wafer throughput, which 

direct shift the cost and profit margin. The photolithography and mask are critical of 

next generation scaling roadmap and are also the highest cost in the state-of-the-art 

giga-scale fabrication facilities. The minimum feature size/critical dimension (CD) is 

given approximately by: 

𝐶𝐷 = 𝑘1 × 𝜆
𝑁𝐴

     (1-3) 

where the k1, λ, and NA are the optical-equipment coefficient, wavelength of light 

source and numerical aperture of the lens. Clearly, the feature size shrinks with 

smaller wavelength and higher numerical aperture [23, 24]. However, another trade-

off factor runs into the problem. In this system, the depth of focus (DF) has to be taken 
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into consideration: 

𝐷𝐹 = 𝑘2 × 𝜆
𝑁𝐴2

     (1-4) 

,where k2 is another optical-equipment coefficient. Therefore, the thickness and 

uniformity of photoresist has to be precisely controlled as well as the wafer 

topography, which add more integration constraints. 

Since 2003, the 193nm deep ultraviolet (DUV) lithography [25] and chemically 

amplified resist (CAR) [26-28] have been used to improve resolution and wafer 

throughput. The successful emergence of immersion technique to the 193nm DUV 

light source extends resolution and DF without dramatically increasing the cost. 

Besides, the multiple patterning by spacer lithography [29-32] provides an alternative 

solution on the packing density. Besides, computational mask engineering is further 

investigated to secure the yield and resolution by optical proximate correction (OPC). 

Most importantly, these methods not only sustain the scaling trend but also postpone 

the adoption of extreme ultraviolet lithography (EUV) [33, 34] or other next-

generation lithography (NGL) [35].   

The aggressive shrinkage on the channel length and pitch causes many issues in 

process integration. The random dopant fluctuation (RDF), which is the atomistic 

effect caused by the local variation of implanted impurity number and location [36, 

37], will alter the transistor’s threshold voltage (Vth) and spread out its variation. The 

super-steep retrograde channel doping profiling and a thin-body transistor have been 

proposed to mitigate the issue Vth variation [19-22]. Besides, other classic scaling 

challenges include oxide thickness, ploy-gate depletion, short-channel effect (SCE) 

[38] by drain-induced barrier lower (DIBL), mobility degradation, power consumption 
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by reduced Vdd scaling, junction resistance, and subthreshold (SS) limitation at 

60mV/decade. These factors significantly raise the complexities on the Si CMOS 

roadmap. Therefore, the extensive researching works have focused on the fundamental 

improvement on the operating mechanism or introducing new materials into current 

state-of-art Si CMOS industry.  

The hafnium-based high-κ gate dielectric layer has been introduced at the 45nm 

technology node [39] to reduce gate leakage current and mitigate the SCE by 

increasing Cox without shrinking the thickness (Tox). However, the interface trap and 

thin film uniformity still affect the yield and degrade the ON-state performance. At the 

45nm technology node, the metal gate technology has also replaced the conventional 

poly-Si gate to eliminate poly-Si depletion and the Vth pining. The thermal stability 

immediate becomes the next concerns. Meanwhile, the approach of uniaxial strain 

engineering by epitaxial SiGe or SiN [40, 41] capping layer has been used to enhance 

the drive current by increasing the carrier mobility after the 65nm technology node. In 

principle, the mechanical strain alters the dimension of the Si primitive cell by either 

compressive or tensile stress which changes the energy-momentum (E-k) diagram and 

re-defines the carrier population in certain energy pocket. In general, the compressive 

stress enhances the electron mobility and tensile stress enhances the hole mobility, 

respectively.  

The multi-gate [29, 30] technique which incorporates more than one planar gate into 

a single device has become a cornerstone of sub-22 nm technologies [31]. The basic 

principle is to increase the gate-coupling with respect to the channel by changing the 

electrostatics without decreasing the gate oxide thickness. The channel is either 
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sandwiched or wrapped around by the dependent or independent gates. The additional 

gate coverage will increase the Cox comparing to the parallel plate capacitor in 

conventional MOSFET. The current FinFET technology has exhibited high immunity 

against SCE because the penetration of the drain electric field is suppressed. The low 

leakage current from the smaller DIBL alleviates problematic performance versus 

power trade-off. Besides, the thin body thickness gives yet better gate control while 

avoiding the high channel doping, which in turn reduces the Columbic scattering and 

RDF. The ON-state performance can be further boosted by transporting the carrier on 

the <110> surface plane because of higher piezoelectric effects. However, similar to 

all the non-planar devices, FinFET suffers serious variability control, including fin and 

gate length variation, homogeneousness on the sidewall, and source resistance 

variation. 

1.2.2 Ideal Switch with Steep Subthreshold Slope  

The SCE, RDF, line edge roughness (LER), and interface traps make the transistor 

less ideal as a switching device. There are several requirements for ideal switches, 

including high gate control, scalability beyond 10nm, high Ion/Ioff ratio, and low 

subthreshold slope (SS). 

The switching mechanism of MOSFET sets the fundamental limit of the ultra-low 

power applications. The subthreshold current is one of the most important concerns 

since it determines the standby power in logic and data retention time in dynamic 

memory. Ion/Ioff has to be at least 107 in order to obtain energy efficiency and data 

fidelity. Basically, once the OFF current and SS are set, the operation voltage is given. 

Based on this understanding, the low voltage swing can ONLY be applied if the 
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overall SS can be further reduced. The subthreshold current is reasonably modeled by 

carrier diffusion: 

𝐽𝐷 =  −𝑞𝑛𝑒𝑓𝑓𝐷0
𝐿

× exp �𝑞𝜓𝑠
𝐾𝑇
�× �1 − exp �− 𝑞𝑉𝑑𝑠

𝐾𝑇
��   (1-5) 

where L is the channel length, neff the effective carrier concentration, D0 the carrier 

diffusivity, ψs the electrostatic surface potential, Vds the drain bias, neff the equilibrium 

minority carrier concentration, K the Boltzmann constant, and T the carrier 

temperature, respectively [38]. If VDS is sufficiently high (>0.1V) , the current 

dependence on VDS can be neglected. The voltage distribution from the perturbation 

on the gate can be rewritten as: 

𝛿𝑉𝐺 = 𝛿𝜓𝑜𝑥 + 𝛿𝜓𝑠 = (
𝐶𝑠𝑖(𝑑𝑒𝑝)

𝐶𝑜𝑥
+ 1)𝛿𝜓𝑠   (1-6) 

where VG is the gate bias, ψox the electric potential drop in the oxide, and Csi(dep) and 

Cox are the depletion and gate capacitances, respectively. Therefore, the whole 

diffusion-current equation can be formulated by: 

𝐽𝐷 =  −𝑞𝑛𝑒𝑓𝑓𝐷0
𝐿

× exp �𝑞𝜓𝑠
𝐾𝑇
�× �1 − exp �− 𝑞𝑉𝑑𝑠

𝐾𝑇
�� × exp� 𝑞𝑉𝐺

�1+
𝐶𝑆𝑖
𝐶𝑜𝑥

�𝐾𝑇
� (1-7) 

𝑆𝑆 = �1 + 𝐶𝑠𝑖
𝐶𝑜𝑥
�× 60𝑚𝑉    (1-8) 

The present CMOS technology has very small parasitic capacitance ratio and SS is 

close to ln(10)kT/q = 60mV due to the Fermi-level movement as in the diffusion 

mechanism. Therefore, the energy scaling on the transistor has slowed down, as shown 

in Figure 1.3(a).  
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(a) (b) 
 

 
 

Figure 1.3. Two major challenges for designing energy-efficient systems: (a) 
historical trend on the supply voltage scaling; (b) channel loss versus frequency [18, 
42]. 
 
1.2.3 Transmission Channel Impairments 

The packaging techniques and off-chip interconnects limit the data bandwidth and 

distort the signal for chip-to-chip communication. The frequency dependent loss, such 

as dispersion, reflection and near/far-end cross-talk (X-talk), will degrade transmission 

efficiency and linearity even more seriously at higher data rates. Taking the processor-

to-processor link as an example, the card trace, via, backplane trace, and connectors all 

degrade the data integrity. The frequency-dependent loss will increase with respect to 

the trace length which reduces the voltage swing and induces reflection. The adjacent 

I/O pads will introduce the near-end X-talk to the transmitter and the far-end X-talk to 

the receiver, which causes the timing error and bumpy high frequency responses [43]. 

In Figure 1.3(b), the packaging techniques and trace lengths will result in variable 

channel responses. However, the general trend is that the channel loss becomes more 

prominent as the operation frequency increases, which means that the higher data rate 

is going to experience more severe loss and distortion. Therefore, the packages and 

interconnects are the major bottlenecks for high speed signaling. The compensation on 
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channel loss and distortion by equalization is necessary to secure high-speed signal 

integrity. 

1.2.4 Equalization and Clock Generation 
 

Let us focus on channel equalization and assume that the skin-effect resistance is the 

dominant loss to attenuate the signal strength. Consider a broadband signal, 

superposition of unattenuated low-frequency signal components with attenuated high-

frequency signal components causes inter-symbol interference (ISI) [44, 45]. ISI 

degrades the noise margins and lowers the maximum data bandwidth. Therefore, the 

technique for transferring data beyond the cut-off frequency has to be implemented in 

most of high speed interface. The core issue is that the unattenuated low-frequency 

component causes the isolated high-frequency pulse to barely reach the midpoint of 

the signal swing, which leads to the indistinguishable logic 1 and 0, and low 

probability of correct detection. Therefore, active equalization is used to attenuate the 

low-frequency and boost up the high-frequency component of signal. This frequency 

behavior can simply be modeled as a band pass filter (BPF). The digital-controlled 

equalizer can precisely cancel out the post- and pre-ISI. This gives a clean received 

data with a reasonable amount of eye opening in both timing and voltage scales.  

The most common technique is the finite impulse response (FIR) filter which uses 

the feedback taps to distort the waveform. However, the parasitic capacitance in each 

tap is another issue. The higher tap number can give high percentage in the eye 

opening but it also lowers the bandwidth. Besides, the feedback loop adds the cost at 

the combiner and power consumption from delay cells. The tap number should be 

calculated and reviewed by the channel characteristics.  
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Clocking generation and distribution are other critical parts for the energy-efficient 

link, which governs the timing accuracy and jitter accumulation on the receiving side. 

The clock distribution method depends on the system requirement, speed, and trace 

length [46]. The plesiochronous method is widely used in the high speed links, which 

does not provide explicit clock signals. However, the transmitter and receiver have 

standalone clock domains, which results in the inevitable phase shift. Therefore, the 

clock recovery circuit has to be implemented in order to extract the clock from 

incoming data and secure the timing by hold and setup time. The advanced technology 

scaling provides higher bandwidth which allows high frequency jitter tracking. 

However, the sensitivity of phase detector and loop feedback have to be accurately 

designed for sensing the phase difference and operating properly with missing 

transition edges of the input data sequence. The locking range and accuracy will 

change with respect to the detecting method. The generated clock will also vary with 

process, voltage, and temperature (PVT).  

Both active equalization and timing recovery blocks are often implemented to 

compensate the non-ideal channel loss and distortion in modern high-speed link design. 

Apparently, these technologies are not free in terms of power consumption. When the 

data rate is the highest priority in the design guideline, the sophisticated digital 

feedback control is largely used to fine tune each equalization and timing recovery 

block.  

1.3 Concept for Next-Generation Energy-Efficient Design 

1.3.1 Implementation Strategy 

In this work, we propose two new designs to counter the fundamental tradeoffs 
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between performance and energy. On the transistor level, the novel switching concept 

based on graphene bandstructure modulation has been implemented to lower the 

supply voltage without compromising the active performance and increasing circuit 

complexity. On the high-speed link level, we are aiming for waveform reconstruction 

and jitter reduction using passive equalization in order to improve signal integrity 

without increasing power consumption. 

1.3.2 Bandgap Modulation Transistor  

The alternative channel materials with high carrier mobility, like GaAs or InGaAs 

[47-49], has drawn much attention after the available fabrication technology to 

integrate directly on the commercial silicon substrate. Since the switching mechanism 

of all conventional field-effect transistor (FET) is governed by Fermi-level movement, 

the lowest achievable subthreshold slope is 60mV/decade at room temperature. 

However, by adding more gate controlled mechanisms, the drain current can become 

more sensitive to the gate bias, which implies possible steeper subthreshold slope. Let 

us revisit the drift-diffusion current equation: 

𝐽𝐷 = 𝑞𝑛𝑒𝑓𝑓𝑢0𝐹 + 𝑞𝐷0
𝑑𝑛
𝑑𝑥

    (1-9) 

 

where 𝑢0  and 𝐹  are carrier mobility and electrical field strength in the current 

direction, respectively. We have two possible choices: gate-field-effect bandgap and 

mobility modulation. The carrier concentration has inversely exponential dependence 

to the magnitude of bandgap. Narrowing the bandgap can increase the carrier 

concentration which contributes to the higher drain current. On the other hand, the 

carrier mobility is defined by the effective mass which is derived by the curvature of 
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the E-k diagram and the mean scattering time. The field-effect E-k diagram is the 

essence of mobility modulation and able to improve the drive current and ON/OFF 

ratio. In this work, we will focus on the bandgap modulation in order to achieve steep 

subthreshold slope and significant drive current enhancement. 

