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First Driver: 
New Wireless Applications
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Fig. 3. Schematic diagram of a 16-core Graphene-enabled Wireless Network-
on-Chip (GWNoC) with one antenna per core.

Such antennas will enable size compatibility with each pro-
cessor core while providing inter-core communication in
the terahertz (0.1-10 THz) band, which potentially offers
enough bandwidth in a data intensive scenario [10]. We refer
to this new nanoscale wireless communicaton technique as
Graphene-enabled Wireless Network-on-Chip (GWNoC) and
we propose it as the basis of future on-chip network architec-
tures.

Figure 3 shows a simple conceptual implementation of a
GWNoC. It is important to note that all the processor cores
are equipped with a graphene-based nano-antenna and a nano-
transceiver, the latter of which prepares the information for
outgoing transmissions and demodulates incoming transmis-
sions. While maintaining the advantadges of WNoC, the main
benefits of the GWNoC approach are as follows.

Bandwidth and Area Overhead

Graphene-based nano-antennas support the propagation of
tightly confined Surface Plasmon Polariton (SPP) waves. Due
to their high effective mode index, the propagation speed of
SPP waves can be up to two orders of magnitude below the
electromagnetic wave propagation speed in vacuum [11]. In
other words, graphene-based nano-antennas are expected to be
up to two orders of magnitude smaller than metallic quarter
wave terahertz antennas for the same resonant frequency.
According to our preliminary results [11], a few micro-meters
long and few micro-meters wide nano-patch antenna radiates
in the terahertz band (see Figure 4). As pointed out above,
such reduced dimensions are commensurate with future core
sizes, enabling the integration of one or even multiple antennas
per core and giving birth to the concept of wireless core in
future generation multiprocessors, whereas the terahertz band
offers enough bandwidth for transmissions of up to the order
of terabits per second.

Fig. 4. Dependence of the first resonant frequency of a nano-patch antenna
as a function of its width, determined by the normalized absorption cross
section. The antenna length is L = 5µm and the plots correspond, from left
to right, to 1 µm, 2 µm, 5 µm, 10 µm and infinitely wide patches.

Multicast and All-to-All communication

In multicore environments, a critical part of the on-chip
traffic are short, generally multicast, control messages em-
ployed for cache coherence, data consistency or synchroniza-
tion purposes. Moreover, some parallel applications require
the transmission of large amounts of data in an all-to-all
manner (e.g. 3D FFT calculation [12]). The majority of NoC
solutions do not perform well under such conditions due to the
difficulty of implementing efficient all-to-all communication
in general, and multicast or broadcast schemes in particular.
Conversely and since the information is radiated and can be
potentially received by any receiver in the transmission range,
GWNoC aims to provide native broadcasting and multicasting
capabilities, as well as to make data transmission transparent
with respect to the location of data within the chip. To the best
of our knowledge, no other interconnect technology inherently
offers such possibilities, which ensure the scalability of tradi-
tional multicore architectures and open a vast design space at
the architectural level. For instance, broadcast schemes could
substantially reduce the cost of cache coherency as all cores
will be aware of every modification in the main memory.
Efficiently transmitting simultaneously from multiple sources
to multiple destinations heavily alleviate the constraints in
parallel architecture design, therefore reducing the complexity
of parallel programming.

Modularity

Replicability and modularity are two properties that can be
achieved with the creation of the wireless core, in which a
graphene nano-antenna and a transceiver are integrated within
a core processor. On the one hand, a library of general-
purpose or specific wireless cores could be created, allowing
the devise of custom multicore processors by the juxtaposition
and initial configuration of a given number of standard cores
in the same chip. The cores of such multiprocessors will be
wirelessly interconnected, potentially eliminating the necessity
of designing a specific wireline/RF/photonic on-chip network.
On the other hand, the modularity of a GWNoC also enables
communication between circuit layers in a 3D approach with-
out including additional wiring.
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accuracy and resolution, which may be useful in agriculture, air pollution control or plague 
monitoring applications [Riu06, Akyildiz10a]. 

 In the industrial field, WNSNs can be used to design new consumer goods or enhance existing 
ones. For instance, we can think of ultrahigh sensitivity touch surfaces by means of WNSNs, or even 
new haptic interfaces [Stampfer06, Hoshi09]. In addition, improved monitoring and control of 
manufacturing processes and logistics can be achieved by including nanosensors in almost 
“everything”, in the Internet of Nano-Things paradigm [Akyildiz10b]. 

 In the defence area, WNSNs can be deployed to detect novel chemical and biological weapons in a 
distributed manner [Yeh09, Akyildiz10a]. One of the main benefits of using nanosensors instead of 
classical chemical/biological sensors is that the presence of a composite can be detected in a 
concentration as low as one molecule [Roman04, Schedin07]. 

 In the imaging and sensing area, WNSNs can be spatially distributed over either one or two 
dimensions to build up a synthetic aperture (virtual focal surface, imaging dust). Such a collection of 
wireless nanosensors may receive coherent radiation (phased-array) over the entire array aperture, 
e.g. in the terahertz range to form images with increased spatial resolution or range. The signals 
received in each nanosensor may be communicated or image processed through the WNSN. 
Synthetic aperture imagers enable seeing through partially occluded environments, such as foliage 
and crowds and are used in the environmental, industrial and defence areas [Chan08]. 

However, in order to turn existing nanosensors into autonomous devices, it is necessary to provide them 
with additional functionalities. We think of a nanosensor mote as an integrated device that is able to 
perform simple tasks besides sensing, such as simple computation or even local actuation. The size 
of existing nanosensors (just the sensing part) is already in the order of hundreds of nanometres 
[Yonzon05, Riu06, Hierold07, Li08a]. Thus, taking into account the additional components that will be 
required to “unwire” the nanosensor, the resulting mote will have a total size in the order of a few square 
micrometres (which is comparable to the average size of human cells). 

 

 

 

 

 

 

 

 

 

Our conceptual nanosensor mote is illustrated in Figure 1.2. Despite structural similarities to macroscale 
sensors, some key differences should be taken into account. First, the solutions in the nanoscale are 
limited not just in terms of the existing manufacturing technologies, but also by the physics laws, i.e., the 
novel properties and quantum effects that appear at the nanoscale must be considered when designing 
nanosensor motes. Second, there will be a strong compromise between the size of the nanosensor, its 
capabilities, and the type of applications in which it can be used. All these aspects will be radically 
different than their equivalents in traditional sensor motes. 

To date, several solutions have been proposed for the different components of a nanosensor mote: 
sensing, power, storage and processing units (a thorough review can be found in [Akyildiz10a, 
Atakan10]). However, although many papers on nanosensor technologies are being published every 
year, it is still not clear how the communication unit of nanosensor motes will operate. In particular, 
thinking of electromagnetic (EM) wireless communication amongst nanosensor motes, there is a need to 
investigate the fundamentals of EM communications in the nanoscale, starting from the design of 
novel nano-antennas suited for the size and specifications of nanosensor motes. 

Figure 1.2: An integrated nanosensor mote. 

A Wireless Network on Chip (WNoC)

A Mote for Wireless nano Sensor 
Networks (WnSN)

Transceivers required

Jornet, J.M.; Akyildiz, I.F.; , "Joint Energy Harvesting 
and Communication Analysis for Perpetual Wireless 
Nanosensor Networks in the Terahertz Band," 
Nanotechnology, IEEE Transactions on , vol.11, no.3, 
pp.570-580, May 2012

More information tomorrow with Mario 
Nemirovski and Sergi Abadal
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Second Driver: 
A New Semiconductor
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• Silicon is a mature semiconductor approaching its 
physical limits 

• For the first time there’s a new semiconductor 
(Graphene) with enough potential to substitute Silicon in 
long term

2010 2020 2030

From all Silicon to all Graphene Timeline
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Semiconductor Maturity Comparison

• Material => 100%
• Device => 100%
• Circuit => 100%
• Transceiver => 100%

4

• Material => 100%
• Device => 50%
• Circuit => 25%
• Transceiver => 0%

Silicon Graphene

Graphene Integrated Circuits are in their infancy!
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Graphene as Semiconductor
• High carrier mobility => High carrier and thermal conductivity
• High Current Density => Power Transistors
• Semi-Metal or Zero-Gap Semiconductor => Ambipolar Behaviour
• High Velocity Saturation => Short channel effects reduced
• Silicon Compatibility
• Fabrication Methods

– Graphite Exfoliation
– SiC Epitaxial
– Chemical Vapor Deposition (CVD)

5

Graphene Process and Device Options 
for Microelectronics Applications  

Max Lemme 

KTH Royal Institute of Technology 
School of Information and Communication Technology 
lemme@kth.se 

31 May 2012 Graphene Process and Device Options for Microelectronics Applications        NanoTec-Workhop       M. Lemme 1 



21/06/2012

MOSFET vs Graphene FET

• GFET RF Performance 
Projections

• Cut-off Frequency => fT

• fT peak very bias dependent

6
Saul Rodriguez, Sam Vaziri, Mikael Ostling, Ana Rusu, Eduard Alarcon, Max C. 
Lemme, “RF Performance Projections of Graphene FETs vs. Silicon MOSFETs”

 
 

Fig. 1. Transfer characteristics of a graphene FET W=12.3um, L =1um which was used as the basis for this work. 

Inset: Optical microscope image of the device (false color).  

 

 
Fig. 2.  Drain current for different VGS and VDS bias conditions for L=65nm, W=10um. 

III. MODEL-BASED NUMERICAL CHARACTERIZATION OF RF PERFORMANCE METRICS 

Typically, the performance of amplifying devices at high frequencies can be compared by looking at the transit 

frequency fT, which can be expressed as: 
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where gm and Ctot represent the transconductance and total input capacitance. Ctot is assumed to be dominated by 

the gate capacitance CG of the GFET. The value of CG at each point of the channel is then expressed as the series of 

the top gate oxide capacitance Cox-top and the quantum capacitance Cq. The capacitance Cox-back is disregarded since it 

is short-circuited by the DC source VGS-back. Accordingly, the total value of CG is obtained by using the following 

expression: 
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Fig.  3 shows the simulated values of CG for the 65 nm GFET. CG is strongly dependent on VGS, with a minimum 

at the Dirac point. Similar to gm, CG also depends strongly on VDS, which leads to a large variation in CG magnitude 

and has a profound impact on the maximum speed of the transistor. This is quite opposite to CMOS transistors, 
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Fig. 1. Transfer characteristics of a graphene FET W=12.3um, L =1um which was used as the basis for this work. 