The channel materials with field-effect bandgap [50] or bandwidth modulation 

[51] are promising to pursue steep subthreshold slope. The transistor structure that can 

take advantages of bandgap modulation with a reliable process is also highly desirable. 

The physical parameters of bandgap modulation by the electrical field need to be 

experimentally verified and extracted for design optimization. In fact, most bandgap 

contribution from size quantization in 2D semiconductors will express transverse-field 

bandgap reduction [52]. Integrating the graphene nanoribbon (GNR) bandgap 

modulation property into conventional FET and taking the advantage of high carrier 

mobility in graphene may offer new circuit applications. The implementation strategy 

is to determine the bandgap needed for maintaining sufficiently low OFF currents and 

then to narrow the bandgap as much as possible by the transverse field from side gates 

when the FET is ON. 

1.3.3 Tunneling Field-Effect Transistor (TFET) 

The concept of band-to-band tunneling (BTBT) FET had been proposed for over a 

decade [53-56]. The tunnel FET (TFET) has similar structure to MOSFET; however, 

the source and drain terminals are usually doped with opposite types. The dominant 

switching current through the source/drain barrier is controlled by BTBT [57,58], 

instead of drift-diffusion in the channel, which implies that the subthreshold slope (SS) 

is no longer limited by the tail of the Fermi distribution function at 60mV/decade 
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under room temperature [59]. The device is turned on right at the valance band edge 

aligning with the adjacent conduction band edge. At the OFF state, the valance band 

edge is adjacent to the forbidden state, which only allows very minute carrier transport 

through defect states. However, at the ON state with alignment of available end states, 

the carrier still suffers the additional tunneling resistance, which is the penalty of 

TFET by nature.  

Experimentally, intensive works have been reported that the BTBT transistors 

achieve steep subthreshold or high Ion/Ioff ratio in various material systems, including 

Si [60-62], Ge [60, 63], III-V [64-66], and carbon nanotubes (CNT) [67, 68]. In the 

digital system perspectives [69], this novel device offers a pathway to reduce the 

operational voltage to sub-0.5V. The BTBT process in the above materials systems 

requires additional phonon scattering for indirect bandgap or asymmetric band 

structures, which degrades the ON-state drive current. In order to make TFET a strong 

candidate for the post CMOS era, the tunneling efficiency has to be further tailored to 

pursue higher drive current and reasonable amount of Ion/Ioff ratio. For graphene 

TFET, many computational studies [70-72] have shown large drive current, high 

ON/OFF current ratio, and steep SS even though the ambipolar and edge conduction 

have to be specifically optimized. 

1.3.4 Graphene-Based Electronic 

The concept of the single-layer graphene from the multi-layer graphite has been 

known and the theory of the graphene was established by P. R. Wallace in 1947 as a 

starting point to investigate the electronic properties of graphite. However, the 

experimental crystal structure and single-atom-thick graphene have not been 
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discovered until 2004 [73, 74]. Andre Geim and Kostya Novoselov have obtained 

single-layer graphene from the high-purity bulk graphite by the exfoliating method. 

The graphene was pulled from the graphite by a Scotch tape and then transferred onto 

the SiO2/Si where the graphene is electrically isolated. The exfoliation usually 

produces the higher quality with less defect density and high carrier mobility but the 

small film size makes itself less attractive to the top-down registry.   

Many new techniques have been used such as epitaxial growth and chemical vapor 

deposition (CVD). These methods can precipitate relatively large-scale graphene from 

silicon carbide (SiC), nickel (Ni), and copper (Cu). However, the conducting 

substrates will take the transferring process to either SiO2 or flexibility substrate for 

isolation. The transferring process introduces certain amount of defects and leaves the 

residual metal which causes the dramatically changes in the material properties. In 

present research laboratories, the wafer-scale graphene has been demonstrated and 

commercialized [75].The large-area graphene facilitates the graphene integrated 

circuit and the graphene transistor has been operated beyond 100 GHz cut-off 

frequencies [76-78].  

In our work, we are utilizing the special energy band structure of graphene to 

improve the transistor performance. The essence of using graphene as channel 

materials is originated by quantum-confinement bandgap, bandgap modulation, and 

symmetrical energy band structure, all of which provide more gate-controlled 

mechanisms and better ON-state performance. 

1.3.5 Nonlinear Transmission Line (NLTL) Equalization  

Once the high-performance transistor technology is provided, the next task is how to 
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transmit the high-speed data out of IC under the non-ideal channel response from 

packages and interconnectors. The channel loss and distortion have adverse impacts 

on the signal integrity especially for high-speed interfaces. Therefore, many 

techniques have been used to compensate the channel response [44, 79, 80] by 

waveform reconstruction and jitter reduction. At the transmitter side, the half/quarter-

rate design, current-model logic (CML) and feed-forward equalizer (FFE) have been 

implemented in many systems to avoid the high frequency loss during the clock 

distribution and cancel the inter-symbol interference (ISI) under the concept of the 

FIR filter. At the receiver part, continuous time linear equalizer (CTLE) cancelling 

and decision-feedback equalizer (DFE) are popular in many designs. Based on the 

low-pass filter (LPF) property of the transmission channel, these analog or digital 

techniques compensate the channel response at the receiver by lowering the low 

frequency gain and extending the cutoff frequency. Besides, clock-data recovery 

(CDR) circuits had been used to produce the clocks to sample incoming data [79, 42], 

which reduces the timing error by maintaining the margins of hold and delay times. 

However, it is inventible to add the power budget due to including more active 

equalization blocks. 

There are several key features why we introduce the nonlinear transmission line 

(NLTL) structure [80] at the receiver front-end design, especially when the energy 

consumption per pin is highly constrained. Since the capacitance of MOS capacitors 

will vary by the input voltage, both characteristic impedance and wave propagation 

velocity are functions of the voltage. Therefore, if we transmit the 010 data into the 

NLTL block, the logic high and low will propagate at different speed. Therefore, the 
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reconstruction will passively occur by system nonlinearity [80-82]. 

Another important property of NLTL is phase noise (PN) reduction. The 

nonlinearity in the NLTL will generate high-order harmonics. The higher order 

harmonics traveling in the following NLTL lattices will up/down convert or intermix 

with low frequency component. The nonlinearity of the later NLTL stages will cause 

the reciprocal mixing among fundamental frequency, higher-order harmonics, and 

noises, which can potentially lower PN in the carrier frequency if the nonlinearity is 

properly designed. 

1.4   Chapter Organization 

This dissertation presents promising designs to counter the energy-efficiency 

tradeoffs in the digital system by implementing the novel switches and passive 

equalizers. 

Chapter 2 presents the bandgap modulation effect in the graphene-based transistor. 

By integrating the bandgap modulation with conventional FET, the transistor 

performance significant improves without complicating the circuit topology.  The 

GNR device is integrated into the CMOS-compatible top-down spacer lithography 

process. 

Chapter 3 discusses a cost-effective process to building up the all-graphene circuits. 

The bandgap modulation transistor is also demonstrated and tested under temperature 

disturbance. 

Chapter 4 investigates the TFET by replacing the channel materials with GNR. The 

comparable performances in both p-type and n-type GNR FET and high ON current 

are achieved. 
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Chapter 5 focuses on the graphene circuitry by the electrostatic doping from side 

gates. The self gain and controllable transconductance are investigated. By shifting 

Dirac points of serial GNR transistors, the voltage-controlled inverter provides dual 

polarities of output characteristics. 

Chapter 6 gives an in-depth noise-energy analysis on the high-speed link. A passive 

equalization under the NLTL topology is implemented as the receiver front-end. 

Chapter 7 concludes the dissertation with research achievements and suggestions for 

future work. 
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CHAPTER 2 

BANDGAP MODULATION TRANSISTOR 

2.1 Introduction 

The CMOS-compatible double-spacer lithography demonstrates a scalable approach 

to fabricate the tri-gate graphene-nanoribbon (GNR) transistor with self-aligned side 

gates, controllable GNR width, and reduced variations in line-edge roughness (LER) 

and GNR width. The electrical characteristics show bandgap modulation by with 

transverse fields and ambipolar conduction with perpendicular fields. Bandgap 

modulation parameters are extracted from various GNR devices, but the experimental 

results show lower critical fields than that in the theoretical calculation. By integrating 

the bandgap modulation effect into CMOS device designs, the device switching 

performance can be improved. The subthreshold region and ON-state characteristics 

are investigated by simulation with the extracted parameters to purge the parasitic 

effects in the present fabrication process. The extra side-gate dependence achieves 

drain current enhancement in both saturation and linear regions, and the decreasing 

bandgap by the increasing transverse field results in the sharp switching of 

37mV/decade close to the threshold voltage. This FET switching improvement can be 

directly used for low-power operation without sacrificing ON current. In addition, the 

low linear-region resistance makes bandgap modulation a promising concept for 

power gating devices. 

2.2 Alternatives to the Next-Generation Transistor 

Scaling of CMOS devices have continued for decades [1], and many enabling 

approaches have been proposed [2], such as high-κ/metal gate [3]-[5] and FinFET [6]-
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[12], to pursue higher package density [5], faster switching speed, and lower power 

consumption. However, with continuously aggressive scaling, the semiconductor 

industry is facing serious technology challenges due to the fundamental limitation in 

the power management [13, 14]. The alternative solution of using channel materials 

with high carrier mobility, like GaAs [13]-[17] or InGaAs [18, 19], has drawn much 

attention but cannot make improvement on sharp subthreshold. Since the switching 

mechanism of conventional FET is mainly governed by Fermi-level movement, the 

lowest achievable subthreshold slope is 60mV/decade at room temperature. However, 

channel materials with field-effect bandgap [20] or bandwidth modulation [21] 

provide one of the possible routes for pursuing steeper subthreshold slope, as shown in 

Figure 2.1. Therefore, the transistor structure that can take advantages of bandgap 

modulation with a reliable process is highly desirable. The physical parameters of 

bandgap modulation by the electrical field need to be experimentally calibrated for 

design optimization. 

2.3 Bandgap Modulation 

The high carrier mobility [22]-[24], unique symmetric band structures [23, 24] and 

backend thin-film integration of graphene are promising for high-frequency [25]-[27] 

or power gating transistors. However, a generic graphene film is a zero-bandgap 

material and short of wafer-scale deposition-ready high-quality dielectric, which 

makes the FET device difficult to be turned off and to be integrated into a top-gate 

process. Therefore, many challenges remain for future graphene nanoelectronics. In 

view of graphene nanoribbon (GNR), the quantum confinement will open up a 

bandgap Egap > 0, which scales inversely with respect to the ribbon width W [28]-[30]. 



      

34 
 

This phenomenon is however heavily affected by the edge termination and roughness 

[30]-[32]. Thus, to obtain a controllable width with smoothened edges, the lithography 

technique providing registry and scalability will be the key issues to engineer the GNR 

bandgap. However, experimental control on GNR width and line edge roughness 

(LER) remains problematic in top-down lithography approaches. Meanwhile, many 

theoretical works had predicted that bandgap and bandwidth of GNR are modulated by 

the transverse field [33]-[35] which perturbs the symmetrical density of state. In fact, 

most bandgap contribution from size quantization in 2D semiconductors will express 

transverse-field bandgap reduction [36]. Integrating the GNR bandgap modulation 

property into conventional FET and taking the advantage of high carrier mobility in 

graphene may offer promising circuit applications. The implementation strategy is to 

determine the bandgap needed for maintaining sufficiently low OFF currents and then 

to narrow the bandgap as much as possible by the transverse field from side gates 

when the FET is ON, as shown in the Figure 2.1. The magnitude of bandgap 

narrowing is controlled by the transverse field strength [33], which means the side 

gate separation with GNR has to be on the order of deca-nanometers. Therefore, side-

gate integration requires high overlay accuracy between electrodes and GNR, which 

must be considered in process integration. 
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(a) (b) 

 

Figure 2.1. The implementation strategy of bandgap-modulation FET:  (a) opening 
up a sufficiently large bandgap at the OFF state without bandgap modulation, and 
(b) reducing the bandgap while FET is turning ON. 

 

2.4 Double-Self-Aligned Spacer Process 

In this work, we designed a double-self-aligned spacer process for independently 

driven tri-gate GNR transistors, as depicted in Figure 2.2, where the GNR width is 

defined by the area clamped by the double spacers and the side-gate separation by the 

mushroom-shape silicide, instead of direct GNR patterning by E-beam lithography 

[37]. The spacer lithography is compatible with current CMOS technology and well 

developed for FinFET [38]-[41], where the spacer width is controlled by the dry 

etching recipes and vertical thickness of sidewall material. Only the device pitch and 

registration are set by the resolution of lithography. Besides, the spacer lithography 
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has achieved sub-7nm feature sizes [42] and low LER [41] in comparison with E-

beam and deep-UV lithography. With parameters extracted from the experimental 

characteristics of the tri-gate GNR transistor, the model of bandgap modulation versus 

electrical fields is established, which initiates the simulation study of scalability and 

subthreshold switching. These performance predictions offer guidance toward the 

structural design in the future process. 