Inset: Optical microscope image of the device (false color).  
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the superior mobility in GFET devices is sufficient to provide better performance than CMOS. The quadratic 

dependence of IDS-VGS in MOS devices seems to provide higher gm while the intrinsic capacitances are somewhat 

smaller, therefore resulting in higher fT values. 

 
Fig. 5.  fT vs. IDS for MOS and GFET with W=10um 

 

As a scaling guideline for future graphene FETs, there is the need to explore which values of µ are necessary for 

GFETs to exceed CMOS performance. Fig. 6 shows simulation results of fT,MAX for a 65 nm GFET transistor when µ 

ranges from 500 cm2 V-1 s-1 to 14×103 cm2 V-1 s-1, a reasonable range based on many previous experiments for 

graphene on SiO2 and well below the intrinsic limit of 40×103 cm2 V-1 s-1 induced by phonon scattering [13].  It can 

be seen that a GFET mobility of µ = 3000 cm2 V-1 s-1 is needed to compete with the fT,MAX of 150 GHz obtained in 

the optimized 65 nm CMOS. Furthermore, if µ approaches the higher values obtained for graphene on SiO2, then 

GFETs could perform much better than current nanometer CMOS technologies and approach 1 THz operation. This 

is an important requirement for the quality of large area graphene films, e.g. fabricated by chemical vapor deposition 

techniques, where mobility values are typically several thousand cm2 V-1 s-1 and much lower than in exfoliated 

graphene. 

 
Fig. 6.  Simulated fT,MAX vs. µ for L=65nm, TOX=2.6nm, and εr = 3.9 

IV. CONCLUSION 

A systematic comparison of RF performance metrics between 65nm GFET and silicon MOSFET models shows 

that GFETs slightly lag behind in fT and require at least µ = 3000 cm2 V-1 s-1 in order to achieve similar RF 

performance. While a strongly nonlinear voltage-dependent gate capacitance inherently limits performance, other 

parasitics such as contact resistance are expected to be optimized as GFET process technology improves. Finally, 
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Graphene Devices
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• Transistors
• Antennas
• Inductors
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Outline

Graphene – Devices and Technology

• Introduction

• Graphene Fabrication

• Graphene-based Electronic Devices

• Applications beyond ”Moore’s Law”

• Summary

5 March 2012 Graphene-based Devices and Technology       ULIS Tutorial Max Lemme 15

Graphene Transistors: Technology

Source: TU Delft

Silicon MOSFET Graphene MOSFET

Graphene Transistors:
� Silicon process technology can be applied („Top-Down“)
� Graphene is compatible with (most) standard processes
� …Graphene MOSFET!?

Lemme et al. ”A Graphene Field Effect 
Device”, IEEE Electr. Dev. Lett. 28(4), 2007.

5 March 2012 Graphene-based Devices and Technology       ULIS Tutorial Max Lemme 16

• Graphene Field Effect Transistor => GFET
• Ambipolar Behaviour => N and P Type Conduction
• Low Ion/Ioff ratio => Not good for Digital Circuits
• fT ≈ (Gm/2π)/Cgs

• fT > 300GHz => High Speed Transistors

RF Graphene Transistors

• Exploiting high carrier mobility / velocity

• High on/off ratio not required

Graphene: RF Transistors

Today: 300 GHz!!!

Improvement due 
to interface 
engineering

Lemme, Sol. St. Phenom., 2010

Graphene-based Devices and Technology       ULIS Tutorial Max Lemme 

Development of cut-off frequency fT  (12/2008-09/2010)

5 March 2012 19
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Performance Projections
L = 65 nm
Tox = 2.6 nm
W = 10 mm
P = 2500 cm2/Vs

L = 1 Pm
Tox = 30 nm
W = 10 Pm
P = 2500 cm2/Vs

Rodriguez et al., arxiv, 2011

Graphene: RF Transistors

5 March 2012 20
Refined model after:
Meric et al.,Nature Nanotech 2008
Thiele et al., J. Appl. Phys., 2010

Graphene-based Devices and Technology       ULIS Tutorial Max Lemme 

p-type n-type 

Graphene Transistors: Transfer Characteristics 

~2 x 
(compare Silicon: 
> 1.000.000 x) 

!
Silicon!

SiO2!

graphene!Vs = 0 V! Vd!

Vbg!

“On”-current 

“Off”-current 

Silicon MOSFET Graphene MOSFET 

31 May 2012 Graphene Process and Device Options for Microelectronics Applications        NanoTec-Workhop       M. Lemme 13 

Graphene Transistors: 
!  Ambipolar behaviour (n- und p-type conduction) 
!  Ion/Ioff ratio inherently limited by band structure (semimetall) 
!  NOT a direct replacement for Silicon logic, BUT... 
!  ... RF analog / higher functionality / new functionality?! 

M. Lemme, “Graphene Process and Device Options for 
Microelectronics Applications”, NanoTec-Workhop, 31 May 2012
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Graphene Transistors 2
• Lch = 40nm => fT = 350GHz
• Gin = gm/gds => Voltage gain
• h21 => Current gain
• Ultrathin gate dielectric => 

Current saturation improvement

9

Near 400 GHz World Fastest Graphene RF TransistorFor High Frequency Nanoelectronics 
and Circuits CMOS Platform Integration 

 
Chun-Yung Sung 

 
 Graphene possesses great potential for radio frequency (RF) applications such as amplifiers 
and frequency mixers, whose performance can greatly benefit from the high carrier velocity of 
graphene. Ultra-high carrier mobility has been demonstrated in mechanically exfoliated flakes under 
ideal conditions (e.g. suspended graphene at low temperatures) which minimize external perturbations. 
In reality, technologically-relevant graphene devices require large-area synthesized graphene 
supported on and in contact with a substrate, i.e. under conditions where the graphene channels are 
inevitably affected by extrinsic perturbations. With large-area graphene becoming available by either 
CVD or epitaxial methods, it is of great importance to build devices from such technologically relevant 
graphene materials and to evaluate their performance on high-quality substrates like diamond-like 
carbon (DLC) and silicon carbide (SiC). Here we demonstrate RF field-effect transistors (FET) 
fabricated on wafer-scale CVD and epitaxial graphene, both achieving record cut-off frequencies 
surpassing >350 GHz at a scaled channel length of 40 nm. We also conduct a systematic study on the 
voltage gain and power gain of these graphene transistors, and demonstrate drastic performance 
enhancements through improvements in graphene quality, choice of dielectric materials and optimal 
doping of the graphene channel. Finally, we demonstrate the first graphene-based, amplifying 
integrated circuit, with a gain over 3 dB.  
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Fig. 1: Small-signal current gain |h21| versus 
frequency for two 40 nm devices with peak fT of 300 
GHz and 350 GHz, also consistent with the value 
derived  from  Gummel’s  method  shown  in  the  inset. 

Fig. 2: The measured voltage gain versus drain 
current at 5 MHz with a maximum gain of 3 dB 
from an integrated circuit of graphene amplifier 
on wafer-scale epitaxial graphene on SiC. 

Chun-Yung Sung, “Near 400 GHz World Fastest Graphene RF TransistorFor High Frequency 
Nanoelectronics and Circuits CMOS Platform Integration”, Graphene Conference 2012

 
While graphene transistors have proven capable of delivering GHz-range cut-off frequencies, applying the 
devices to RF circuits has been largely hindered by the lack of current saturation in the zero band gap 
graphene. Herein, the first high-frequency voltage amplifier is demonstrated using large-area chemical vapor 
deposition (CVD) grown graphene.  The graphene field-effect transistor (GFET) has a 6-finger gate design 
with gate length of 500 nm. The graphene common-source amplifier exhibits ~5dB low frequency gain with 
the 3dB bandwidth greater than 6 GHz. This AC voltage gain demonstration of a GFET is attributed to the 
clear current saturation in the device, which is enabled by an ultrathin gate dielectric (4 nm HfO2) of the 
embedded gate structures. The device also shows extrinsic transconductance of 1.2 mS/µm at 1 V drain 
bias, the highest for graphene FETs using large-scale CVD graphene reported to date. The simulations are in 
good agreement with the measurements, validating the experimental demonstration of this graphene-based 
amplifier. The simulation also shows the device is capable of voltage amplification for frequencies exceeding 
15 GHz. Compared with previously reported graphene analog circuits that always show the attenuation of the 
signal, this is the first time an AC gain has been reported. The nearly-constant frequency doubler 
performance over such a wide temperature range indicates that the graphene transconductance in both p 
and n branches is temperature independent in this range. To our knowledge, this is the first demonstration of 
this property in CVD graphene.  

 

   
       (a)             (b)       (c)   
Figure 3. (a) Schematic of graphene IC and the integration flow. The fabricated devices were protected by 
two layers of passivation. Finally, to form an RF IC, an inductor was integrated with a FET device. (b) 
Output characteristics of the same device. Strong current saturation and desired low gds are achieved. (c) 
gm, gds, and intrinsic voltage gain (Gin=gm/gds) as a function of Vds at Vgs=1.2 V. 

 
       (a)             (b)       (c)   
Figure 4. (a) Photograph of graphene IC using CVD graphene and embedded gates. Inductors were 
monolithically integrated with graphene FETs and the circuit was measured as a frequency doubler. A 
six-finger device was used in the circuit. (b) Captured image from the spectrum analyzer during the 
circuit operation. With input power of 0 dBm at 1GHz, the conversion gain is ~ -25 dB. (c) Measured 
frequency doubler performance over temperature for fIN=1GHz. This is an important advantage of this 
technology for high-temperature applications. 
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• Back-gate Displacement Field => Bandgap Generation
• dId/dVd=Gd => Gd⬇ => Av⬆
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ABSTRACT: The emergence of graphene with its unique
electrical properties has triggered hopes in the electronic
devices community regarding its exploitation as a channel
material in field effect transistors. Graphene is especially
promising for devices working at frequencies in the 100 GHz
range. So far, graphene field effect transistors (GFETs) have
shown cutoff frequencies up to 300 GHz, while exhibiting poor
voltage gains, another important figure of merit for analog high
frequency applications. In the present work, we show that the
voltage gain of GFETs can be improved significantly by using
bilayer graphene, where a band gap is introduced through a vertical electric displacement field. At a displacement field of !1.7 V/
nm the bilayer GFETs exhibit an intrinsic voltage gain up to 35, a factor of 6 higher than the voltage gain in corresponding
monolayer GFETs. The transconductance, which limits the cutoff frequency of a transistor, is not degraded by the displacement
field and is similar in both monolayer and bilayer GFETs. Using numerical simulations based on an atomistic pz tight-binding
Hamiltonian we demonstrate that this approach can be extended to sub-100 nm gate lengths.
KEYWORDS: Bilayer graphene, field effect transistor, graphene devices, current saturation, voltage gain

The investigation of the ultimate potential and performance
of graphene field effect transistors (GFET)1!3 in radio

frequency (RF) applications is currently one of the hot topics
in the electrical engineering community.4 Although the so far
achieved cutoff frequencies f T in GFETs up to 300 GHz are
quite promising for future applications,5!7 the fabricated
devices show poor voltage gain. This could be a roadblock
for their exploitation in RF electronics. The intrinsic voltage
gain of a field effect transistor can be expressed by the
transconductance gm and the output conductance gd. The
former (gm) is the derivative of the drain-current Id with respect
to the gate voltage and reflects the strength of current
modulation in the channel by the gate voltage, while gd, the
derivative of the drain current by the drain voltage, represents
the inverse of the output resistance of the transistor. The
intrinsic voltage gain can then be expressed by the ratio AV =
gm/gd. In graphene very high values of gm up to 5.9 mS/μm
were already obtained,8 while the weak current saturation yields
gd values comparable to gm, leading to negligible voltage gain.8

Therefore it is a major challenge to reduce gd in GFETs, while
preserving gm.
Up to now, several papers have addressed the output

conductance of GFETs, showing that a reduction of gd can be
achieved by increasing the gate coupling and by optimizing the
interface between the graphene and the dielectric layers,9!11

which eventually led to AV close to 10. Although such results
are quite promising, they are still far from performance

requirements for future RF devices, where AV = 30 is targeted
for devices with sub-100 nm gate length.12 The introduction of
a small band gap in graphene was already proposed as possible
solution to reduce the output conductance and to increase the
voltage gain of GFETs.13 Additionally, a reduction of the ouput
conductance would also improve the thermal stability of a
graphene based RF circuit.14 In the present work we have taken
this concept and explore the possibility of exploiting bilayer
graphene in order to obtain GFETs with large AV. In bilayer
graphene the application of a perpendicular electric displace-
ment field leads to a tunable band gap reaching values up to
300 meV.15!19 So far, this approach has been adopted to
modulate the channel resistance in double- and single-gated
bilayer GFETs20!22 and to realize logic gates based on double-
gated bilayer GFETs,23,24 while an improved current saturation
has been observed in bilayer GFETs only at liquid nitrogen
temperatures (77 K).24

To investigate the effect of the band gap opening in bilayer
GFETs on the output characteristics and the voltage gain, we
have fabricated double-gated mono- and bilayer GFETs on a
Si/SiO2 substrate with Ni contacts, an Al2O3 top-gate dielectric,
and a Ti/Ni top-gate electrode.
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HABIBPOUR et al.: LARGE-SIGNAL GRAPHENE FET MODEL 969

Fig. 1. Large-signal model of a G-FET. Cpg, Cpd, Lg , Ld, and Ls are pad
parasitic capacitance values and inductances. Rg is the gate resistance, and
Rs and Rd are the source and drain resistances including contact and access
resistances.

Since the intrinsic device of the equivalent circuit (see Fig. 1)
has three terminals, i.e., gate, drain, and source, it is possible to
express the drain current Ids as a function of any two voltages
between these terminals. We select Vgs and Vgd as independent
variables because of the symmetric structure of the G-FETs
and since the drain and source are interchangeable. In order
to distinguish between intrinsic and extrinsic voltages, capital
letters are used for the latter case, i.e., VGS .

The type of majority carriers in the G-FET channel can
be determined depending on which quadrant of the Vgs!Vgd

plane the device bias is: The carriers are electrons for (Vgs >
0, Vgd > 0), both electrons (near the source) and holes (near the
drain) for (Vgs > 0, Vgd < 0), both electrons (near the drain)
and holes (near the source) for (Vgs < 0, Vgd > 0), and holes
for (Vgs < 0, Vgd < 0) (see Fig. 2 for the illustration). The
current in the channel can be expressed as

Ids = q
W

L

L!

0

n(x)vdrift(x) dx (1)

where n(x), vdrift(x), L, and W are the carrier density, the
carrier velocity, the channel length, and the channel width,
respectively. Carrier density n(x) should be equal to the ther-
mally generated carriers nth (8 " 1010 cm!2 at T = 300 K)
for disorder-free graphene layer at zero gate voltage. How-
ever, the measured data show that the carrier concentration at
zero gate voltage is higher than nth [19]. This is due to the
charge impurities located at the graphene/dielectric interface
or inside the dielectric, generating extra carriers (electrons
or holes) in the graphene layer [21]. This effect is mod-
eled in [19] by the following semi-empirical charge–voltage
relation:

n(x) =
"

n2
0 + (C " V (x)/q)2 (2)

where n0 is the residual carrier density due to disorder and
thermal excitation. This is the minimum charge concentration
of the graphene layer, and C = (Cgs + Cgd)/(LW ) is the gate
capacitance per area. The total gate capacitance consists of the
gate oxide capacitance Cox in series with the graphene quantum

Fig. 2. Majority carrier type in a G-FET channel at four different Vgs!Vgd
plane quadrants.

capacitance Cq. In this model, since Cq # Cox, the effect of
Cq is ignored. This is valid except for ultrathin gate dielectrics
[24]. We note that the above equation reduces to the familiar
n(x) = C " V (x)/q at high gate voltage and to n = n0 at zero
gate voltage.

Moreover, the carrier drift velocity is approximated by the
following velocity saturation model [22], [23]:

vdrift(x) =
µE(x)

m

#
1 +

$
µ|E(x)|

vsat

%m
(3)

where vsat is the saturation velocity of the carrier, µ is the
carrier mobility, and m is a fitting parameter. vsat depends on
carrier concentration in this model with vsat(n) = vF !/

$
n,

where vF = 108 cm/s and ! relates to the optical phonon
wavelength of the dominant scattering phonon and for graphene
on SiO2 ! = 4 " 105 cm!1 [13]. The above expression is valid
for n > 1.1 " 1011 cm!2 [23], where the minimum value of
n is n0. To the best of the authors’ knowledge, the minimum
reported value of n0 is 2.2 " 1011 cm!2 [19] in supported and
top-gated graphene. With this range of n0, vsat < vF , although,
generally, the quoted values of n0 are significantly higher. We
also assume constant carrier mobility for electrons and holes
(µe and µh).

In the first quadrant (Vgs > 0, Vgd > 0)

Ids = q
W

L

L!

0

n(x)
µE(x)

m

#
1 +

$
µ|E(x)|

vsat(n(x))

%m
dx (4)

knowing that d V = E(x)dx

Ids = q
W

L

Vgs!

Vgd

µn(V )

m

#
1 +

$
µ|E(V )|
vsat(V )

%m
d V. (5)

For simplicity, the velocity saturation value at the
average gate voltage is used in the above expression

Habibpour, O.; Vukusic, J.; Stake, J.; , "A Large-Signal Graphene FET Model," 
Electron Devices, IEEE Transactions on , vol.59, no.4, pp.968-975, April 2012

• Close-form large-signal GFET model for circuit design
• Semi-empirical model=> Few fitting parameters
• Not valid for ultra-thin gate dielectrics => Quantum capacitance not modeled
• Small signal applied to Gate => fin = 10MHz, Pin = 0dBmHABIBPOUR et al.: LARGE-SIGNAL GRAPHENE FET MODEL 973

Fig. 8. Model versus measured data for the IDS–VDS characteristic curves
at VGS ! VDirac = !3 to 3 V. The measurement is based on the pulsed-IV
method.

Fig. 9. (•) S-parameter model versus (") measurement. (a) VGS = 1 V,
VDS = 0.1 V, and gm = 0. (b) VGS = 1.22 V, VDS = 0.5 V, and gm = 0.
(c) VGS = 1.5 V, VDS = 0.1 V, and gm = 27 µS/µm. (d) VGS = 1.75 V,
VDS = 0.5 V, and gm = 137 µS/µm.

S12 = S21. Therefore, VDirac can be found by tuning the gate
voltage until S12 and S21 completely coincide. For example,
for VDS = 0.1 and 0.5 V in this device, we have VDirac = 1
and 1.22 V, respectively [see Fig. 9(a) and (b)]. Fig. 9(c) and
(d) shows the measured and modeled S-parameters for the
maximum gm with VDS = 0.1 and 0.5 V.

In order to investigate the model accuracy more in detail, a
power spectrum analysis is performed. This is done by sweep-
ing the gate bias voltage and superimposing a low-frequency
(10-MHz) signal to the gate and by measuring the power
spectrum at the drain. A harmonic balance analysis is used to

Fig. 10. (Solid line) Model and measured power spectrum. fin = 10 MHz,
Pin = 0 dBm, and VDS = 0.5 V.

Fig. 11. Subharmonic G-FET mixer circuit [7].

simulate the power spectrum using the model. Fig. 10 demon-
strates good agreement between the simulated and measured
power spectrums up to the third harmonic. In addition, as it
is shown in the first harmonic, there is no power gain in this
G-FET.

V. DESIGN EXAMPLE

Here, we show how the model can be used for designing
and analyzing a G-FET-based circuit. Fig. 11 shows the cir-
cuit schematic of a subharmonic resistive G-FET mixer [7].
The input-signal frequencies are 2 GHz (fRF) and 1.01 GHz
(fLO), and the desired output-signal frequency (fIF = |fRF !
2 " fLO|) is 20 MHz. By running a harmonic balance load-
pull simulation, the optimum RF and IF embedding impedance
values for a given local oscillator (LO) power value PLO can
be found. Fig. 12 depicts contour plots showing simulated
conversion loss (CL) for RF and IF impedance levels at PLO =
15 dBm. The plot is achieved by the following steps. First,
the global optimum embedding impedance values are estimated
by sweeping one impedance (e.g., ZRF) in the ! plane while
keeping the other impedance (e.g., ZIF) at Z0 = 50 ". Then,
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Fig. 1. Schematic diagram of a graphene-based nano-patch antenna.

patch over a dielectric substrate (see Fig. 1). We analyze this
structure for different substrate sizes and different positions of
the graphene patch with respect to the substrate. Finally, we
compare the radiation pattern of a graphene-based nano-patch
antenna to that of an equivalent metallic antenna of the same
dimensions.