 

Figure 2.2. Process flow of double self-aligned spacers: (a) starting with the 
exfoliated or CVD graphene on the 90nm SiO2, followed by the sacrificial Si and 
SiO2 deposition; (b) patterning by E-beam lithography and ICP-RIE, followed by the 
spacer deposition of LPCVD Si3N4 and anisotropic ICP-RIE; (c) evaporating Si for a 
mushroom-shape plug by CMP damascene, and depositing the Ti film; (d) 
silicidation by two-step annealing and removing the materials on top of graphene that 
are not covered by the TiSi2 through successive wet etches; (e) putting down the 
source/drain contacts before etching the graphene ribbon, and depositing Pt/Ti as side 
gate metals, which are separated by the shadow effect of TiSi2; (f) lifting off the Pt/Ti 
and TiSi2 by etching the sacrificial Si. 

 

The process flow chart of double-self-aligned spacers is drawn in Figure 2.2. The 

device started with the exfoliated or CVD graphene on the 90nm silicon dioxide 
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(SiO2) and then thin sacrificial silicon (Si) and SiO2 layers were deposited, which kept 

graphene from exposing to the oxygen plasma ambient and prepared for the silicon 

nitride (Si3N4) sidewall spacers. The trench in the SiO2 was obtained by positive-tone 

PMMA as etch mask in the E-beam lithography with 2nm spot size, and by fluorine-

based inductively coupled plasma reactive ion etching (ICP-RIE). The Si3N4 sidewall 

spacer was formed by the low-pressure chemical vapor deposition (LPCVD) followed 

by selectively anisotropic etching, as shown in Figure 2.2(b). Then, the mushroom-

shape trench was filled with 200nm polysilicon, and the wafer was planarized by 

chemical mechanical polish (CMP) with the SiO2 as the stop layer which also served 

to isolate each device. In Figures 2.2(c) and (d), the sample underwent the self-aligned 

silicide (salicide) process: depositing a thin titanium (Ti) layer, annealing for titanium 

silicide (TiSix) formation, and removing the unreacted Ti. The mushroom-shape 

silicide was completed after taking off the sacrificial layers and its bottom area 

clamped by the double spacers was used to define the GNR width. To apply the 

transverse electric field across GNR, Ti and platinum (Pt) as the side gates were 

evaporated across the mushroom silicide, where the shadow effect separated the side 

gate from GNR, as shown in Figure 2.2(e). The device was finalized after lifting off 

the Pt/Ti and silicide by etching the sacrificial Si, as depicted in the Figure 2.2(f). In 

the design of GNR transistor, the nanoscale channel width gives low W/L ratio similar 

to those used for universal mobility extraction, which makes channel resistance a 

dominant resistance over contact resistance. Thus, the contact effect is negligible in 

the drain current or mobility extraction even there is a nonideal source/drain barrier. 

This process is designed to align two side gates and GNR below decananometer for 
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applying high transverse fields, and to provide a low-cost and high scalability process 

by controlling the spacer width, as shown in Figure 2.3(a). The images of scanning 

electron microscope (SEM) show the 46nm GNR in between side gates of 227nm 

separation. The side gate edges are improved from E-beam imprint and etching 

process, because of smoothening during the Si3N4 spacer formation. To characterize 

the edge tailoring by double spacers, the edge positions are quantized by image 

processing and the spatial spectra are extracted by Fourier transform, as shown in 

Figure 2.3(c). The inner line shows less intensity than the outer line, especially in the 

region of medium spatial frequency. However, the spectra match well at lower 

frequency. Hence, the long-range LER is still inherited, and short-range LER and 

width variation are reduced 34% and 79%, respectively, as described in Table 2.1. 
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Figure 2.3. (a) SEM cross section images of the controllable spacer width, (b) the 
SEM top view image of side gates, and (c) the spatial spectra extracted by image 
processing, where outer and inner represent the edge of side gate and GNR, 
respectively.  LER of the GNR in the medium spatial frequency is clearly reduced. 

 

Table 2.1. Statistical results from edge and LER analyses. 

 

  

(a) 

(b) 

(c) 
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2.5  Experimental Result and Model Extraction 

The back-gate field effect is examined by sweeping the back-gate voltage Vbg with 

respect to the drain current Id, as plotted in Figure 2.4(a). In the Id-Vbg curve, the back-

gate GNR transistor with W/L = 40nm/5µm presents a clear ambipolar behavior on 

monolayer graphene, which is the signature curve due to the 2D Dirac cones allowing 

the same conductance of electrons and holes. However, the experimental result shows 

that the Dirac point shifts to around 1V which is attributed to the built-in negative 

SiO2 interface charge introduced during fabrication. In Figure 2.4(b), the carrier 

motilities are derived by the field-effect mobility model and the hole mobility is lower 

than the electron mobility since the attractive Coulomb scattering between holes and 

negative interface charges is more effective than that from the repulsive potential.  
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(a) 

 

(b) 

 

Figure 2.4. (a) Id-Vbg curve of the symmetrically driven tri-gate GNR transistor, and 
(b) the extracted electron and hole mobilities. 

To probe the bandgap modulation properties, the GNR FET is operated on the side 

gate mode, as shown in Figure 2.5(a), which aims to observe the drain current with 

respect to the transverse field. However, the bandgap modulation convolutes with the 

Fermi-level movement. In order to exclude the contribution from electrostatics 

induced by the side gates, three different biasing strategies are implemented: (i) 
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grounding one of the side gates while biasing the other, (ii) biasing only one of the 

side gates and leaving the other floated, and (iii) biasing the side gates differentially. 

These cases can be interpreted as bandgap modulation plus electrostatics in (i), pure 

electrostatics in (ii), and pure bandgap modulation in (iii), respectively. Subtracting 

the value of the drain current in case (ii) from that of curve in case (i) matches closely 

to the curve in case (iii), which validates the net effect from bandgap modulation by 

the transverse field. Because the channel width in this work is significantly smaller 

than the side gate separation, the Fermi-level movement in differential side-gate 

biasing can be ignored. Comparing to the drain currents, the leakage currents from the 

side gates have minor contribution to the output characteristics, as shown in the inset 

of Figure 2.5(a). 
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(a) 

 

(b) 

 

Figure 2.5. (a) From top to bottom, biasing strategies and Id-Ftrans curves of 
independently driven tri-gate GNR transistors operated in the side-gate modes: (i) 
electrostatics and bandgap modulation effect (driving one of the side gates, and the 
other side gate grounded), (ii) pure electrostatics (driving one of the side gates with 
the other floating), (iii) pure bandgap modulation (differential biasing of the two 
side gates), where the solid lines and symbols are simulated and experimental 
results, respectively. The back gate bias is at 0V, the drain bias is at 2V and the 
measurement temperature is at 300K. The leakage currents from the side gates are 
monitored in the inset. (b) Extracted bandgap modulation versus Ftransverse.  
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2.6 Performance Prediction of Bandgap Modulation Transistor 

The intrinsic carrier density increases exponentially with bandgap narrowing:  

 

(2-1) 

 

where K is the Boltzmann constant, T is the temperature, Ido is the drain current when 

the bandgap modulation ΔEg from the transverse field Ftransverse is zero. The functional 

relation of ΔEg on Ftransverse in mV/nm is obtained from three different devices, as 

plotted in Figure 2.5(b), which can be fitted to:  

𝐹𝑡𝑟𝑎𝑛𝑣𝑒𝑟𝑠𝑒 =
𝑉𝑠𝑔1 − 𝑉𝑠𝑔2

𝑑𝑠𝑔
 

 (2-2) 

 

where dsg is the side gate separation. From the experimental results, the bandgap 

modulation happens at lower Ftransverse than the theoretical prediction [33], where the 

mechanism is not fully understood yet. Meanwhile, the higher modulation efficiency 

indeed makes the bandgap-modulation GNR FET friendlier in practical operation, 

especially in the low-power switching. Including this additional gate dependence into 

the conventional FET operation, the transistor channel will have narrowed bandgap at 

the ON state and keep the largest bandgap when transistor is OFF.  

  

𝛥𝐸𝑔 =  1.2 × 10−3𝑒𝑉 × exp(
𝐹𝑡𝑟𝑎𝑛𝑣𝑒𝑟𝑠𝑒

3.16𝑚𝑉/𝑛𝑚
) 

 

𝐼𝑑(𝑉𝑠𝑔) = 𝐼𝑑0 × exp (
∆𝐸𝑔
𝐾𝑇

) 
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(a) 
 

 

  

(b) 
 

 

  

Figure 2.6. (a) By driving the side gates independently with the back gate, simulated 
Id-Vbg curves are shown for various transverse fields under 220nm side-gate 
separation.  (b) By tying one side gate with back gate and grounding the other, the Id-
Vbg curves show enhancement in ON current and ON/OFF current ratio. 

 

Combining the bandgap modulation with the conventional FET design will bring 

additional gate control, higher ON current and steeper transition. However, the present 
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experimental OFF current and subthreshold slope suffer from SiO2 interface states and 

remaining GNR roughness. These limitations can be remedied by using boron nitride 

gate oxide [43] and chemically synthesized GNR [30], which were however not 

feasible for our present CMOS spacer lithography process. For driving the 

performance of GNR transistors comparable with state-of-art CMOS technology, 

future process integration is needed to experimentally demonstrate the IOFF and 

subthreshold reduction. In order to predict the advantages of bandgap modulation, we 

opt to use parameters from experimental extraction and the modified long-channel 

EKV model [46] to simulate the IV characteristics under the side and back gates 

driven either independently or simultaneously. The noticeable ON current and 

ON/OFF ratio enhancements in the tri-gate mode against the conventional back-gate 

mode are shown in Figure 2.6. In this design, these transverse fields give the tunable 

transconductance with respective to the Id-Vbg, which can benefit the design of current 

driver or compensate the process variation. The output and transfer characteristics of 

Id-Vds curves are plotted in Figure 2.7 under different Vbg and low drain bias (0.05V), 

respectively. The bandgap-modulation transistor exhibits lower resistance in the linear 

region and sharper ON/OFF transition. Therefore, integrating this new switching 

concept into FET will be one of the possibilities to pursue high-performance power 

gating transistors, because the FET current temperature coefficient is negative and 

hence no ballast resistance is required for maintaining thermal stability [45]. Besides, 

the GNR transistor is a native thin-film transistor (TFT) which can be integrated 

without consuming front-end transistor areas.  

The major enhancement in GNR sharp switching is from the decreasing bandgap 
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with increasing transverse fields, which results in increasing intrinsic concentrations. 

Under the long-channel approximation, the subthreshold diffusion current can be 

written as [13]:  

 

 

 (2-3) 

 

  

(2-4) 

where neff is the effective carrier concentration, D0 is the carrier diffusivity, ψes is the 

electrostatic surface potential at the GNR channel, Vds is the drain bias, Vsg is the side-

gate bias with the other side grounded, npo is the equilibrium minority carrier 

concentration, and Cfringe and Coxide are the fringing and side gate capacitances, 

respectively. To investigate the ultimate scalability in the GNR FET, simulation is first 

done without the consideration of parasitic capacitances. The normalized drain current 

and subthreshold slope versus gate biases with respect to varying side gate separations 

are depicted in Figure 2.8(a). The subthreshold slope reduces to 37mV/decade on 

50nm side gate separation with the back gate driven with one of the side gates, as 

shown in the Figure 2.8(b). The sub-60mV/decade subthreshold slope and enhanced 

ON current are achievable without aggressively shrinking down the side-gate 

separation due to the high transverse-field sensitivity. Besides, these simulation curves 

indicate the trade-off between side gate separation and transverse fields because the 

scaling provides the stronger gate coupling but higher leakage current.  

𝐽𝐷 =  −
𝑞𝑛𝑒𝑓𝑓𝐷0

𝐿
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(a) 

 

(b) 

 

Figure 2.7. (a) Simulated Id-Vds curves under different Vbg, and (b) the Id-Vsg curves 
with Vds = 0.05V.  One of the side gates is shorted to the back gate and the other is 
grounded. 
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(a) 

 

(b) 

 

Figure 2.8. (a) The normalized drain current in the subthreshold region with 90nm 
SiO2 back oxide and various side-gate separations. (b) The subthreshold slope from 
sweeping the back gate and one of the side gates.   

The parasitic capacitances can be detrimental to device performance in most cases, 

and it is useful to map out the design space. The normalized drain currents and 

subthreshold slopes are simulated with Cfringe and Coxide, as shown in Figure 2.9. The 
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high parasitic capacitance ratio Cfringe/Coxide represents low-κ dielectric or poor 

interfacial quality between GNR edge and side gate oxide. In the simulation, the 

normalized drain current drops and the subthreshold slope rises with increasing 

Cfringe/Coxide. Noticeably, the subthreshold slope is still less than 60mV/decade when 

Cfringe/Coxide approaches 2, which leaves sufficient room in the structure design. In 

many technologies, Cfringe/Coxide has already been brought much lower than 1 by 

structural optimization [9, 46, 47].  Therefore, reduction on the side gate separation 

and use of high-κ gate dielectric are beneficial, but not stringent, for the bandgap-

modulation GNR transistor. 
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(a) 

 

(b) 

 

Figure 2.9.  Device optimization with the parasitic capacitance consideration: (a) the 
normalized drain current, and (b) the subthreshold slope with different capacitance 
ratios. 