II. MODEL OF A GRAPHENE-BASED NANO-PATCH
ANTENNA

Graphene presents excellent conditions for the propagation
of Surface Plasmon Polaritons (SPP), waves guided along a
metal-dielectric interface which are generated by an incident
high-frequency radiation. Indeed, a free-standing graphene
layer supports transverse-magnetic (TM) SPP waves with an
effective mode index given by [17]

ne!(!) =

!

1! 4
µ0

"0

1

#(!)2
. (1)

While SPP modes are not supported by free space, in a
graphene-based nano-patch antenna, the edge of the graphene
patch acts as a mirror and the patch behaves as a resonator
for SPP modes. The coupling of the incident electromag-
netic radiation with the corresponding SPP modes leads to
resonances in the graphene-based nano-patch antenna. The
resonance condition is given by

m
1

2

$

ne!
= L+ 2%L, (2)

where m is an integer determining the order of the resonance,
$ is the wavelength of the incident radiation, L is the antenna
length and %L is a measure of the field penetration outside the
graphene-based nano-patch antenna. This equation determines
a set of m resonance frequencies !m corresponding to m
modes of the resonator.

We consider graphene-based nano-patch antennas with a
size of a few micrometers, small enough so that they can
be integrated into a nanosystem. Since the effective mode
index ne! in graphene is in the order of 102 [17], according
to this model, the first resonance frequency of our envisaged

Fig. 2. Dependence of the first resonance of an infinitely wide graphene-
based nano-patch antenna as a function of its length. The solid line is as
calculated using the analytical model and the stars correspond to the resonance
frequencies obtained by simulation.

graphene-based nano-patch antennas lies in the terahertz band,
around two orders of magnitude below what it would be
expected in a perfect metallic antenna. This is one of the
main reasons why graphene-based nano-antennas are seen as
the enabling technology for wireless communications at the
nanoscale. Next, this prediction will be validated and the
performance of these antennas will be further explored by
means of simulation.

III. SIMULATION RESULTS

The previous model can be used to estimate the spectral
position of the resonances in a graphene-based nano-patch
antenna. As a first approximation, in our previous work [16]
we modeled the antenna as a graphene patch suspended in air.
Fig. 2 shows the position of the first resonance of a such an
antenna as a function of its length. The analytical expression,
as obtained from the previous model, is compared with the
results of numerical simulations done using the method of
moments with surface equivalence principle [18]. The antenna
is modeled as an infinitely wide graphene patch with length
L = 5 µm, and a plane wave normally incident to the antenna
is considered. The penetration length is set to %L = 0.5 µm.
As it can be observed, the simulation results show a very good
agreement with the analytical model.

A realistic graphene-based nano-patch antenna, however,
will have a finite width. Fig. 3 shows the absorption cross
section of a 5 µm-long graphene-based nano-patch antenna as
a function of its width, calculated by numerical simulation.
The absorption cross section is a measure of the fraction of
the power of the incident wave that is absorbed by the antenna;
therefore, the antenna resonant frequency coincides with the
frequency at which the absorption cross section is maximum.
We can see in Fig. 3 that the antenna resonant frequency
is reduced as the antenna becomes narrower. These results
suggest that, by adjusting the antenna dimensions, its operation
frequency can be tuned in a wide spectral range.

It is worth investigating the behavior of a graphene-based
nano-patch antenna when a more realistic model is used.
We consider next an antenna modeled as a graphene patch
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• THz Radiation with µm Length (L) => 
small antennas at not so high frequency 
=> Sweet Spot

• Graphene Patch over Silicon substrate
• Radiation Pattern similar to Metallic Patch

Fig. 1. Schematic diagram of a graphene-based nano-patch antenna.

patch over a dielectric substrate (see Fig. 1). We analyze this
structure for different substrate sizes and different positions of
the graphene patch with respect to the substrate. Finally, we
compare the radiation pattern of a graphene-based nano-patch
antenna to that of an equivalent metallic antenna of the same
dimensions.

II. MODEL OF A GRAPHENE-BASED NANO-PATCH
ANTENNA

Graphene presents excellent conditions for the propagation
of Surface Plasmon Polaritons (SPP), waves guided along a
metal-dielectric interface which are generated by an incident
high-frequency radiation. Indeed, a free-standing graphene
layer supports transverse-magnetic (TM) SPP waves with an
effective mode index given by [17]

ne!(!) =

!

1! 4
µ0

"0

1

#(!)2
. (1)

While SPP modes are not supported by free space, in a
graphene-based nano-patch antenna, the edge of the graphene
patch acts as a mirror and the patch behaves as a resonator
for SPP modes. The coupling of the incident electromag-
netic radiation with the corresponding SPP modes leads to
resonances in the graphene-based nano-patch antenna. The
resonance condition is given by

m
1

2

$

ne!
= L+ 2%L, (2)

where m is an integer determining the order of the resonance,
$ is the wavelength of the incident radiation, L is the antenna
length and %L is a measure of the field penetration outside the
graphene-based nano-patch antenna. This equation determines
a set of m resonance frequencies !m corresponding to m
modes of the resonator.

We consider graphene-based nano-patch antennas with a
size of a few micrometers, small enough so that they can
be integrated into a nanosystem. Since the effective mode
index ne! in graphene is in the order of 102 [17], according
to this model, the first resonance frequency of our envisaged

Fig. 2. Dependence of the first resonance of an infinitely wide graphene-
based nano-patch antenna as a function of its length. The solid line is as
calculated using the analytical model and the stars correspond to the resonance
frequencies obtained by simulation.

graphene-based nano-patch antennas lies in the terahertz band,
around two orders of magnitude below what it would be
expected in a perfect metallic antenna. This is one of the
main reasons why graphene-based nano-antennas are seen as
the enabling technology for wireless communications at the
nanoscale. Next, this prediction will be validated and the
performance of these antennas will be further explored by
means of simulation.

III. SIMULATION RESULTS

The previous model can be used to estimate the spectral
position of the resonances in a graphene-based nano-patch
antenna. As a first approximation, in our previous work [16]
we modeled the antenna as a graphene patch suspended in air.
Fig. 2 shows the position of the first resonance of a such an
antenna as a function of its length. The analytical expression,
as obtained from the previous model, is compared with the
results of numerical simulations done using the method of
moments with surface equivalence principle [18]. The antenna
is modeled as an infinitely wide graphene patch with length
L = 5 µm, and a plane wave normally incident to the antenna
is considered. The penetration length is set to %L = 0.5 µm.
As it can be observed, the simulation results show a very good
agreement with the analytical model.

A realistic graphene-based nano-patch antenna, however,
will have a finite width. Fig. 3 shows the absorption cross
section of a 5 µm-long graphene-based nano-patch antenna as
a function of its width, calculated by numerical simulation.
The absorption cross section is a measure of the fraction of
the power of the incident wave that is absorbed by the antenna;
therefore, the antenna resonant frequency coincides with the
frequency at which the absorption cross section is maximum.
We can see in Fig. 3 that the antenna resonant frequency
is reduced as the antenna becomes narrower. These results
suggest that, by adjusting the antenna dimensions, its operation
frequency can be tuned in a wide spectral range.

It is worth investigating the behavior of a graphene-based
nano-patch antenna when a more realistic model is used.
We consider next an antenna modeled as a graphene patch
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(a) Graphene-based nano-antenna

(b) Metallic nano-antenna

Fig. 8. Radiation pattern of a graphene (a) and metallic (b) nano-patch
antenna as a function of its width. The plots show the normalized gain in
dB, in the plane parallel to the antenna patch, for an antenna with a length
L = 5 µm. The results correspond to antenna widths of W = 1 µm (blue
solid line), 2 µm (green dashed line) and 5 µm (red dotted line).

Fig. 7. Schematic diagram of the graphene-based nano-patch antenna in
transmission. The antenna is composed of a graphene patch with a length
L = 5 µm and a width W = 1 µm, and a pin feed located at 0.1 µm from
the antenna edge. The blue circle shows the plane in which the radiation
diagram is measured.

the same dimensions. The radiation pattern is computed at
a frequency of 1.3 THz, which approximately corresponds

to the resonant frequency of a graphene-based nano-patch
antenna of the previous dimensions. Even though the metallic
antenna is expected to resonate at a higher frequency band,
the analysis is performed at the same frequency for the sake
of comparison. As it can be seen, in both cases the radiation
pattern is similar to that of a half-wave dipole antenna, and the
differences between the patterns of graphene and the metallic
antennas are minimal. We therefore conclude that, as it could
be expected, the radiation pattern of future graphene-based
nano-patch antennas will not differ significantly with respect
to that of equivalent metallic antennas.

IV. CONCLUSION

Graphene-based nano-antennas are envisaged to allow
nanosystems to transmit and receive information, creating a
novel paradigm known as graphene-enabled wireless com-
munications. In this work, we provided a simple model for
a graphene-based nano-patch antenna, which we used to
characterize the antenna by means of simulation. The obtained
results confirm that a graphene-based nano-patch antenna with
dimensions of a few micrometers resonates in the terahertz
band, consistently with the theoretical model. Moreover, the
dependence of the antenna resonant frequency on the dimen-
sions of both the graphene patch and the dielectric substrate
have been observed. The radiation pattern of a graphene-based
nano-patch antenna was found to be very similar to that of an
equivalent metallic antenna. These results will prove useful
for designers of future nano-antennas for graphene-enabled
wireless communications.
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Fig. 13. Schematic view of a four-turn spiral (a) GR-based and (b) CNT-based
inductor. At each corner, there is a metal contact to connect CNT bundles.
However, no such contacts are required for GR-based inductors, which is a big
advantage due to the reduction of contact resistance. W and t are the conductor
width and the conductor spacing, respectively.

Fig. 14. Equivalent 11-element ! model for on-chip spiral inductors.

Fig. 15. Q-factors of inductors based on GR, Cu, SWCNT, and MWCNT
interconnects as a function of frequency for low-loss ("sub = 10 ! · cm)
substrate. All inductors have outermost diameter = 200 µm, four turns, wire
width W = 8 µm, wire thickness H = 2 µm, and wire spacing t = 1 µm. The
oxide and substrate thicknesses are assumed to be 10 and 300 µm, respectively.

To analyze the performance of inductors, their quality factor
(Q) needs to be calculated. Higher quality factor leads to lower
loss and higher frequency stability and hence is desirable for
inductor design. In this paper, the modified ! model of on-
chip inductors [9], as shown in Fig. 14, is used to calculate the
Q-factor. In this model, LS and RS are the series frequency-
dependent inductance and resistance, respectively. Leddy and
Reddy are the eddy-current-induced parameters, and they cap-
ture the eddy current effects in the substrate [11]. CS , Cox, and
Csub represent the inter-turn conductor capacitance, the oxide
capacitance, and the substrate capacitance, respectively [12].
Now, the Q-factor of the inductor can be calculated as

Q = ! imag(Y11)
real(Y11)

where Y11 is the input admittance of the inductor network
(across ports 1 and 2 with ports 3 and 4 shorted, in Fig. 14 [9]).