2.7 Summary 

The double-spacer lithography provides the width and registry control in GNR in a 

CMOS-compatible technology. This process integration may be an alternative solution 

to shrink down the device dimension for a relatively low cost. Furthermore, self 
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alignment of the side gates with the GNR can also alleviate process variations from 

either LER or width. The side gate separation is scalable in the self-aligned process, 

which helps manage the transverse field. The experimental GNR transistor exhibits 

clear ambipolar Id-Vbg curves but suffers a Dirac point shifting from the negative 

surface charge at the SiO2 interface. Utilizing three different biasing strategies, the 

bandgap modulation effect is excluded from the electrostatics, and its functional 

dependence is obtained under the side-gate operation mode. The experimentally 

extracted bandgap modulation happens at less transverse fields than that in theoretical 

prediction, which is actually beneficial to device structural design. In the transfer 

characteristic simulation, the side-gate operation provides a significant enhancement 

for the ON current and the ON/OFF current ratio in both linear and saturation regions, 

which indicate that this switching concept can be useful for power gating without 

using ballast resistance. In addition, the low subthreshold slope and high drain current 

are simulated with moderate side-gate structure scaling. Thus, the GNR bandgap-

modulation FET can be a promising switching device, because the additional side-gate 

dependence is favorable to self gain and low supply voltage without sacrificing the 

ON current.  
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CHAPTER 3 

SHARP SWITCHING IN ALL-GRAPHENE SIDE-GATE TRANSISTORS 

3.1 Introduction 

Graphene is a 2D electronic material that has drawn intensive interest due to its high 

carrier mobility, film flexibility and tunable bandgap. The unique bandgap modulation 

by the transverse electrical field in the graphene nanoribbon (GNR) offers new 

opportunity to pursue switches with steep subthreshold not limited by thermal voltage. 

In this work, we demonstrate a graphene routing process (GRP) which can implement 

the side-gate GNR transistor with field-effect bandgap modulation (FEBM). The GRP 

precisely aligns the side gates to the transistor channel, and provides scalable W/L 

without registry concerns. Besides, by controlling the pattern sizing, the metallic 

source/drain, side gates, and semiconducting channel are all defined on the large-area 

graphene thin film by one-critical lithography step. The GRP process thus can be 

adapted to the backend process with thin film transfer even on flexible substrates. The 

double side-gate GNR transistors exhibit FEBM and a negative temperature 

coefficient for the ON-state conductance which can stabilize thermal runaway. In 

addition, the single-layer routing for simple circuit topology can improve package 

density and reduce number of contact vias. Combining FEBM with the electrostatic 

control can bring forth higher ON current and sub-60mV/decade switching. These 

device characteristics offer a potential power-gating technology in low-power 

applications.  
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3.2 Steep Switching Transistor 

The unique electrical properties make graphene as an alternative material in many 

new applications. The high electron/hole mobility [1]-[3] and symmetrical band 

structures [2, 3] of graphene are useful for high-frequency transistors [4]-[6]. 

Meanwhile, the lack of semiconductor bandgap limits its switching application where 

current complementary metal-oxide-semiconductor (CMOS) technology excels. 

However, the 2D quantum confinement in the graphene nanoribbon (GNR) can open 

up a bandgap of magnitude inversely proportional to the ribbon width [7]-[9]. 

Therefore, the semiconductor-like GNR has drawn great interest and motivated the 

idea of all-graphene circuits [10, 11].  

In order to pursue the steep subthreshold switching, many new concepts have been 

proposed [12]-[14]. The field-effect bandgap modulation (FEBM) [15-[19] transistor 

is one of the potential solutions to improve the subthreshold slope without 

complicating circuit topology. Actually any bandgap contribution from size 

quantization in 2D semiconductors will express FEBM. However, previous double-

spacer lithography and other process approaches [9, 16, 20] are either challenging or 

having the issue of device registry, especially for the implementation of side-gate 

separation. The design and fabrication difficulties significantly raise the integration 

barrier onto CMOS platform. 

3.3 All-Graphene Layout 

In this work, we propose the graphene routing process (GRP) for dual-side-gate 

GNR transistors, as depicted in Figure 3.1, where the channel, side gates, source, drain 

and connection between transistors are all in a single graphene layer. The channel 
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dimension and side-gate separations are obtained within one critical-step of maskless 

electron beam lithography (EBL). This approach avoids misalignment of the GNR and 

the side-gates, which is the most crucial feature for the side-gate FEBM transistor. 

Moreover, even if the spacing between channel and side gates are determined by EBL, 

FEBM is still sufficiently effective because the required transverse field is small, as 

would be clearer later. Furthermore, GRP can not only reduce the number of contact 

vias in circuit connection, but also enable the channel, source, drain, and gate to be all 

leveled in one flexible layer, which offers great advantages of integrating the graphene 

layer as power gating grid in the backend process. 

(a) 

 

(b) 

 

(c) 

 

Figure 3.1. Graphene routing process flow: (a) starting with the CVD graphene on 
285nm SiO2; (b) placing the metal pads (Ti/Pt/Au) for electrical measurement; (c) 
defining the channel, source/drain and side gates through EBL and oxygen plasma 
etching. The device is finalized by removing the e-beam resist. 
 

GRP started with the chemical vapor deposition (CVD) graphene on the 285nm 

silicon dioxide (SiO2) grown on the Si substrate, as shown in Figure 3.1(a). For 

backend integration, the graphene layer can be transferred instead of in-situ CVD 

growth [21]. In Figure 3.1(b), the metal contacts of Ti/Pt/Au are grown by evaporation 

and defined by EBL. Here these electrodes are only used as probing pads and 

alignment keys. The active device patterns, including the source, drain, planar side-

gate pair and channel, are all obtained in one-step EBL with negative-tone hydrogen 
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silsesquioxane (HSQ) and oxygen plasma etching, as illustrated in Figure 3.1(c). The 

active region is examined by scanning electron microscope (SEM) which shows the 

critical dimension: W/L = 20nm/2μm of the GNR channel in Figure 3.2(a). The 150nm 

separation between the edges of side gates refers to the nominal feature size on the 

layout design. The sample is finalized by cleaning the residual e-beam resist. 

(a) 

 

 

(b)

 

Figure 3.2. The GNR FEBM transistor of W/L = 20nm/2μm: (a) the SEM top-view 
image of double side-gate graphene transistor with sub-20nm channel width; (b) Id-
Vbg curves of the GNR transistor at Vds = 3V. 
 
 

3.4 Experimental Result and Simulation 

The back-gate field-effect transistor (FET) is examined in Figure 3.2(b). The drain 

current Id, modulated by Vbg, presents the clear ambipolar conduction, which is the 

signature for the monolayer graphene due to the symmetrical Dirac cone in the energy-

momentum (E-k) diagrams. To probe the FEBM properties, the device is operated 

under the side-gate modulation mode, where Vsg is independent of the grounded Vbg 

and Id shows a strong dependence on the transverse field. The FEBM in Figure 3.3(a) 

is extracted by current enhancement among different biasing strategies: (i) grounding 
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one of the side gates while biasing the other, (ii) biasing both side gates together, (iii) 

biasing the side gates differentially. The detailed derivation had been discussed in the 

previous work [16]. However, GNR in this work shows less FEBM at higher 

transverse fields than those devices by double-spacer lithography process. This can be 

explained by the weakened bandgap modulation from edge roughness [22, 23]. In the 

double-spacer lithography process, the line edge roughness (LER) is suppressed by 

reducing the width variation inherited from the previous process. In the future, the 

LER effect on FEBM should be studied by replacing the patterned GNR with 

chemical-synthesized GNR [9] which has atomically sharp edges and reasonably large 

bandgap. For future aggressive optimization, boron nitride (BN) as gate oxide should 

also be integrated to exclude the contribution from edge conduction and interface 

states [24]. 
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 (a) 

 

(b) 

 

 (c) 

 

(d) 

 

Figure 3.3. (a) The extracted FEBM in different lithography technologies, where the 
dot lines and symbols are simulated and experimental results, respectively. (b) By 
driving the side gates, simulated Id-Vsg curves are shown for bandgap modulation and 
conventional FET. (c) Simulated Id-Vds curves under stepping side-gate biasing. (d) 
The subthreshold slope from sweeping one of the side gates under various separations 
from 160nm to 5nm. 
 

The functional relation of bandgap modulation ΔEg with respect to the transverse 

field Ftransverse in mV/nm is fitted to: 

𝐹𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 = 𝑉𝑠𝑔1−𝑉𝑠𝑔2
𝑑𝑠𝑔

     (3-1) 
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∆𝐸𝑔,𝐺𝑅𝑃 = 12.8𝑚𝑒𝑉 ∙ �1 − 𝑒𝑥𝑝 �−𝐹𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒
5.53𝑚𝑉 𝑛𝑚⁄ ��   (3-2) 

 

∆𝐸𝑔,𝑠𝑝𝑎𝑐𝑒𝑟 = 1.2𝑚𝑒𝑉 ∙ 𝑒𝑥𝑝 � 𝐹𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒
3.16𝑚𝑉 𝑛𝑚⁄ �    (3-3) 

,where dsg is the side-gate separation. Equation (3-2) is extracted from GRP devices, 

while (3-3) from spacer-lithography devices. The theory and derivation were discussed 

in the previous work [16]. Notice that the critical field for FEBM is small: 5.53mV/nm 

for GRP and 3.16mV/nm for spacer. The tailing-off bandgap modulation curve for 

GRP may be attributed to the small quantum-confinement bandgap before the 

modulation occurs. This high modulation sensitivity of FEBM is desirable for low-

power operation. The implementation strategy is to first determine the bandgap needed 

for maintaining low OFF currents and then narrow the bandgap as much as possible by 

Ftransverse from side gates when the channel is ON. Inclusion of FEBM with 

conventional FET operation will give more gate control, higher ON current and 

steeper transition without compromising static power consumption. To understand the 

performance enhancement from FEBM, Eq. (3-2) is combined with the modified long-

channel EKV model [25] to simulate the I-V characteristics under side-gate biasing 

strategy (i). The simulation environment is constructed under the vacuum condition, 

W/L = 20nm/2μm, dsg = 150nm, and carrier mobility μe,h = 1500cm2/V·s without 

including mobility degradation mechanism. The mobility value used is closed to the 

direct field-effect mobility extraction from Figure 3.2(b). Combining the bandgap 

modulation with the conventional switching concept will offer higher gate control, 

larger ON current and steeper transition. In the saturation region, the Id-Vsg curves are 

http://en.wikipedia.org/wiki/Square_centimetre
http://en.wikipedia.org/wiki/Volt
http://en.wikipedia.org/wiki/Second
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illustrated in Figure 3.3(b) with noticeable improvement for ON current, 

transconductance gm and ON/OFF current ratio in comparison with the conventional 

FET. However, FEBM will affect the linearity of output characteristics, which should 

be taken into account for analog applications. The output characteristics of Id-Vds 

under stepping Vsg demonstrate higher drive current and lower channel resistance in 

the linear region, as shown in Figure 3.3(c). Under the long-channel approximation, 

the subthreshold diffusion current can be written as [26]: 

𝐽𝐷 =  −
𝑞𝑛𝑒𝑓𝑓𝐷0

𝐿
× exp �

𝑞𝜓𝑒𝑠
𝐾𝑇

� 
 

× �1 − exp �−
𝑞𝑉𝑑𝑠
𝐾𝑇

�� × exp �𝑞𝑉𝑠𝑔/ �1 +
𝐶𝑓𝑟𝑖𝑛𝑔𝑒
𝐶𝑜𝑥𝑖𝑑𝑒

�𝐾𝑇� 
(3-4) 

𝑛𝑒𝑓𝑓 = 𝑛𝑝𝑜 × exp (
𝛥𝐸𝑔
𝐾𝑇

) 
(3-5) 

where neff is the effective carrier concentration, D0 is the carrier diffusivity, ψes is the 

electrostatic surface potential at the GNR channel, K is the Boltzmann constant, T is 

the temperature, Vds is the drain bias, npo is the equilibrium minority carrier 

concentration, and Cfringe and Coxide are the fringing and side gate capacitances, 

respectively. To investigate the ultimate scalability in the GNR FET, simulation is 

done without the consideration of parasitic capacitances. The subthreshold slope 

versus Vsg is shown in Figure 3.3(d) under various side-gate separations. The 

simulation evaluates the transverse field strength needed for steep subthreshold 

performance. The major mechanism of sub-60mV/decade switching is due to the 

enhanced intrinsic carrier concentration from FEBM. For simplicity, the mobility 

degradation with respect to the width and LER are not considered [27].  In this work, 
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the subthreshold slope is gradually saturated at Vsg = 0.5V, which can be interpreted as 

insufficient bandgap from 2-D quantum confinement at Ftransverse = 0 as well as the 

strong LER in the present EBL direct-print process [16, 28]. The inherited LER on the 

GNR channel will strongly affect quantum confinement and scattering mechanisms [9, 

19, 29] which potentially change the FEBM efficiency. 