Fig. 16. Q-factors of inductors based on GR, Cu, SWCNT, and MWCNT
interconnects as a function of frequency for high-loss ("sub = 0.01 ! · cm)
substrate. All inductors have outermost diameter = 200 µm, four turns, wire
width W = 8 µm, wire thickness H = 2 µm, and wire spacing t = 1 µm. The
oxide and substrate thicknesses are assumed to be 10 and 300 µm, respectively.

Fig. 17. (a) Structure of inductor for ultra high-frequency applications.
(b) Q-factors of inductors based on GR, Cu, SWCNT, and MWCNT intercon-
nects for low-loss ("sub = 10 ! · cm) substrate. The thicknesses of oxide and
substrate are 6 and 200 µm, respectively.

Now, taking the Q-factor as the yardstick for inductor perfor-
mance, a comparative study of the GR-based inductor with that
of Cu and CNT inductors is carried out. First, we analyze the
four-turn inductor shown in Fig. 13, which is for low-frequency
applications (> 10 GHz). It has outermost diameter Dout =
200 µm, conductor width W = 8 µm, conductor thickness
H = 2 µm, conductor spacing t = 1 µm, and oxide and sub-
strate thicknesses of 10 and 300 µm, respectively. Different sub-
strate resistivities ("sub = 10 ! · cm and "sub = 0.01 ! · cm)
are considered for our analysis. Fig. 15 shows the Q-factor
results for inductors based on GR, Cu, and different types
of CNTs considering low-loss (high-resistivity; 10 ! · cm)
substrate. The maximum Q-factor of the GR inductor shows
an improvement of about 20% compared to that of Cu. On
the other hand, 50% improvement is observed with respect to
SWCNT (with 1/3 metallic fraction) based inductors. GR based
inductors can achieve about 15% increase in maximum Q-factor
compared to MWCNT-based inductors with diameter of 10 nm.

Fig. 16 shows the Q-factor for inductors considering high-
loss substrate ("sub = 0.01 ! · cm). With high-loss substrate,
GR inductors can achieve about 14% improvement in maxi-
mum Q-factor compared to Cu. With respect to SWCNT (with
1/3 metallic fraction), 36% improvement is observed, whereas
a maximum Q-factor increase of 19% is achieved by GR induc-
tors compared to MWCNT inductors with a diameter of 10 nm.

• Quality Factor (Q) better than 
SWCNT and Cu

• Graphene Ribbon
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Fig. 13. Schematic view of a four-turn spiral (a) GR-based and (b) CNT-based
inductor. At each corner, there is a metal contact to connect CNT bundles.
However, no such contacts are required for GR-based inductors, which is a big
advantage due to the reduction of contact resistance. W and t are the conductor
width and the conductor spacing, respectively.

Fig. 14. Equivalent 11-element ! model for on-chip spiral inductors.

Fig. 15. Q-factors of inductors based on GR, Cu, SWCNT, and MWCNT
interconnects as a function of frequency for low-loss ("sub = 10 ! · cm)
substrate. All inductors have outermost diameter = 200 µm, four turns, wire
width W = 8 µm, wire thickness H = 2 µm, and wire spacing t = 1 µm. The
oxide and substrate thicknesses are assumed to be 10 and 300 µm, respectively.

To analyze the performance of inductors, their quality factor
(Q) needs to be calculated. Higher quality factor leads to lower
loss and higher frequency stability and hence is desirable for
inductor design. In this paper, the modified ! model of on-
chip inductors [9], as shown in Fig. 14, is used to calculate the
Q-factor. In this model, LS and RS are the series frequency-
dependent inductance and resistance, respectively. Leddy and
Reddy are the eddy-current-induced parameters, and they cap-
ture the eddy current effects in the substrate [11]. CS , Cox, and
Csub represent the inter-turn conductor capacitance, the oxide
capacitance, and the substrate capacitance, respectively [12].
Now, the Q-factor of the inductor can be calculated as

Q = ! imag(Y11)
real(Y11)

where Y11 is the input admittance of the inductor network
(across ports 1 and 2 with ports 3 and 4 shorted, in Fig. 14 [9]).

Fig. 16. Q-factors of inductors based on GR, Cu, SWCNT, and MWCNT
interconnects as a function of frequency for high-loss ("sub = 0.01 ! · cm)
substrate. All inductors have outermost diameter = 200 µm, four turns, wire
width W = 8 µm, wire thickness H = 2 µm, and wire spacing t = 1 µm. The
oxide and substrate thicknesses are assumed to be 10 and 300 µm, respectively.

Fig. 17. (a) Structure of inductor for ultra high-frequency applications.
(b) Q-factors of inductors based on GR, Cu, SWCNT, and MWCNT intercon-
nects for low-loss ("sub = 10 ! · cm) substrate. The thicknesses of oxide and
substrate are 6 and 200 µm, respectively.

Now, taking the Q-factor as the yardstick for inductor perfor-
mance, a comparative study of the GR-based inductor with that
of Cu and CNT inductors is carried out. First, we analyze the
four-turn inductor shown in Fig. 13, which is for low-frequency
applications (> 10 GHz). It has outermost diameter Dout =
200 µm, conductor width W = 8 µm, conductor thickness
H = 2 µm, conductor spacing t = 1 µm, and oxide and sub-
strate thicknesses of 10 and 300 µm, respectively. Different sub-
strate resistivities ("sub = 10 ! · cm and "sub = 0.01 ! · cm)
are considered for our analysis. Fig. 15 shows the Q-factor
results for inductors based on GR, Cu, and different types
of CNTs considering low-loss (high-resistivity; 10 ! · cm)
substrate. The maximum Q-factor of the GR inductor shows
an improvement of about 20% compared to that of Cu. On
the other hand, 50% improvement is observed with respect to
SWCNT (with 1/3 metallic fraction) based inductors. GR based
inductors can achieve about 15% increase in maximum Q-factor
compared to MWCNT-based inductors with diameter of 10 nm.

Fig. 16 shows the Q-factor for inductors considering high-
loss substrate ("sub = 0.01 ! · cm). With high-loss substrate,
GR inductors can achieve about 14% improvement in maxi-
mum Q-factor compared to Cu. With respect to SWCNT (with
1/3 metallic fraction), 36% improvement is observed, whereas
a maximum Q-factor increase of 19% is achieved by GR induc-
tors compared to MWCNT inductors with a diameter of 10 nm.
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Now, taking the Q-factor as the yardstick for inductor perfor-
mance, a comparative study of the GR-based inductor with that
of Cu and CNT inductors is carried out. First, we analyze the
four-turn inductor shown in Fig. 13, which is for low-frequency
applications (> 10 GHz). It has outermost diameter Dout =
200 µm, conductor width W = 8 µm, conductor thickness
H = 2 µm, conductor spacing t = 1 µm, and oxide and sub-
strate thicknesses of 10 and 300 µm, respectively. Different sub-
strate resistivities ("sub = 10 ! · cm and "sub = 0.01 ! · cm)
are considered for our analysis. Fig. 15 shows the Q-factor
results for inductors based on GR, Cu, and different types
of CNTs considering low-loss (high-resistivity; 10 ! · cm)
substrate. The maximum Q-factor of the GR inductor shows
an improvement of about 20% compared to that of Cu. On
the other hand, 50% improvement is observed with respect to
SWCNT (with 1/3 metallic fraction) based inductors. GR based
inductors can achieve about 15% increase in maximum Q-factor
compared to MWCNT-based inductors with diameter of 10 nm.

Fig. 16 shows the Q-factor for inductors considering high-
loss substrate ("sub = 0.01 ! · cm). With high-loss substrate,
GR inductors can achieve about 14% improvement in maxi-
mum Q-factor compared to Cu. With respect to SWCNT (with
1/3 metallic fraction), 36% improvement is observed, whereas
a maximum Q-factor increase of 19% is achieved by GR induc-
tors compared to MWCNT inductors with a diameter of 10 nm.
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An All-Graphene Radio Frequency Low Noise Amplifier  
Saptarshi Das and Joerg Appenzeller, Fellow, IEEE 

Department of Electrical and Computer Engineering, Purdue University, West Lafayette, IN, USA  

 

ABSTRACT — In this paper, we propose and quantitatively 
evaluate   an   “All-Graphene nano-ribbon   (GNR)   circuit”   for  
high frequency low noise amplifier (LNA) applications, which 
shows considerable advantage over state-of–the-art 
technologies. In particular, we discuss how to satisfy the 
requirements for temperature stability, gain, power dissipation, 
noise and speed for a high performance LNA circuit by 
adjusting only the width of the nano ribbons. Our calculations 
predict a nano-ribbon width in the range of 8-12 nm to be ideal 
for these types of applications – different from logic 
applications that are expected to require much smaller ribbon 
widths. 

Index Terms —  graphene, RF, LNA, nano-ribbon,  

I. INTRODUCTION 
  
         Since its discovery, graphene (1), a single layer of 
graphite, has received significant scientific interest due to 
its remarkable electrical, chemical, mechanical and optical 
properties. Graphene being a gapless semiconductor is not 
the ideal choice for logic applications, but the high carrier 
mobility coupled with ballistic transport makes graphene 
field-effect transistors (GFETs)(2,3,4,5) a potential candidate 
for improving state-of-the-art analog technologies.           
          The basic building blocks of an LNA (6) circuit are a 
transistor amplifier and a load resistance, as shown in 
figure (1a). In this paper we discuss the implementation of 
the   same   circuit   employing   an   “All-Graphene”   approach  
as shown in figure (1b) and discuss how to use the width 
of the graphene nano ribbon as the only design parameter 
(figure 1c & 1d). Our analysis includes the detailed impact 
of the width of the graphene nano-ribbon on the voltage 
gain (G), speed or bandwidth (fT), power dissipation (P), 
noise power (Ns) and temperature stability (S) of an RF 
circuit. We find that a width in the range of 8-12 nm 
allows for optimum performance. 

   II. RF LNA PARAMETERS 
 
           In this paper we will focus on low input power 
LNA’s  (maximum  signal  strength  100μV as found in e.g. 
satellite and long distance radio communications) where 
the most important parameters are gain (G) bandwidth 
(fT), power dissipation (P), noise (Ns) and temperature 
used conventional equations for RF circuit parameters as 
defined in equation (1). gm, gd, RL are the small signal 

transconductance, output conductance and load resistance 

 

Figure 2. Top-down pyramidal view of RF-relevant 
variables. 
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resulting larger gate capacitance will not only increase gm, but
also help reduce gd by improving the electro-static gate control.
In Figure 3c, we show an improvement in voltage gain of over
15 dB by scaling the EOT from 20 to 3 nm. This illustrates the
role of the dielectric thickness and points out a possible way to
further improve voltage gain, especially in shorter channel
devices.
Wafer-Scale Graphene Amplifier Integrated Circuit.

Despite the impressive progress achieved on discrete transistors
and circuits operating on single graphene devices,20!23 the
barrier of scalable integration of graphene transistors with other
elements into a complete circuit remains high. Recently, the
fabrication of a graphene integrated mixer circuit (mixer IC)
was demonstrated on SiC.24 A more general use for graphene is
as an amplifier. Very recently, the fabrication of an integrated

graphene audio amplifier was reported based on exfoliated
graphene.25 A functional amplifier stage must have a voltage
gain larger than 0 dB. With the knowledge gained from discrete
graphene RF transistors outlined above, we demonstrate here a
wafer-scale voltage amplifier circuit where an epitaxial graphene
transistor is integrated with a resistive load on a single chip.
The common-source circuit layout is shown in Figure 4a, where

the high-frequency input signal is applied to the gate electrode
and a high-impedance probe applied on the drain electrode is
used for monitoring the output voltage. A dc bias applied
through the resistive load is used to bias the transistor and a
spectrum analyzer is used to measure the output voltage. In
order to obtain positive voltage gain for the circuit, the load
impedance is chosen to meet the condition gm/(gd + 1/Rload) >
1, As can be seen from Figure 4b, a gain of over 3 dB can be
obtained at an operating frequency of 5 MHz.

Performance Analysis and Outlook. Figure 5 summa-
rizes the state-of-the-art graphene RF transistors in terms of
cutoff frequency and maximum oscillation frequency. Figure 5a
shows f T for both CVD graphene and epitaxial graphene as a
function of channel length, exhibiting the typical 1/L trend. It is
noted that the performance gap between CVD graphene and
epitaxial graphene is negligible in our devices. Figure 5b shows
fmax for both CVD graphene and epitaxial graphene as a
function of channel length. Unlike in the case of f T, fmax
possesses a nonmonotonic behavior when the channel length
decreases, and reaches a peak value around 200 nm. This peak
in fmax is the result of competing contributions from f T, gate
resistance, and output conductance gd as the gate length
decreases.26,27 To further improve the power gain, one needs to
improve the saturation behavior of short channel graphene
devices, either through gate dielectric down-scaling or through
using better graphene material with higher mobility. In this
work, the performance gap between graphene and other mature

Figure 3. Voltage gain analysis for devices based on CVD graphene
and epitaxial graphene. (a) Voltage gain of |z21/z11| versus intrinsic
gain gm/gd, showing a linear dependence. The blue square symbols and
the red diamond symbols represent CVD graphene and epitaxial
graphene, respectively. This shows the uniformity of the graphene
devices, consistency of the measurement and accuracy of the de-
embedding approach. (b) Voltage gain of |z21/z11| versus channel
length at a frequency of 1 GHz. Voltage gain over 20 dB is obtained
for long channel devices. (c) Voltage gain of |z21/z11| versus frequency
for 300 nm long graphene RF devices with three different EOT values.
An improvement of voltage gain of more than 15 dB can be achieved
by scaling the EOT from 20 nm down to 3 nm.

Figure 4. Integrated circuit of graphene amplifier on wafer-scale
epitaxial graphene on SiC. (a) An optical image of a resistive load
integrated circuit. (b) The measured voltage gain versus drain current
at 5 MHz for a 1.5 μm device with a maximum gain of 3 dB.

Nano Letters Letter
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the applied bias.2 By properly adjusting the gate-source
and drain-source voltages, the transistor can be
switched from n-type to p-type, with electron and hole
conduction dominating the current, respectively. The
ambipolar nature of the charge carrier transport may
create problems for conventional applications based on
graphene transistors. At the same time, however, it
opens up opportunities for increased functionality in
nontraditional circuit architectures. For example,
graphene transistors have been utilized to demon-
strate a frequency multiplier,13!15 a functional logic
gate,16 and an inverter.17 However, these designs ei-
ther focus on the minimum conduction point of the am-
bipolar curve where the drain current is at a minimum,
which limits the options for design, or require a four-
terminal device with a top gate and a back gate that are
independently controllable, increasing wiring complex-
ity and operational difficulty.

In this article, we demonstrate a single-transistor
amplifier with three modes of operation utilizing the
ambipolarity of a three-terminal graphene transistor.
Depending on whether the graphene transistor is bi-
ased at the left branch, the minimum conduction point,
or the right branch of the ambipolar curve, the ampli-
fier will be configured in the common-drain, the fre-
quency multiplier, or the common-source mode of op-
eration. To the best of our knowledge, this is the first
demonstration of a single-transistor amplifier that is
based on a three-terminal device and that can switch
between the common-drain and common-source
modes without altering the physical configuration. The
proposed triple-mode amplifier is demonstrated using a

three-terminal back-gated graphene transistor. We
also show theoretically and experimentally that our
graphene amplifier can greatly simplify communica-
tions applications such as phase shift keying (PSK) and
frequency shift keying (FSK). Compared to conventional
designs for these applications, the proposed triple-
mode graphene amplifier (i) has a significantly simpler
structure, (ii) promises a larger bandwidth and higher
frequency of operation, and (iii) promises low power
consumption.

To demonstrate the triple-mode graphene ampli-
fier, we have fabricated back-gated graphene tran-
sistors from exfoliated graphene flakes. A represen-
tative fabricated device, the scanning electron
microscope (SEM) image, the Raman spectrum of
the single-layer graphene, the IDS!VGS characteris-
tics, and gm!VGS characteristics are shown in Figure
1a!e. Fabrication and measurement details are pro-
vided in the methods section at the end of this ar-
ticle. Strong ambipolar conduction was observed in
the graphene transistors as evidenced by the “V”-
shaped IDS!VGS curve. In the ambipolar graphene
transistor, the transport is dominated by electrons
and holes for high and low gate voltages, respec-
tively, and the minimum conduction point Vmin cor-
responds to the Dirac point where electrons and
holes contribute equally to the transport. The ambi-
polar graphene transistor should be regarded as
n-type or p-type at high gate voltage (VGS " Vmin) or
low gate voltage (VGS # Vmin), respectively, and as
hybrid-type when the gate voltage is equal to Vmin.
The small-signal transconductance gm is a key factor

Figure 1. (a) Optical micrograph image of a representative fabricated back-gated graphene transistor. (b) SEM image of
source and drain electrodes of a representative back-gated graphene transistor. (c) The Raman spectrum of the single-
layer graphene. (d) IDS!VGS characteristics of the graphene transistor for VDS " 0.5 V. The current is minimum at the Dirac
point. (e) gm!VGS characteristics for VDS " 0.5 V. The transconductance gm is 0 at the Dirac point.
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increases as VGS increases. As a result, the voltage drop
across the resistor increases and Vout decreases. It can be
similarly inferred that in the negative phase of Vac, Vout

will increase. Therefore, the small-signal voltage gain in
mode 2 is negative, and the output signal will exhibit
a phase shift of 180° with respect to the input signal.
From the transport perspective, when Vbias ! Vmin, the
current is mainly due to electron conduction, so the
transistor can be regarded as n-type. Under this condi-
tion, the circuit is configured as a common-source am-
plifier. Analytically, the gain of the amplifier in this
mode is given by the expression "|gm|Rtotal, where Rtotal

is the parallel combination of Rload and rO. As in mode 1,
this expression can be derived from the small-signal
analysis of the complete circuit illustrated in Figure 2c,
using the small-signal model for the graphene transis-
tor shown in Figure 2b. The measured results for mode
2 is presented in Figure 3e. The applied bias voltage Vbias

is 17.5 V and the frequency of the input AC signal Vac

is 10kHz.
Mode 3 Vbias ! Vmin. When Vbias # Vmin, the transistor is

biased at the minimum conduction point. In the posi-
tive phase of Vac, the small-signal transconductance is
positive. As a result, the small-signal voltage gain is
negative, as analyzed in mode 2. In contrast, in the
negative phase of Vac, the small-signal transconduc-
tance is negative. As a result, the small-signal voltage
gain of the amplifier is positive, as analyzed in mode 1.

Thus, when Vbias is equal to Vmin, the input signal sees a
positive gain in its positive phase and a negative gain in
its negative phase, resulting in frequency doubling.
The measured results for mode 3 is presented in Fig-
ure 3d. The applied bias voltage Vbias is 11.1 V and the
frequency of the input AC signal Vac is 4kHz. The spec-
tral purity of the obtained output was analyzed using
the fast Fourier transform. Frequency doubling effect is
clearly observed since it is observed that 83% of en-
ergy of the output signal is at the frequency of 8kHz.
This effect has also been previously reported.13

The proposed single-transistor graphene amplifier
utilizes the key concept of biasing in analog circuits,
that is, only a small range of I"V characteristics near
the bias point are necessary to optimize the circuit per-
formance. For this reason, ambipolar conduction can
provide a larger design-space than unipolar conduc-
tion because of the richer diversity of I"V characteris-
tics. Compared to the traditional amplifiers based on
unipolar devices, the proposed single-transistor ampli-
fier provides greater in-field controllability as it can
switch between the three modes during operation. To
the best of our knowledge, this is the first work to dem-
onstrate that a single-transistor amplifier based on a
three-terminal device can be in-field configured to
function as both a common-source and a common-
drain amplifier. The small-signal gain observed in the
three modes of operation is $0.01"0.02, which is con-

Figure 3. (a) The schematic for the triple-mode single-transistor graphene amplifier based on an off-chip resistor Rload. (b)
The IDS"VGS characteristics of the graphene transistor. The three dots represent three representative bias voltages for the
three different modes of operation. From the left to the right, for the three bias voltages, the amplifier is configured in the
common-drain mode, the frequency multiplication mode, and the common-source mode, respectively. (c) The AC coupled in-
put and output signals when the amplifier is biased at the left branch of the ambipolar curve. In this configuration, the am-
plifier is in the common-drain mode, and the output signal has the same frequency and phase as the input signal. (d) The AC
coupled input and output signals when the amplifier is biased at the Dirac point. In this configuration, the amplifier is in
the frequency multiplication mode, and the frequency of the output signal is doubled as compared to that of the input sig-
nal. (e) The AC coupled input and output signals when the amplifier is biased at the right branch of the ambipolar curve. In
this configuration, the amplifier is in the common-source mode, and the output signal has the same frequency but a 180°
phase shift as compared to the input signal.
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KIM et al.: LOGIC INVERTER IMPLEMENTED WITH CVD-ASSEMBLED GRAPHENE FET ON HEXAGONAL BORON NITRIDE 621

Fig. 4. (a) Small-signal transconductances of the GFETs (gate length: 500 nm)
with CVD-assembled graphene on two different substrates, SiO2 and h-BN,
respectively. (b) Extracted carrier mobility of the GFET with CVD-assembled
graphene on SiO2 and h-BN.