3.5 Performance Variance under Temperature Disturbance 

Temperature coefficient on FEBM is investigated in Figure 3.4. The output 

conductance shows negative temperature coefficient 𝛼𝑔𝑑 = 𝜕𝑔𝑑/𝜕𝑇 in Figure 3.4(a) 

due mainly to the mobility degradation in the drift current. This negative temperature 

coefficient for the ON-state will be a favorable feedback in current redistribution 

under self-heating perturbation, which is essential to the power gating transistor [30] 

to avoid thermal runaway. Moreover, 𝑔𝑚_𝑠𝑔 = 𝜕𝐼𝑑/𝜕𝑉𝑠𝑔  has a positive temperature 

coefficient at low Vsg regions in Figure 3.4(b), which indicates that the diffusion 

current is the dominant current component and Id is still sensitive to the intrinsic 

carrier concentration. The non-monotonic temperature dependences of 𝑔𝑚_𝑠𝑔 in ON 

and nearly-ON states can also be viewed as supporting evidence in the observed 

FEBM. The Arrhenius plot of the drain current in log scale versus 1/T is used to 

extract the FEBM parameters for confirmation in the inset of Figure 3.4(b), because 

the slopes in log Id-1/T change with respect to the magnitudes of bandgap. From this 

observation, the field strength of 0.02V/nm can shrink the bandgap by 17meV, which 

is close to the result in Figure 3(a).   
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(a) 

  

(b) 

 

Figure 3.4. (a) Temperature coefficient in transimpedance 𝛼𝑔𝑑 = 𝜕𝑔𝑑/𝜕𝑇 versus Vds 
of the GNR transistors at Vsg1=15V. (b) Temperature coefficient in transconductance 
𝛼𝑔𝑚_𝑠𝑔 = 𝜕𝑔𝑚_𝑠𝑔/𝜕𝑇  versus Vsg of the GNR transistors at Vds=1.5V and low Vsg 
region. The extracted FEBM from the Arrhenius plot by temperature variation is 
plotted in the inset. 

 
3.6   Summary 

In summary, GRP provides the scalability and registry control in the GNR devices, 

as well as circuit connection with topological complexity equal to 1. This one critical-

step process lowers barrier for large-scale integration. The dual side-gate GNR 

transistor made by GRP also demonstrates FEBM which is not limited by 

60mV/decade switching at room temperature. The functional form of FEBM is 

extracted from GRP devices and is used to predict the performance enhancement. 

Even though the LER reduces the bandgap modulation efficiency, the transfer 

characteristics shows higher ON currents, larger ON/OFF current ratios, and steeper 

transitions in both the linear and saturation regions. In addition, subthreshold slopes 

smaller than 60mV/decade can be observed under various side-gate separations. 
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However, the LER inherited from the EBL and etching processes degrades the FEBM 

efficiency. The negative temperature coefficient for channel conductance gives stable 

current redistribution under thermal perturbation, which makes the dual side-gate 

GNR transistor a potential power gating device with convenient integration in the 

backend process. The positive temperature coefficient of the transconductance in the 

low Vsg region also provides additional evidence of FEBM in the experimental results. 

This work gives another piece of the puzzle to pin down the physical mechanisms 

behind FEBM. The detailed contribution of transport gap or bandgap toward FEBM 

needs further evidence to have eventual resolution. The GRP provides the pathway for 

reducing the numbers of vias. For central process unit (CPU) with over 1 billion 

transistors, all-in-one-layer device is surely out of the scope. Even though the 

semiconductor technology is pursuing the 3D integration for more functionalities, the 

scalable GRP may generate an impact in the industry of thin-film-transistor active 

matrix display or in power distribution network because of relatively low circuit 

complexity. 
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CHAPTER 4 

TUNNELING TRANSISTORS BY GRAPHENE NANORIBBON 

4.1 Introduction 

The symmetrical energy band structure and low effective mass of graphene 

nanoribbons (GNR) are promising to construct tunnel field-effect transistors (TFET). 

However, the lack of effective dopants limits the structural choices to form gated 

diodes. In this work, the side gates of GNR are used to modulate the tunneling barrier 

for TFET switching. To simplify the process, all-graphene routing is employed and the 

TFET output characteristics have shown the gate-dependent Zener tunneling with 

negative differential resistance (NDR). Noticeably, both of the p-type and n-type GNR 

TFETs exhibit high current handling larger than 600 μA/μm at 1V drain bias, which is 

significantly higher than most of the vertical III-V TFETs, especially considering the 

channel thickness. The planar design of GNR TFET also facilitates future process 

integration, reduces routing complexity and extends to flexible-substrate applications. 

The ON-state performance of p-type and n-type GNR TFETs is comparable, and can 

readily build circuit branches in the complementary style. Future optimization on 

structure and processing can further enhance the GNR TFET performance to enable 

energy-efficient digital circuits. 
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4.2 Band-to-Band Tunneling  

The concept of band-to-band tunneling (BTBT) field-effect transistor (FET) had 

been proposed for over a decade [1-4]. The tunnel field-effect transistor (TFET) has 

similar structure to metal-oxide-silicon field-effect transistor (MOSFET); however, the 

source and drain terminals are usually doped with opposite types. The dominant 

switching current through the source/drain barrier is controlled by BTBT [5,6], instead 

of drift-diffusion in the channel, which implies that the subthreshold slope (SS) is no 

longer limited by the tail of the Fermi distribution function at 60mV/decade under 

room temperature [7,8]. Experimentally, intensive works have been reported that the 

BTBT transistors achieve steep subthreshold and high Ion/Ioff ratio in various material 

systems, including silicon (Si) [9-11], germanium (Ge) [9,12], III-V [13-15], and 

carbon nanotube (CNT) [16,17]. In the digital system perspectives [18], this novel 

device offers a pathway to reduce the operational voltage to sub-0.5V with less 

dynamic power consumption (Pdyn) under the constrained leakage current: 

𝑃𝑑𝑦𝑛 = 1
2

× 𝐶𝐿 × 𝑉𝑑𝑑2 × 𝑓𝑠𝑤𝑖𝑡𝑐ℎ    (4-1) 

where CL, Vdd and fswitch are the capacitance from internal and fanout devices, supply 

voltage, and switching frequency, respectively. The BTBT process requires additional 

phonon scattering for indirect bandgap or asymmetric band structures, which degrades 

the ON-state driving current. In order to make TFET a candidate for the post 

complementary metal-oxide-silicon (CMOS) era, the tunneling efficiency has to be 

further improved to pursue high-speed operations. 

Graphene is a unique 2D electronic material and the graphene nanoribbon (GNR) is 

favorable for TFET due to its symmetrical band structure, tunable quantum-
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confinement bandgap, high mobility, direct bandgap, and mobility-independent 

density of states (DOS) [19-22]. Many computational studies [23-25] have shown 

large drive current, high ON/OFF current ratio, and steep SS even though the 

ambipolar and edge conduction have to be specifically tailored. 

4.3 Energy Band Diagram in GNR 

 

 

Figure 4.1. (a) The conceptual top view of GNR TFET, and (b) illustration of energy 
band bending with respect to the side-gate biasing.  

We design a planar graphene-based TFET to experimentally investigate the BTBT 

operation. The TFET top view and the band diagram are illustrated in the Figure 4.1, 

where the channel region controlled by the side-gate pairs is implemented in sub-

15nm GNR. The site gates are also implemented in the same graphene layer without 

quantum confinement by the simple all-graphene routing process [26]. The design 

concept begins with the 2D quantum-confinement bandgap opening in the channel. 

(a) 

(b) 
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The planar side gates set up the electrostatic potential across the channel region, as 

depicted in Figure 4.1(a). Ideally, the floor level of OFF-state and switching sensitivity 

depend on the misaligned DOS between the left and right channel regions, which is 

identical to the most TFET designs. In Figure 4.1(b), the voltage difference (Vsg1-Vsg2) 

from side gates determines the sharpness of energy band bending and modulates the 

triangular potential barrier for BTBT which can be estimated by the Wentzel-Kramer-

Brillouin (WKB) approximation [6,7]: 

𝑇𝑊𝐾𝐵 ≈ exp�− 4√2𝑚∗�𝑒𝐸𝑔�
3
2�

3𝑒ħ�∆𝜙+𝐸𝑔�
� ,   (4-2) 

where Twkb, m*, Eg, ħ, and ϕ are the transmission coefficient, effective mass, bandgap, 

the reduced Plank constant and energetic window for BTBT. In this particular design, 

the energetic window for BTBT is a function of side-gate biases, as shown in Figure 

4.1(b), and the drain current (Id) is proportional to the product of available carrier 

density and transmission coefficient. The contribution of the transmission coefficient, 

the energetic interval between the adjacent conduction band and valence band, and the 

channel geometry can be written as follows: 

𝐼𝑑 = 2𝑒
ℎ
𝑊 ∫ 𝑇𝑊𝐾𝐵(𝐸)[𝑓2(𝐸)− 𝑓1(𝐸)]𝑑𝐸𝐸𝐶

1

𝐸𝑉
2    (4-3) 

where W is the width of GNR TFET, f2,1(E) are the carrier distribution functions in the 

GNR surrounded by side gates 2/1, and EV
2/EC

1are the valence/conduction bands of 

the GNR near side gates 2/1. Thus, the drain current is switched by gate biases from 

both the alignment of bands and the modulation of the triangular barrier. 
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4.4 Simulation on the Electrostatics of Graphene Band Structure 

  Electrical Potential (V) Electrical Field Strength 
(a) 

 

(b) 

 

 
Cross-sectional View of Electrical 
Potential (V) and Field Strength 

 

(c) 

 

Figure 4.2. (a) The isometric view of the simulation environment and the electrical 
potential on the channel plane: 15nm GNR and side gates biased at Vsg2=1V and 
Vsg1=−1V, (b) the electrical field strength of the zoomed-in top view, where the arrow 
size represents the magnitude, and (c) the electrical field strength of the cross-sectional 
view through side gate 1 to the GNR channel. 
 

Finite-element modeling is implemented to calculate the electrostatics and 

understand the electrical potential/field distribution across the ultra-thin channel of 
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GNR TFET. In Figure 4.2(a), the simulation environment is analogous to the layout of 

Figure 4.1(a), where the GNR channel and side gates are sandwiched by air and SiO2, 

and Vsg1, Vsg2, and Vds, are biased at 1V, -1V, and 0.5V, respectively. The electrical 

potential on the graphene plane is also presented in Figure 4.2(a). The two side gates 

generate strong electrical fields with opposite directions, as labeled in the upper (blue) 

and lower (orange) channel regions of Figure 4.2(b).  In this asymmetric biasing 

scheme, the middle channel (green) experiences the least field strength from the side-

gate coupling. Due to the atomically thin channel and side gates, most of the electrical 

fields originate from the gates and flows perpendicularly into the channel by the 

vacuum or SiO2, as shown in Figure 4.2(c). Thus, the effective location of BTBT in 

the channel direction is adjustable with respect to side-gate biases. By pushing the 

tunneling region forward to the source, the energy band bending increases with the 

triangular tunneling width reduced. Furthermore, reversing the side-gate bias polarity 

can change the direction of energy band bending and enable the formation of either p-

i-n or n-i-p junction. Although the control of tunneling barrier by electrostatic doping 

is less ideal and takes additional tuning, it facilitates the study of GNR TFET 

electrostatics, field-effect modulation, and output characteristics.  
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(a) 

 

(b) 

 

(c) 

 

Figure 4.3. (a) The schematic of experimental GNR TFET, including the active 
device and probing pads, (b) the SEM image of the channel region and side gates, and 
(c) Id-Vbg curve of the GNR transistor with W/L = 15nm/400nm. 
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The fabrication process [26] starts with transferring chemical vapor deposition 

(CVD) graphene on top of SiO2/Si substrate. As illustrated in Figure 4.3(a), the 

contact metal is put down only for electrical analysis by the liftoff process. The active 

device pattern, including the planar side-gate pairs and channel, are defined by 

electron beam lithography (EBL) and followed by oxygen plasma etching. In Figure 

4.3(b), the active region is examined by scanning electron microscope (SEM) which 

shows the critical features: W/L=15nm/400nm of the GNR channel and 82.5nm 

separation from the side gates to the GNR edge. The sample is finalized by cleaning 

the residual e-beam resist. The clear ambipolar conduction, which is a signature I-V 

curve on the monolayer graphene FET, is represented by sweeping the back-gate 

voltage (Vbg) with respect to the drain current (Id), as shown in Figure. 4.3(c). Due to 

the single critical EBL step, this quick process ensures gate/channel/gate placement 

with high precision and accuracy. 
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4.5 Electrical Characteristics  

(a) 

 

(b) 

 

(c) 

 

 

(d) 

 

Figure 4.4. GNR TFET of W/L = 15nm/400nm: (a) the band diagram of p-type TFET 
under negative and positive Vds, and (b) the Id-Vds plots with respect to Vsg2 steps, 
from -5V to 10V, (c) the band diagram of n-type TFET under positive and negative 
Vds, and (d) the Id-Vds plots with respect to Vsg2 steps, from 0V to 6V. 
 

In the DC measurement, the device is first biased at Vsg1-Vsg2≤0 to emulate the n-i-p 

junction from source to drain, as shown in the band diagram of Figure 4.4(a), where 

the conduction band edge at the source is lower than the valance band edge at the 
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drain region. The output current in the GNR TFET Id-Vds characteristic in the Figure 

4.4(b) demonstrates gate-sensitive Zener tunneling and clear observation of negative 

differential resistance (NDR). In the region of reverse bias region, the drain current 

shows the positive dependence with respect to the magnitude of Vsg1-Vsg2. In the 

forward bias region, the Vds curtail the tunneling window of the n-i-p junction and 

initially reduce the drain current. This unique output characteristic is attributed to the 

misaligned energy band of the n-i-p junction and manifests the hole BTBT conduction 

of the p-type TFET. The ON-state currents of 400μA/μm at Vds = -1V and 187μA /μm 

at Vds = -0.5V are observed. The drain ON/OFF current ratio by Vsg1 switching is 

around 10 over the measured bias range owing to the high floor of leakage current at 

OFF state. However, in the present TFET, it is not possible to exclude the contribution 

of edge conduction from the nonideal roughness, defected-assisted tunneling, and 

thermionic emission. Therefore, integrating the atomically sharp GNR [22] and 

replacing the SiO2 with boron nitride (BN) [27] may be the necessary improvement to 

boost the ON/OFF current ratio, subthreshold performance, and static power 

consumption in GNR TFET. 

Taking the full advantage of electrostatics in the side-gate pairs, the p-i-n band 

diagram can also be realized by reversing the biasing configuration, namely Vsg1-

Vsg2>0 and the higher valance band edge at source than the conduction band edge at 

drain, as depicted in the Figure 4.4(c). In order to examine the BTBT in n-type TFET, 

the Id-Vds measurement has been conducted under the exact setup. The drain currents 

in the Id-Vds curves also exhibit gate-sensitive Zener tunneling with NDR. The output 

characteristic shows the resembling behavior of p-i-n junction with reverse polarity. In 
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the p-i-n junction, electron tunneling dominates the current component, which is 

recognized as a n-type TFET. Normalized by the ribbon width, the substantially higher 

driving currents of 613μA/μm at Vds = 1V and 273μA /μm at Vds = 0.5V have been 

observed in Figure 4.4(d).  
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(a) 

 

(b) 

 

Figure 4.5. (a) The Id-Vds hysteresis loop in p-type TFET at Vsg1=-2V and Vsg2=3V 
and (b) Id-Vsg curves under different biasing scheme: common-mode and differential-
mode operation. 
 

Figure 4.5(a) shows the Id-Vds hysteresis loop in the p-type TFET with consistent 

NDR in both forward and reverse sweeps, which confirms that the dominant 

contribution to the NDR is the barrier modulation rather than the charging effect from 

trap or defect. The design of the side gates offers the freedom of biasing schemes: the 

common-mode (Vsg1=Vsg2) and differential-mode (Vsg1=-Vsg2) operations. In Figure. 
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4.5(b), both operations present the similar Id-Vsg trends but large magnitude difference 

in the drain current. The phenomenon is caused by different transport mechanisms. 

The side-gates biases in the common-mode operation only modulate the carrier 

concentration of GNR; however, the side-gate biases in the differential-mode 

operation modulate both carrier concentration and tunnel barrier. The differential 

biasing further separates the adjacent conduction and valance band edges, which 

effectively shortens the triangular barrier width, and produces the drain current 

enhancement in comparison with the common-mode operation. 

4.6 Summary 

A summary of the ON current Ion reported in various TFETs is listed in Table 4.1. 

By the nature of symmetrical band structure and low effective mass in graphene, these 

p-type and n-type GNR TFETs produce significantly high Ion performance in 

comparison with Si, Ge and III-V heterogeneous junction TFETs. The planar design 

also has multiple benefits over vertical designs in terms of future process integration, 

routing complexity and better compatibility with flexible substrate. By taking the 

thickness [19] of the GNR channel into consideration, these GNR TFETs can handle 

very high current density. Besides, the small performance deviation between the n-

type and p-type GNR TFET implies a promising solution in the complementary digital 

logic. 
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Materials Energy Band Structure 
|Vds | 

(V) 

Ion 

(μA/μm) 
Ion/Ioff Channel Structure Reference 

Si Nanowire 
Large bandgap and 

homogeneous junction 
2 0.02 105 n-type Vertical [28] 

Ge 
Large bandgap and 

homogeneous junction 
1 60 106 p-type Planar [12] 

GaAs0.35Sb0.65/In0.

7Ga0.3As 

High Stagger 

Heterogonous junction 
0.75 190 - n-type Vertical [29] 

In0.7Ga0.3As 
Small bandgap and 

homogeneous junction 
1.05 50 104 n-type Vertical [15] 

In0.9Ga0.1As/GaAs

0.18Sb0.82 
Near broken bandgap 0.5 700 50 n-type Vertical [14] 

GNR 
Symmetrical band 

structure  
0.75 282 10 p-type Planar 

This 

work 

GNR 
Symmetrical band 

structure  
0.75 433 10 n-type Planar 

This 

work 
  

Table 4.1. Comparison of Ion for various TFETs under room temperature. 
 

Starting from the symmetrical energy band and low effective mass, the concept of 

planar GNR TFET has been proposed and the fabrication is enabled by the all-

graphene routing process, where the graphene side gates set up the electrostatics 

across the GNR channel. The property of GNR TFET is confirmed by examining the 

gate-dependent Zener tunneling with NDR characteristics in Id-Vds curves. Besides, 

the output current in the differential-mode operation is significantly higher than the 

current in the common-mode operation. Both p-type and n-type GNR TFETs have the 

high current density handling benchmarked with TFETs in other material systems. 
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With further device optimization, GNR can be a strong candidate to enhance TFET 

performance. 
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CHAPTER 5 

SIDE-GATE-CONTROLLED DUAL-MODE POWER GATING DEVICES  

5.1 Introduction 

  In this Chapter, we utilize electrostatic doping to enable the circuitry based by the 

single-layer all-graphene routing process (GRP), where the metallic graphene is used 

as side gate, source/drain and semiconducting graphene nanoribbon (GNR) is 

engineered as a transistor channel. With one critical lithography process, this work 

realizes the symmetrical side-gate placement and scalable feature sizes without 

registry issue. The design of the double side gates serves the dual purposes: bandgap 

modulation and electrostatic doping. The electrostatic doping from side gates enables 

the complementary-type channels which are essential for logic blocks. The self gain 

and controllable transconductance are performed with elaborate electrostatic doping. 

By shifting Dirac points of serial GNR transistors, the voltage-controlled inverter 

provides dual polarities in the output characteristic, which can be applied in embedded 

memory or repeater circuit. Besides, GRP can connect metal 0 and metal 1 without 

using via, which may improve the layout density and reduce the parasitic elements. 
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5.2 The Single-Layer Graphene Circuits    

The unique ambipolar conduction in graphene renders new applications in 

nanoelectronic and circuitry, and extensive works have been published [1]-[4]. With 

electrostatic doping, the graphene inverter, frequency doubler and tripler have been 

reported [4]-[6]. However, many approaches need the pre-defined electrodes which 

raise the complexity for device scaling and reduce package density. These approaches 

did not employ local controls of the Dirac point. In the complementary metal-oxide-

silicon (CMOS) circuits, the definable regions for p-type and n-type transistors are 

necessary for low static power consumption. 

 We used the graphene routing process for dual-gate graphene nanoribbon (GNR) 

transistors, as depicted in Figure 5.1, where the channel, source/drain and connection 

between transistors are in one GNR/graphene layer. The channel dimension and side-

gate separation are also defined within the same critical electron beam lithogrpahy 

(EBL) step. This process avoids the alignment of the decananometer channel with side 

gates and secures the proper electrostatic coupling. However, the spacing between 

channel and side gates, as well as the transistor pitch, is set by the resolution of 

lithography instead of film thickness. The side gates serve all electronic purposes: 

channel potential control, bandgap modulation and electrostatic doping. By biasing 

one of the side-gate pair in the two side-gate transistors in series, the Dirac point of 

GNR channel can be locally controlled to build the complementary-type circuits. 
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(a) 

 

(b) 

 

Figure 5.1. The graphene routing process flow: (a) starting with the CVD graphene on 
285nm SiO2, followed by placing the metal pad (Ti/Pt/Au) for electrical measurement; 
(b) defining the channel, source/drain and side gates by EBL patterning and oxygen 
plasma etching. 

 
5.3 Process Flow of Large-Scale Graphene Thin-Film Electronics    

The process flow chart of the graphene routing process is drawn in Figure 5.1. The 

device started with the chemical vapor deposition (CVD) graphene on the 285nnm 

silicon dioxide (SiO2) and the electrodes (Ti/Pt/Au) for electrical measurements were 

then defined, as shown in Figure 5.1(a). In Figure 5.1(b), the double side-gate 

transistors in series were directly patterned by EBL with negative-tone hydrogen 

silsesquioxane (HSQ) resist, followed by oxygen plasma etching, where the side gates, 
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source/drain and channel region were all in the same graphene layer. Then, the sample 

was finalized by removing the residual e-beam resist and cleaning. 

5.4 Electrostatic Doping and Graphene Inverter   

The design of the double side gates serves all electronic purposes: channel potential 

control, bandgap modulation and electrostatic doping. Utilizing the graphene routing 

process, the electrostatic doping imposed by local side gates can differentiate the Dirac 

movement of serial GNR transistors. In the Id-Vsg curves of Figure 5.2(a), the doping 

biases shift the Dirac points of GNR channels, which enable the p-type and n-type 

field effect transistors (FET) [7][8]. With the shift of Dirac points, the GNR transistors 

in series connection show the inverter behavior in Figure 5.2(b), where the design 

follows the conventional inverter connectivity and utilizes the middle side gate as the 

input node. The non-ideal ON/OFF ratio of GNR transistors degrade the sharpness and 

output swing in the voltage transfer curve (VTC). The peak-to-peak swing is enhanced 

by tweaking the separation of Dirac point in serial transistors; meanwhile, the small-

signal voltage gain (Av) is also a function of electrostatic doping. The optimized 

results are plotted in Figure 5.2(c), where the inverter demonstrates self gain and 

controllable output swing. The tuning range of inverter can give more parameters in 

the circuit design and new circuit applications. 
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(a) 

 
(b) 

 
 

(c) 

 
Figure 5.2. (a) Dirac point shifting with respect to electrostatic doping. (b) VTC of a 
graphene inverter with tunable voltage gains and voltage swings. (c) Voltage gains 
derived from VTC of the GNR transistor. 
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5.5 Voltage-Controlled Dual-Mode Inverter/Buffer 

Combining the local electrostatic doping and ambipolar I-V curves, the concept of 

dual-mode operating is further illustrated in Figure 5.3(a), which is categorized into 

three different Dirac-point alignments: (I) identical, (II) positive, and (III) negative 

matching. In these three cases, the FET1 and FET2 are tied in the series configuration, 

with one end to the supply voltage (VDD) and the other to ground (GND), as shown in 

Figure 5.1(b). In Figure 5.3(a), the identical matching indicates that the I-V curves of 

FET1 and FET2 share the same Dirac point in case (I), which makes the output 

voltage level pinned at half VDD, like two equal-size transistors in series. Therefore, 

the output resistance almost remains constant over the sweeping range. In case (II), the 

device is operated under FET1 with negative transconductance and FET2 with positive 

transconductance, which means that FET1 pulls up and FET2 pulls down the output 

node, similar to the conventional intervers. In case (III), the scenario is just opposite to 

case (II) and the output shows the buffer or driver behavior, where the output follows 

the input change with amplified or attenuated voltage level, but the input only sees the 

side-gate capacitor with minimal drive current requirement while the output is driven 

directly from VDD or GND through one of the FETs. This source follower can be used 

in the voltage-mode transceiver, or as an output stage. Therefore, combining these 

unique output characteristics in case (I) to (III), as shown in the Figure 5.3(b),  

voltage-configurable inverter/buffer can be realized. This inverter/buffer design offers 

the tunable swing, Av, and small-signal output polarity without costing any additional 

stages.  
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5.6 Reconfigurable Logic Devices and Via-Free Connectivity 

The direct circuit advantage of dual-model inverter/buffer can be illustrated in a 

CMOS NAND logic gate. The cell of a CMOS NAND logic gate, as shown in Figure 

5.3(c), produces an output that is low only if all its inputs are high. By reconfiguring 

electrostatic doping, the OR logic gate is embedded under the NAND function since 

the output is only low when both inputs are low, which saves two additional NAND 

stages and achieve higher pack density. 