Fig. 5. Four independent GFETs were fabricated with the common source
(#3) shared by all devices made on h-BN (encircled by blue dashed line). The
red dotted lines show the patterned graphene active areas. The cross-sectional
view of the fabricated GFET is also schematically shown.

substrate. The superior electrical behavior suggests that h-BN
could be an excellent substrate material for high-performance
graphene-based logic circuits.

Fig. 6. (a) Measured R-VBG characteristics of two GFETs, “2–3” (right) and
“4–3” (left). Differential channel doping is observed. (b) Transfer characteristic
for GFET “2–4” is depicted with the sweeping of gate voltage VBG .

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Graphene FETs Implemented on the h-BN Substrate

To demonstrate working graphene circuit on the h-BN sub-
strate, we implement a complementary logic inverter prototype.
Fig. 5 shows the image of the four neighboring GFETs and the
schematic view of the cross-sectional structure. These GFETs
were fabricated with CVD-assembled graphene monolayer on
h-BN (encircled by blue dashed line). The red dotted lines
show the patterned graphene active areas (1-µm-wide graphene
stripes located underneath the metal contacts with 2-µm gap,
i.e., gate length). The thickness of h-BN is confirmed to be less
than 4 nm by AFM measurement. Among the GFET devices
(“1–3”, “2–3”, “4–3”, and “5–3” as labeled by a pair of
drain–source contact pads) with common source contact (#3),
doping variation is observed in micron-scale area most likely
due to local PMMA residues generated during the graphene
transfer process.

In Fig. 6(a), two GFETs (“2–3” and “4–3”) with differentially
doped channels are compared. The doping of graphene is indi-
cated by the position of the Dirac voltage, VDirac , measured from
the R–VBG curves. In this experiment, two GFETs are denoted
as RQN (“4–3” in the left) and RQP (“2–3” in the right), respec-
tively. When the current between metal contacts 2 and 4 was
measured, the transfer characteristic of GFET “2–4” is shown
in Fig. 6(b). As VBG sweeps, three different junction configura-
tions are observed with two GFETs connected in series [16]: PP,
PN and NN for VBG < VDirac-N , VDirac-N < VBG < VDirac-P ,

Kim, E.; Nikhil Jain; Yang Xu; Bin Yu; , "Logic Inverter Implemented with 
CVD-Assembled Graphene FET on Hexagonal Boron Nitride," 
Nanotechnology, IEEE Transactions on , vol.11, no.3, pp.619-623, May 2012

622 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 11, NO. 3, MAY 2012

Fig. 7. (a) GFETs 2–3 and 4–3 are identified as p-type and n-type transis-
tors depending on doping to make up of the complementary logic inverter.
(b) Schematic of traditional complementary logic inverter is depicted.

and VDirac-P< VBG , respectively, where VDirac-N and VDirac-P
represent the two Dirac voltages (VDirac-N < VDirac-P ).

B. Graphene-Based Inverter on the h-BN Substrate

Fig. 7 is the schematic view of a logic inverter composed of
a pair of two GFETs connected in series. The p-type and n-
type GFETs (denoted with QP and QN , respectively, as shown
in the figure) are identified using the measured R–VBG curves
as shown in Fig. 6. From the transfer characteristics of each
individual GFET, the total electrical resistance R and conduct-
ing current I can be analyzed. The total R and I in the inverter
(“2–4”) are calculated with two individual curves of QP and
QN for VDD = 10, 20, and 40 mV, respectively, and with
VDS = VDD /2:

R(VDD) = a ! RQN(VDS) + b ! RQP(VDS)

and

I(VDD) = c ! iDN(VDS) + d ! iDP(VDS).

Here, R(VDD ) and I(VDD ) are the total resistance and the drain
current as functions of VDD . RQN (VDS ), RQP (VDS ), iDN (VDS )
and iDP (VDS ) are measured GFET resistances and drain currents
for QN and QP , respectively, with a " 0.8, b " 1, c " 0.6 and
d " 0.4. Given the analytical equation earlier, the output voltage

Fig. 8. (a) Measured VIN –VOUT transfer characteristics at VDD = 10, 20,
and 40 mV. The output voltage swing (!VOUT ) can be increased as VDD
increases. It should be noted that the full transfer is observed only in the PN
region. (b) For VDD = 40 mV, the graphene inverter transfer characteristics in
the PN region is shown (with the inset showing the typical transfer characteristics
of a Si CMOS inverter).

(VOUT ) is obtained by

VOUT(VDD) =
VDD ! RQN(VDS)

(RQN(VDS) + RQP(VDS))
.

It is observed that in the PP and NN regions of the graphene
logic inverter, VOUT shows nonlinear response (see Fig. 8). On
the other hand, the full transfer response only occurs in the PN
region. The demonstrated VOUT–VIN responsive behavior of
the graphene inverter is attributed to the ambipolar conduction
property of the GFETs.

In Fig. 8(b), the full transfer behavior in the PN region is
shown, similar to what is observed in a traditional Si CMOS
inverter [17] (see inset of the figure). In each operating region
of the transfer characteristic of a CMOS inverter, p-type and
n-type MOSFETs are in linear, saturated, and cutoff modes, re-
spectively, resulting in the shown transfer curve. Fig. 9 shows
the power consumption in the graphene inverter along with the
total resistance R, the total current I, and the output voltage
VOUT . It is interestingly noted that the total power is in the
same shape as the current. To reduce the power consumption,
smaller current should be induced since the current is the dom-
inant factor. However, at lower VDD , the output voltage swing,
!VOUT , is proportionally reduced.

With the demonstration result, we expected that the input
voltage can be much reduced by scaling down the gate insulator
thickness and the output swing could be increased by raising
drain bias VDS . The input voltage range could be also adjusted
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Fig. 1 (a) Micrograph of CVD-grown graphene. The arrows indicate regions
of few-layer graphene. Regions with a mix of single-layer and bilayer graphene
can be up to 20 µm in lateral size. (b) SEM image of a fabricated GFET with
LG = 2 µm and LDS = 5 µm. The inset shows a micrograph of the device
where the square indicates area of the SEM image.

Fig. 2 (a) ID–VGS characteristics of the fabricated GFETs with LG = 2 µm,
WG = 2 ! 75 µm, and LDS = 5 µm. The minimum conduction point is very
close to 0 V. (b) Proposed circuit for graphene ambipolar RF mixers. Note: no
dc bias is needed at the input due to minimum conduction point being close
to 0 V.

measurements show mobility greater than 1200 cm2/(V · s) at
room temperature.

The fabrication of the GFETs starts with the source and drain
contacts Cr (5 nm)/Au (90 nm). To promote the adhesion of
the gate dielectric on graphene, a 5-nm layer of SiO2 is first
deposited by electron-beam evaporation as a seed layer for the
subsequent deposition of 25-nm high-k Al2O3 using atomic
layer deposition. Mesa isolation is then done using reactive ion
etching CF4, which etches away both the dielectrics and the
graphene itself. Finally, the gate Ni (30 nm)/Au (200 nm)/Ni
(50 nm) is formed. The fabricated GFETs have gate length
LG = 2 µm, gate width WG = 2 ! 75 µm and drain-to-source
distance LDS = 5 µm. Fig. 1(b) shows a scanning electron
microscope (SEM) image showing a fabricated GFET. Fig. 2(a)
shows the ID–VGS transfer characteristics measured with an
Agilent 4155 Parameter Analyzer. More than 50 devices on ten
different samples have been fabricated. The contact resistances
of all the devices are between 2 and 5 k! · µm.

IV. GRAPHENE AMBIPOLAR MIXERS

Fig. 2(b) shows the proposed circuit for GFET mixers. Since
the fabricated GFETs have a minimum conduction point close
to zero, no dc bias is needed at the gate. This greatly simplifies
the circuit and improves energy efficiency. Fig. 3 shows the
experimental demonstration of ambipolar GFET mixers. If a
single RF input signal fRF = 10.5 MHz is applied to the gate,
the device works as a frequency doubler. The output spectrum
[Fig. 3(a)] shows a dominant peak at 2fRF = 21 MHz.

If two signals, an RF input signal and a local oscillator (LO)
signal with frequencies fRF = 10.5 MHz and fLO = 10 MHz
are introduced to the gate, the GFET mixes them to generate
output signals with a frequency equal to the sum (fRF +
fLO = 20.5 MHz) and difference (fRF " fLO = 500 kHz), as
shown in the output power spectrum in Fig. 3(b). It is also

Fig. 3 Spectrum analysis. (a) Output spectrum with single RF input fRF =
10.5 MHz without LO signal. The frequency doubling is clearly visible. The
signal power at 2fRF = 21 MHz is about 10 dB higher than the signal power at
fRF = 10.5 MHz without filtering. (b) Output spectrum with RF input fRF =
10.5 MHz and LO fLO = 10 MHz at equal power. The presence of strong
signal power at fRF " fLO = 500 kHz and fRF + fLO = 21.5 MHz clearly
demonstrates mixing operations. All data are obtained using Agilent N9010A
spectrum analyzer, and the measurements were done at room temperature in air.

interesting to note that the power at second-order frequencies,
fRF " fLO and fLO + fRF, is more than 10 dB higher than
the power at fundamental frequencies fRF and fLO; the power
at the fourth-order frequencies, 3fRF " fLO and 3fLO " fRF,
is 8 dB higher than the power at the third order frequencies,
2fLO " fRF and 2fRF " fLO [Fig. 3(b)]. Similar trend is also
observed for higher order even and odd frequencies. This is
in strong contrast to the mixing operation in unipolar devices
[10], where odd-order frequencies are often much higher in
power than the corresponding even-order frequencies. Hence,
in GFET mixers, a larger proportion of the output power is at
the sum and difference of the RF input frequencies, as well as
other useful even-order harmonics. The power at odd-order fre-
quencies, particularly third-order frequencies like 2fLO " fRF

and 2fRF " fLO that are usually too close to the fundamental
signals to be filtered out and are harmful to circuit operations, is
significantly suppressed due to the symmetrical character of the
GFET transfer characteristics. In addition, these devices have
the potential to operate at very high frequencies due to the high
electron mobility in graphene.