Another key feature of graphene routing is to connect the gate node to the 

source/drain nodes without using via since they are leveled in the same materials. This 

idea benefits the bistable latching circuitry in the static random-access memory 

(SRAM), which is essential and area-consuming cell in the digital architecture. The 

direct gate/metal 1 contacts without a via, as shown in Figure 5.3(d), cuts down the 

cell size and reduces the RC loss from vias. Besides, by the film flexibility and high 

carrier mobility, the graphene routing process can be applied to the thin-film-transistor 

active matrix display because the single-layer graphene circuits can implement the 

pixel circuit on top of the large-area glass by thin-film transfer. A conceptual layout of 

graphene single-layer SRAM is illustrated in Figure 5.3(e). 
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(a) 

  

(b)

 
(c) 

 

(d)  

 

 
Figure 5.3. (a) Illustration of three different Dirac-point alignments. (b) Output 
characteristics of the voltage-controlled dual-mode graphene inverter in three cases. 
(c) Reconfigurable NAND and OR logic gates by electrostatic doping. (d) Illustration 
of conventional bistable latching circuitry in the SRAM. (e) The layout of graphene 
single-layer SRAM. 
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5.7 Summary 

The graphene routing process is developed and applied to implement the dual-gate 

GNR transistors. The electrostatic doping from side gates enables the complementary-

type channels which are essential for CMOS logic blocks. The self gain and 

controllable transconductance are illustrated with elaborate electrostatic doping. The 

switchable inverter/buffer device has been accomplished by local electrostatic doping 

from side gates. The unique output characteristics can be applied to the reconfigurable 

NAND/OR logic with higher packing density. Besides, the direct contact between gate 

and metal 1 will save an additional via and may be beneficial to the active-matrix 

backplane in the thin-film circuits and displays.  
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CHAPTER 6 

PASSIVE EQUALIZATION USING NONLINEAR TRANSMISSION LINE 

6.1 Introduction 

In the wire-line communication, minimization of the energy and the delay per bit is 

always the first priority, which translates into the system operation frequency and 

power consumption. However, the delay and energy are coupled, and difficult to 

minimize at the same time. The nonideal channel impairments are often attributed to 

the noise and parasitic effects in packages and interconnectors. In order to compensate 

the channel loss and signal distortion, many compensating techniques have been used 

to expand the data bandwidth while keeping the bit energy in check. In this chapter, 

we design the passive equalization circuits under the topology of lossless distributed 

nonlinear transmission lines (NLTL). The nonlinearity can compensate the channel 

loss and distortion by waveform reconstruction. The Bragg cut-off frequency is 

another key feature to filter out the out-of-band (OOB) noises. Integrating these 

features in the NLTL receiver front-end can provide an alternative solution to secure 

signal integrity without costing additional power. The improved eye diagram and 

reduced jitter on the transition edge validates the effectiveness of NLTL at high speed 

I/O interface. This passive waveform shaping will become even more important if the 

power consumption per bit is the highest design priority and the penalty of area is less 

concerned, such as in the case of 100-gigabit switched router. 
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6.2 High-Speed Link 

The complementary metal-oxide-semiconductor (CMOS) technology has served as 

the backbone for higher computing power. The device scaling enables the higher 

operation frequency and gate density [1-3] in the system level. Just like Moore's law 

for the transistor feature size, data rate, number of pins, and number of cores have 

grown in an exponential fashion [4, 5] in the past decade, as shown in Figure 6.1 [2], 

which also implies the increasing data throughput between chip to chip. One of the 

state-of-art applications is tera-scale many-core processors with the aggregate I/O rate 

over 2TB/s. The high data rate per pin is the backbone of high performance CPU, 

graphic processing unit (GPU) and gigabit switched router [6-9] in modern system 

development. 

 

Figure 6.1. The projection by the international technology roadmap for 
semiconductors (ITRS) on the aggregate I/O bandwidth, I/O data rate, and number of 
I/O pads. 
 

The high speed interfaces are all around us. Take the universal serial bus (USB) as 

an example [10]. It is an industry standard developed in 1993 and has been widely 
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used in computer peripheral devices. Comparing the first version of USB 1.0 with the 

current USB 3.0, the data rate has increased from 1.5Mbps to 4.8Gbps. The major 

changes in the USB3.0 are driven to meet the increased demands of external devices in 

terms of data rate, power management, and physical appearance. This significant 

progress in terms of the data rate provides the faster and friendlier communication 

channel between chip to chip. A summary of current chip-to-chip signaling interface is 

listed in Table 6.1 [11]. 

On the rise of cloud computing and internet of things (IoT), the requirements of the 

data center and backplane router have been aggressively pushed in terms of number of 

channels, power dissipation, self-adapting equalization power consumption, and 

timing accuracy. In order to avoid hitting the power wall similar to the case in 

integrated circuit design, the energy-efficient design has to be implemented. 

Link between Units Data Interface 

Process to Memory DRAM(1.6Gbps) XDR DRAM(7.2Gbps) XDR2 DRAM(7.2Gbps) 

Processor to Peripheral PCIe(8Gbps) Infiniband(10Gbps) USB3(4.8Gbps) 

Processor to Processor Intel QPI(6.4Gbps) AMD Hypertransport(6.4Gps) 

Storage SATA(6Gbps) Fibre Channel(20Gbps) 

Networks Ethernet(10Gbps) SONET(40Gbps) Backplane Router(100Gbps) 

Table 6.1. List of data link applications 
 
6.3 Channel Characteristics 

The packages and interconnectors are the bottlenecks to limit the data bandwidth 

between chips. Many advanced packaging techniques are available now, such as 

interposer and package on package (PoP), which initiate the concept of system-on-

package (SoP). The total integrated circuits (IC) cost is calculated by the sum of die, 
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testing, and package costs over the yield. The package cost has become a major 

contribution of the total system cost due to the requirements for high bandwidth and 

small pitch size. Therefore, even though many advanced packaging techniques are 

offered, the cost-effective design is still the highest priority. Clearly, the core value is 

how to purse high data bandwidth without losing the gross margin in cost and energy. 

The less-expensive packaging techniques and off-chip interconnects make pursuing 

high data rate even more difficult. The frequency-dependent loss and distortion are 

classified as dispersion, reflection and near/far-end cross-talk (X-talk) [12, 13], which 

degrade transmission efficiency and linearity, especially in the high-frequency domain. 

Taking the processor to processor as an example, the loss and distortion from the card 

trace, via, backplane trace, and connector will add non-ideality into the channel 

response. The loss will increase with respect to the trace length which reduces the 

voltage swing and induces the reflection from the receiving end. The channel loss 

becomes more prominent as the operation frequency increases, which means that the 

higher data rate is going to experience more loss and distortion. The root cause of 

signal integrity degradation is that the unattenuated low-frequency component causes 

the isolated high-frequency pulse to barely reach the midpoint of the signal swing [14, 

15]. In this case, it will lead the indistinguishable logic 1 and 0, which cause increased 

bit error rate. For small pitch size, the adjacent I/O pads will introduce the near-end X-

talk to transmitter and far-end X-talk to the receiver, which causes the ringing and 

bumpy high frequency responses.  

The high speed wireline needs co-design [12, 16] between printed circuit board 

(PCB) and integrated circuits. To model the channel behavior including packages, 
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interconnector and trace, the whole channel model is extracted by the network 

analyzer and described by the scattering parameters (S-parameter) [16], which is the 

most critical information for design optimization. Based on this information, the 

impulse response in time domain will be used to evaluate the inter-symbol interference 

(ISI), which can be interpreted as the memory effect of the channel, where the early 

symbol will interfere with the subsequent symbol. The severe ISI will cause the 

indistinguishable logic high and low at the receiver, which can be visualized in an eye 

diagram. The methods to reduce signal distortion and power consumption by 

sophisticated equalization and clocking generation are the necessary means to transmit 

data rate higher than the connector cut-off frequency. A general architecture contains 

four basic building blocks: core logic, transmitter, channel, and receiver. The parallel 

data lanes from the core logic are multiplexed into one lane by the serializer for the 

maximum data rate. Then the equalizer pre-emphasizes and de-emphasizes the signal 

to overcome the incoming channel loss before deserializer. The standalone clocks are 

generated at both sides with reasonable amount of phase delay.  

 

Figure 6.2. The simplified link architecture 
 

In Figure 6.2, the key features of modern high speed link are the self-learning 
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equalization circuits, which enhance the operation range under various channel 

responses. In principle, the equalization leverages the channel loss and extends the 

flatness region of minimal channel loss and distortion into higher frequency. If we 

simply view the channel as a low pass filter (LPF), the equalization is used to 

attenuate the low-frequency and boost up the high-frequency component of signal. 

This frequency behavior of equalizer can be modeled as a band pass filter (BPF). The 

combination of LPF and BPF will reduce total transmission power and lower the 

voltage swing. Therefore, the effective channel response before the deserializer will be 

extended by smearing out the gap between low and high frequency responses. Besides, 

the high-speed loop feedback can correct the pattern-dependent loss, which avoids the 

worst case scenario in ISI. 

Before running the system at full speed, the training signal and the digital-controlled 

feedback can precisely cancel out the post- and pre-ISI noises. This gives a clean 

received data with a reasonable amount of eye opening in both timing and voltage 

scales. The most common technique is the finite impulse response (FIR) filter which 

uses the feedback taps to reconstruct the waveform. However, the parasitic 

capacitance of each tap is another issue. The higher tap number can give high eye 

opening but also lower the data bandwidth. Besides, the feedback loop adds the cost at 

the combiner and power consumption from delay cell. The tap number should be 

calculated and examined by the channel characteristics. 

Clock generation and data recovery are power-hungry blocks which determine the 

timing accuracy and jitter accumulation. The clock distributing method depends on the 

system requirement, data rate, and trace length [15]. Because of the requirements in 
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clock skew and proportion delay, the plesio-chronous method is the widely used in the 

high speed links, where the transmitter and receiver have standalone clock generation 

circuits. Therefore, the clock recovery circuit has to be implemented in order to extract 

the clock from incoming data and maintain the reasonable amount of the hold and 

delay time. The advanced technology scaling provides high cut-off frequency (fT) and 

drive current which allows high frequency jitter tracking. However, the phase detector 

sensitivity and loop feedback have to be accurately designed for sensing the phase 

difference and operating properly with missing transition. However, the locking range 

and accuracy will change with respect to the detecting method. The generated clock 

will also drift with process, voltage, and temperature (PVT) variations.  

Both active equalization and the timing recovery block are popular in the modern 

high speed interface to compensate the non-ideal channel loss and distortion. These 

technologies are not free in terms of power consumption. When the data rate is the 

highest priority in the design specification, the extensive digital feedback control has 

to be used to tune the compensation strength. Besides, high speed interface has tight 

constraint on the jitter tolerance. Therefore, the phase detector has to be linear and 

responsive for jitter tracking. In summary, the channel compensation and timing 

recovery are the crucial techniques for high bandwidth wireline communication, even 

under the penalty of large power consumption. 

6.4 Nonlinear Transmission Line (NLTL) 

Both on-chip and off-chip NLTL have been demonstrated for many high frequency 

applications, such as harmonic generation and impulse generation. In this work, we 

propose the idea of using NLTL [17] as the receiver front-end to improve the high-
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speed signal integrity. The NLTL can be understood from the circuit model of the 

conventional transmission line as a ladder of series inductance and shunt capacitance. 

In the case of NLTL, the capacitance or inductance is allowed to vary as a function of 

the operating voltage or current. Two most well-known properties of the NLTL are the 

edge sharpening and Bragg cut-off frequency [18, 19], which can passively reconstruct 

the incoming signal. In order to implement the on-chip NLTL, we use MOS capacitors 

to introduce nonlinearity. The C-V characteristics of MOS capacitors are very 

sensitive in the small voltage swing (~600mV). However, the size of the spiral 

inductor gives the design penalty in layout areas. Therefore, the stage number and 

inductance need to be optimized carefully to keep the layout area within bounds. 

6.5 Passive and Nonlinear Equalization 

In consideration of the area penalty, several advantages make the passive NLTL 

structure as an alternative technology for the receiver front-end, especially when the 

low energy consumption per switching is highly desired. 

Since the capacitance will change with respect to the input voltage, both the 

characteristic impedance and wave propagation velocity depend on the input swing. If 

we transmit the 010 data into the NLTL block with magnitude encoding, the logic high 

will travel slower than the logic low due to the change in load capacitance. Therefore, 

the falling time will be reduced by the velocity difference of logic high and low. Thus, 

after passing each stage, the sharp high to low transition can be reconstructed due to 

the nonlinearity compensating the loss and distortion. 

Another important property of NLTL is phase noise (PN) reduction. The 

nonlinearity in the NLTL will up-convert the underlying frequency to high-order 
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harmonics. The higher order harmonics traveling in the following NLTL lattices will 

down-convert and intermix with the originating frequency, harmonics and noises. The 

nonlinearity that causes the up- /down-conversion can lower the PN in the 

fundamental and 2nd harmonics under appropriate designs. A simple analytical model 

is built under the third-order polynomial approximation for the NLTL system, as 

shown in Figure 6.3.  

 

Figure 6.3. Fundamental frequency and higher order harmonics in the NLTL lattices. 
 

In order to simplify the derivation, we assume the input signal consists of only the 

fundamental frequency and noise: Vin = V1cos(wt)+ Vncos(wnt). The dependence 

between Vin versus Vout of the single NLTL stage is approximated by a third-order 

polynomial function as: Vout = a + bVin + cVin
2 + dVin

3, where a, b, c, and d are 

coefficients of the third-order polynomial function. The coefficients c and d are 

attributed to the system nonlinearity. The signal traveling the NLTL lattice cause the 

The input referred PN on the fundamental frequency and 2nd harmonic are derived as 

equations below with the NLTL parameters: 

 
(6-1) 
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(6-2) 

The coefficient ratio of c and d dominantes the PN behavior. The negative ratio can 

result in the significant PN reduction but the positive ratio may increase the PN with 

increasing input power. Furthermore, the voltage swing also determines the coverage 

of nonlinearity. Based on the 1+kVin model of MOS capacitor where k is the 

coefficient of variable capacitance versus input voltage, the large voltage swing 

increases the difference between Cmax and Cmin. The C-V curves of RF capacitors are 

very sensitive to the small voltage swing which easily differentiates the propagation 

velocity between logic high and low. The capacitor values range from 500fF to10pF 

which depend on the data rates. The PN reduction referred to the input source is 

simulated by the above equations and plotted in Figure 6.4. Noticeably, the PN 

reduction is further enhanced by increasing the input power.  

 

Figure 6.4. PN reduction referred to the input source. Green: the fundamental 
frequency. Blue: the 2nd-order harmonic. 
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  From the C-V characteristics, the non-linearity depends on the voltage swing and the 

operation region. Therefore, the input power, cut-off frequency, and characteristic 

impedance give us the freedom to handle the waveform reconstruction. In Figure 6.5, 

the 25-Gbps pseudorandom binary sequence (PRBS) signal is fired to the NLTL 

receiving front-end. In the eye diagram, these two figures show distinct results. Two 

operation biases have the different coverage of nonlinearities which deliver dissimilar 

output waveforms. Figure 6.5(b) shows more margins on the eye height and width, 

and less jitter spreading. Therefore, the improved timing accuracy and phase noise 

indicate that the NLTL equalization can provide an alternative technique for high-

speed signaling. 
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(a) 

 

(b) 

 

Figure 6.5. Eye diagram of 25 Gbps at different operation point: (a) Vbias = -0.2V and 
(b) Vbias = 0.3V. 
 
6.6 Experimental Setup and Demonstration 

Experimental proof of concept is demonstrated by emulate the NLTL block as a 

receiver. The testing setup is shown in Figure 6.6, which contains a 16-inch PCB 
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board, on-chip NLTL, signal generator and network analyzer. The 16-inch PCB board 

is designed under the co-planar waveguide and matched at 50 Ohms; however, the 

turning corner is not tailored for impedance continuality to enlarge the channel loss 

and distortion. It mimics the discontinuity from connectors and packages.  The 

adjacent traces serve as the source of the X-talk. 

 

Figure 6.6. Experimental setup: signal sources, 16-inch PCB trace, NLTL receiving 
front-end and measurement units. 
 

The signal passing through the 16-inch channel is further reconstructed by the on-

chip NLTL. The equalized signal is monitored by the network analyzer as well as the 

high-speed oscilloscope.  
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(a) 

 

(b) 

 

Figure 6.7. (a) Impulse responses at 1Gbps with and without NLTL (b) Channel 
responses with and without NLTL. 
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In Figure 6.7(a), the impulse responses after the NLTL block shows less noise 

especially on the rising and falling edges. The frequency responses are derived by 

Fourier transform, as shown in Figure 6.7(b). The NLTL equalization shows higher 

data bandwidth and less out-of-band noise (OOB) by about 3db. 

Transmission lines and NLTL are both LPF by their lattice structure. The NLTL 

builds up a steep frequency roll-off at Bragg cut-off frequency, as shown in Figure 

6.8(a). The lossless NLTL design will further increase the sharpness on the frequency 

roll-off. The low frequency region still shows the flat response for in-band signaling. 

This non-linearity and steep frequency roll-off can be used to reject the high frequency 

noise from adjacent data path (aggressor) to maintain the signal integrity at victim path. 

The previous work [20], as shown in Figure 6.8(b), exhibits an improved eye diagram 

at the receiver end from the reduced high-frequency coupling. 
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(a) 

 

(b) 

 

Figure 6.8. (a) Forward voltage gain of NLTL only. (b) Eye diagram of 3Gbps from 
the victim data path. (Courtesy from Jinsook Kim’s thesis) [20] 
 

The logic high and low signals travel in the NLTL lattices with different speed. In 

this design, the accumulation mode MOS capacitor will make logic low travel faster. It 

results in sharpened fall edge and blunted the rising edge. In the experimental result of 

Figure 6.9(a), the falling edge sharpening follows the theoretic prediction and the 
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changes are below 10%. However, the standard deviation of timing on both rising and 

falling edges show the clear 25% reduction, as shown in Figure 6.9. 

(a) 

 

(b) 

 

Figure 6.9. (a) Rising and falling times on the impulse response (b) Standard 
deviation of rising and falling edges 
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In the experimental result, the ranges of voltage swings are the dominant factors for 

jitter reduction which matches with the theoretical prediction. The excessive voltage 

swing causes the large nonlinearity but penalty is high capacitor value which also over 

compensates the falling edge and filters out the high frequency component of rising 

edge. Therefore, if we look into the eye diagram, the performance even becomes 

worse. Relatively low voltage swing and average capacitance value can improve the 

eye diagram even better since the smaller propagation delay and balanced rising/fall 

edges. In this work, the capacitance and inductance generate the negative d and 

positive c coefficients which correspond with the previous analysis on the frequency 

domain. 

6.7 Summary 

The high-speed interface requires more techniques to sustain energy efficiency than 

before because the scaling on the gate energy has slowed down. The need for high 

data bandwidth is highly desired in many systems, such as many-core microprocessors, 

backplane routers, and data centers. However, due to cost consideration, exotic 

packages and interconnectors are avoided as much as possible. Furthermore, the 

improvement on the channel loss does not translate directly into the data rate 

enhancement. The lossy and dispersed channel responses distort the signal and cause 

the indistinguishable data pattern at the receiver. The sophisticated active equalization 

reduces the ISI and maintains the system stability with adding power-hungry blocks, 

like high speed feedback taps and CDR [13]. In this work, we designed the NLTL as a 

receiver front-end by a small number of serial stages of spiral inductors and MOS 

capacitors under the topology of a lossless distributed transmission line. The 
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nonlinearity reduces the PN in the frequency domain and jitter in the timing domain. 

For technology enabling, the analytical model of this nonlinear equalization is built 

under the third-order polynomial function. The noise reduction depends on the input 

power and non-linearity. Therefore, the operation point is the key factor to design the 

NLTL receiver. The improved eye diagram and jitter on the transition edges show the 

value of integrating the NLTL at high speed I/O interface. This passive technology 

will become more important if the power consumption becomes the design bottleneck 

and the penalty of area is of less concerned.  

REFERENCES 

[1] “CPU DB - Looking At 40 years of processor improvements - A complete 

database of processors for researchers and hobbyists alike.” [Online]. Available: 

http://cpudb.stanford.edu/.  

[2] International Technology Roadmap for Semiconductors,  2000-

2010  [online] Available: http://www.itrs.net 

[3]  A. Danowitz, K. Kelley, J. Mao, J. P. Stevenson, and M. Horowitz, “CPU DB: 

recording microprocessor history” Commun. ACM, vol. 55, no. 4, p. 55–63, Apr. 

2012. 

[4] M.-K. Tsai, “1.2 Cloud 2.0 clients and connectivity — Technology and 

challenges,” in 2014 IEEE International Solid-State Circuits Conference Digest 

of Technical Papers (ISSCC), pp. 15–19, 2014 

http://www.itrs.net/


      

124 
 

[5] M. Horowitz, “Computing’s energy problem (and what we can do about it),” in 

2014 IEEE International Solid-State Circuits Conference Digest of Technical 

Papers (ISSCC), pp. 10–14, 2014. 

[6] R. Beica, “Flip chip market and technology trends,” 2013 Eur. Microelectron. 

Packag. Conf. pp. 1-4, Sept. 2013. 

[7] S. R. Vangal, J. Howard, G. Ruhl, S. Dighe, H. Wilson, J. Tschanz, D. Finan, A. 

Singh, T. Jacob, S. Jain, V. Erraguntla, C. Roberts, Y. Hoskote, N. Borkar, and 

S. Borkar, “An 80-tile sub-100-W teraFLOPS processor in 65-nm CMOS,” 

IEEE J. Solid-State Circuits, vol. 43, no. 1, pp. 29–41, Jan. 2008. 

[8] Y. Hoskote, S. Vangal, A. Singh, N. Borkar, and S. Borkar, “A 5-GHz mesh 

interconnect for a teraflops processor,” IEEE Micro, vol. 27, no. 5, pp. 51–61, 

Sep. 2007. 

[9] S. R. Vangal, Y. V. Hoskote, N. Y. Borkar, and A. Alvandpour, “A 6.2-G flops 

floating-point multiply-accumulator with conditional normalization,” IEEE J. 

Solid-State Circuits, vol. 41, no. 10, pp. 2314–2323, Oct. 2006. 

[10] “USB.org - Documents.” [Online]. Available: 

http://www.usb.org/developers/docs/. [Accessed: 26-Oct-2014]. 

[11] Sam Palermo, Course notes on high speed links circuits and systems, Texas 

A&M University 

[12] W. Dally and J. Poulton, Digital Systems Engineering, Cambridge University 

Press, 1998. 

[13] S. H. Hall and H. L. Heck, Advanced Signal Integrity for High-Speed Digital 

Designs, John Wiley & Sons, 2009. 



      

125 
 

[14] H. Johnson & M. Graham, High-Speed Digital Design: A Handbook of Black 

Magic, Prentice Hall, 1993. 

[15] B. Razavi, Design of Integrated Circuits for Optical Communications, McGraw 

Hill, 2003.  

[16] W. Eisenstadt and Y. Eo, “S-parameter-based IC interconnect transmissionLine 

characterization,” IEEE Transactions on Components, Hybrids, and 

Manufacturing Technology, vol. 15, no. 4, pp. 483–490, 1992. 

[17] M. Case, “Nonlinear transmission lines for picosecond pulse, impulse and 

millimeter-wave harmonic generation,” Ph.D. dissertation, University of 

California Santa Barbara, 1993. 

[18] M. Rodwell, S. Allen, R. Yu, M. Case, R. Pullela, U. Bhattacharya, M. Reddy, 

E. Carman, M. Kamegawa, Y. Konishi, and J. Pusl, “Active and nonlinear wave 

propagation devices in ultrafast electronics and optoelectronics,” Proceedings 

of the IEEE, vol. 82, no. 7, pp. 1037–1059, 1994. 

[19] K. Champlin and D. Singh, “Small-signal second-harmonic generation by a 

nonlinear transmission line,” IEEE Transactions on Microwave Theory and 

Techniques, vol. 34, no. 3, pp. 351–353, 1986. 

[20] J . Kim, "High-speed interconnect design, dharacterization, and application" 

Ph.D. dissertation, Cornell Univeristy, 2006. 

  



      

126 
 

CHAPTER 7 

SUMMARY AND FUTURE WORK 

7.1 Summary of Major Contributions 

The major contributions of the dissertation are summarized below: 

1. The double-spacer lithography provides the width and registry control in 

GNR by a CMOS-compatible process. It also alleviates LER and width 

variation. The experimental results showed higher sensitivity of bandgap 

modulation versus transverse fields than theoretical prediction, which is 

actually beneficial to device implementation. In the transfer characteristic 

simulation, the side-gate operation provides a significant enhancement for 

the ON current and the ON/OFF current ratio in both linear and saturation 

regions. In addition, the sub-60mV/decade performance has been shown 

under the room temperature in simulation. The additional side-gate 

dependence is favorable to self gain and low supply voltage without 

sacrificing the ON current. 

2. GRP provides the scalability and registry control in the side-gate GNR 

devices, as well as circuit connection with topological complexity equal to or 

less than 1. The dual side-gate GNR transistor made by GRP also 

demonstrates bandgap modulation. The negative temperature coefficient for 

channel conductance gives stable current redistribution under thermal 

perturbation, which makes the dual side-gate GNR transistor a potential 

power gating device with convenient integration in the backend process. The 

positive temperature coefficient of the transconductance in the low side-gate 
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bias region provides additional experimental evidence of bandgap 

modulation in the experimental results. 

3. The planar design also has multiple benefits over vertical design in terms of 

future process integration, routing complexity and better compatibility with 

flexible substrates in simple topology such as the pixel circuits. By taking the 

thickness of the GNR channel into consideration, these GNR TFETs can 

handle very high current density. Besides, the small performance deviation 

between the n-type and p-type GNR TFET implies a promising solution in 

the complementary digital logic. 

4. The switchable inverter/buffer device has been demonstrated by local 

electrostatic doping from side gates. This unique output characteristics can 

be applied to the NAND/OR gate logic for higher packing density. Besides, 

the direct contact between gate and metal 1 souce-drain contacts may be 

beneficial to the active-matrix backplane in the TFT circuits. 

5. We designed the NLTL as a receiver front-end by a small number of stages 

of serial spiral inductors and MOS capacitors under the topology of lossless 

distributed transmission line. The nonlinearity reduces the PN in the 

frequency domain and jitter in the timing domain. The analytical model of 

this nonlinear equalization is built for design guidelines. The noise reduction 

depends on the input power and non-linearity. Therefore, the operation point 

is the key factor to design the NLTL receiver which makes the digital system 

more robust. The improved eye diagram and jitter on the transition edges 

show the high value of integrating the NLTL at the high speed I/O interface.  
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7.2 Suggestion of Future Work 

7.2.1  Bandgap Modulation in Atomically Smooth GNR 

In the future, the LER effect on bandgap modulation should be studied by replacing 

the patterned GNR with chemical-synthesized GNR [1] with atomically sharp edges 

and reasonably large bandgap. For future aggressive optimization, BN as gate oxide 

should be integrated with chemical-synthesized GNR to exclude the contribution from 

edge conduction and interface states [2]. This design is able to result the ON/OFF ratio 

over 107 and lower sub-60mV/decade subthreshold performance. However, this will 

lose the flexible and resolution of W/L. 

7.2.2  Dynamic Tuning in NLTL 

In the Figure 6.6, the eye diagram is controlled by the operation bias of the NLTL. 

In order to adaptive tuning the equalization, a digital-feedback-controlled bias can 

used to change the coverage of nonlinearity and biasing point to maximize the eye 

height and width, which would result in higher data bandwidth. By sending the 

training signal, the system will be optimized before running at full speed. This is also 

important to compensate the PVT variation. 
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