Fig. 4(a) shows the dependence of the signal power at inter-
mediate frequency (IF) fIF = fRF " fLO = 500 kHz on the RF
input power with fRF = 10.5 MHz and fLO = 10 MHz. The
fabricated GFET mixer shows good linearity. The conversion
loss of the mixer is between "30 and "40 dB. The conversion
gain can be increased by improving the device transconduc-
tance. As a first-order estimate, a 0-dB gain can be achieved if
the transconductance gm can improve from 5.5 mS/mm of the
device shown in Fig. 2 to 181 mS/mm, which can be achieved
through using thinner gate dielectrics and material with higher
mobility [11].

Fig. 4(b) shows the characterization of the third-order in-
termodulation product using two-tone measurements (fRF,1 =
10.5 MHz and fRF,2 = 10.6 MHz). The LO frequency fLO is
10 MHz, while the IFs are at 500 and 600 kHz. The third-order
intermodulation frequencies are at 400 and 700 kHz. The output
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Fig. 1 (a) Micrograph of CVD-grown graphene. The arrows indicate regions
of few-layer graphene. Regions with a mix of single-layer and bilayer graphene
can be up to 20 µm in lateral size. (b) SEM image of a fabricated GFET with
LG = 2 µm and LDS = 5 µm. The inset shows a micrograph of the device
where the square indicates area of the SEM image.

Fig. 2 (a) ID–VGS characteristics of the fabricated GFETs with LG = 2 µm,
WG = 2 ! 75 µm, and LDS = 5 µm. The minimum conduction point is very
close to 0 V. (b) Proposed circuit for graphene ambipolar RF mixers. Note: no
dc bias is needed at the input due to minimum conduction point being close
to 0 V.

measurements show mobility greater than 1200 cm2/(V · s) at
room temperature.

The fabrication of the GFETs starts with the source and drain
contacts Cr (5 nm)/Au (90 nm). To promote the adhesion of
the gate dielectric on graphene, a 5-nm layer of SiO2 is first
deposited by electron-beam evaporation as a seed layer for the
subsequent deposition of 25-nm high-k Al2O3 using atomic
layer deposition. Mesa isolation is then done using reactive ion
etching CF4, which etches away both the dielectrics and the
graphene itself. Finally, the gate Ni (30 nm)/Au (200 nm)/Ni
(50 nm) is formed. The fabricated GFETs have gate length
LG = 2 µm, gate width WG = 2 ! 75 µm and drain-to-source
distance LDS = 5 µm. Fig. 1(b) shows a scanning electron
microscope (SEM) image showing a fabricated GFET. Fig. 2(a)
shows the ID–VGS transfer characteristics measured with an
Agilent 4155 Parameter Analyzer. More than 50 devices on ten
different samples have been fabricated. The contact resistances
of all the devices are between 2 and 5 k! · µm.

IV. GRAPHENE AMBIPOLAR MIXERS

Fig. 2(b) shows the proposed circuit for GFET mixers. Since
the fabricated GFETs have a minimum conduction point close
to zero, no dc bias is needed at the gate. This greatly simplifies
the circuit and improves energy efficiency. Fig. 3 shows the
experimental demonstration of ambipolar GFET mixers. If a
single RF input signal fRF = 10.5 MHz is applied to the gate,
the device works as a frequency doubler. The output spectrum
[Fig. 3(a)] shows a dominant peak at 2fRF = 21 MHz.

If two signals, an RF input signal and a local oscillator (LO)
signal with frequencies fRF = 10.5 MHz and fLO = 10 MHz
are introduced to the gate, the GFET mixes them to generate
output signals with a frequency equal to the sum (fRF +
fLO = 20.5 MHz) and difference (fRF " fLO = 500 kHz), as
shown in the output power spectrum in Fig. 3(b). It is also

Fig. 3 Spectrum analysis. (a) Output spectrum with single RF input fRF =
10.5 MHz without LO signal. The frequency doubling is clearly visible. The
signal power at 2fRF = 21 MHz is about 10 dB higher than the signal power at
fRF = 10.5 MHz without filtering. (b) Output spectrum with RF input fRF =
10.5 MHz and LO fLO = 10 MHz at equal power. The presence of strong
signal power at fRF " fLO = 500 kHz and fRF + fLO = 21.5 MHz clearly
demonstrates mixing operations. All data are obtained using Agilent N9010A
spectrum analyzer, and the measurements were done at room temperature in air.

interesting to note that the power at second-order frequencies,
fRF " fLO and fLO + fRF, is more than 10 dB higher than
the power at fundamental frequencies fRF and fLO; the power
at the fourth-order frequencies, 3fRF " fLO and 3fLO " fRF,
is 8 dB higher than the power at the third order frequencies,
2fLO " fRF and 2fRF " fLO [Fig. 3(b)]. Similar trend is also
observed for higher order even and odd frequencies. This is
in strong contrast to the mixing operation in unipolar devices
[10], where odd-order frequencies are often much higher in
power than the corresponding even-order frequencies. Hence,
in GFET mixers, a larger proportion of the output power is at
the sum and difference of the RF input frequencies, as well as
other useful even-order harmonics. The power at odd-order fre-
quencies, particularly third-order frequencies like 2fLO " fRF

and 2fRF " fLO that are usually too close to the fundamental
signals to be filtered out and are harmful to circuit operations, is
significantly suppressed due to the symmetrical character of the
GFET transfer characteristics. In addition, these devices have
the potential to operate at very high frequencies due to the high
electron mobility in graphene.

Fig. 4(a) shows the dependence of the signal power at inter-
mediate frequency (IF) fIF = fRF " fLO = 500 kHz on the RF
input power with fRF = 10.5 MHz and fLO = 10 MHz. The
fabricated GFET mixer shows good linearity. The conversion
loss of the mixer is between "30 and "40 dB. The conversion
gain can be increased by improving the device transconduc-
tance. As a first-order estimate, a 0-dB gain can be achieved if
the transconductance gm can improve from 5.5 mS/mm of the
device shown in Fig. 2 to 181 mS/mm, which can be achieved
through using thinner gate dielectrics and material with higher
mobility [11].

Fig. 4(b) shows the characterization of the third-order in-
termodulation product using two-tone measurements (fRF,1 =
10.5 MHz and fRF,2 = 10.6 MHz). The LO frequency fLO is
10 MHz, while the IFs are at 500 and 600 kHz. The third-order
intermodulation frequencies are at 400 and 700 kHz. The output
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vidual graphene transistor connected to external
passive elements (11–13). Such heterogeneous
circuitry inevitably results in degraded perform-
ance dominated by interconnects and parasitics
rather than the intrinsic properties of graphene
device. For example, Wang et al. demonstrated
an RF frequency mixer operating at a few tens
of megahertz based on a single graphene tran-
sistor (12).

Despite recent progress in graphene synthesis
and device performance, scalable integration of
graphene into a practical circuit remains chal-
lenging. The key difficulties stem from the dis-
tinct materials properties of graphene with respect
to those of conventional semiconductors, such
as a different ohmic contact formation mecha-
nism (14), poor adhesion with metals and oxides
(15, 16), and its vulnerability to damage in plasma
processing. Thus, bridging the technological gap
between a single device and a practical graphene
circuit on the wafer scale requires innovative in-
tegration processes and circuit designs. Here, we
describe wafer-scalable processes that have been
developed to fabricate arrays of graphene analog
circuits, each consisting of one graphene transistor
and two inductors, all compactly integrated on a
single SiC substrate. The entire integrated circuit
(IC), including the contact pads, is less than 1mm2,

and successful integration is verified by operating
it as an RF mixer at a designated gigahertz fre-
quency range.

The previously demonstrated frequency mul-
tipliers and mixers using graphene field-effect
transistors (GFETs) were based on the ambipolar
transport characteristics of CVD and exfoliated
graphene (11–13). The mixer circuit design ex-
ploits a general gate-driven and drain-driven cur-
rent modulation behavior in GFETs that can be
used in both ambipolar and unipolar devices.
Mixers are electrical circuits used for frequency
conversion and are critical components inmodern
RF communication systems. Two high-frequency
signals, an RF signal at a frequency fRF and a local
oscillator (LO) signal at a frequency fLO, are

applied to the gate and the drain of the GFET
through port P1 and port P4, respectively (Fig. 1A).
The graphene transistor is modulated by both
signals and produces a drain current that contains
the mixed frequencies, the sum ( fRF + fLO), and
the difference ( fRF ! fLO, the intermediate fre-
quency fIF) of the input frequencies. The inte-
grated inductors complement the graphene FET
to form an integrated RF mixer. Inductor L1 res-
onates out the parasitic capacitances from the
input RF pad and the gate of the graphene FET,
while inductor L2 provides an input match to the
LO signal and acts as a low-pass filter between
the drain of the FET and the output port P3. In
practice (e.g., in a radio receiver application),
frequencies of the RF and LO input signals differ
by only a small amount, and the output signal
component of interest is fIF.

Graphene circuits were fabricated on a semi-
insulating SiCwafer. A two- or three-layer graphene
film was epitaxially grown on the Si face of
the SiC substrate at temperatures above 1400°C
(17–19), as confirmed by Raman spectroscopy
and optical absorption measurements (see fig. S1
in the supporting online material). Fabrication of
the graphene IC began with top-gated, two-finger
graphene FETs (Fig. 2A), followed by integration
with on-chip inductors. To form the active chan-
nel of the transistor, we spin-coated the graphene-
SiC wafer with a layer of 140-nm-thick PMMA
[poly(methyl methacrylate)] followed by a layer
of 20-nm-thick HSQ (hydrogen silsesquioxane).
The FET channel was defined by e-beam lithog-
raphy (EBL); the surrounding graphene was re-
moved by an oxygen plasma with the exposed
HSQ film as the protecting mask. The HSQ-
PMMA stack over the channel region was sub-
sequently removed by acetone.

The removal of graphene film on SiC outside
of the active channel region was critical to
achieve good adhesion of thick metals in the
subsequent deposition processes. The ohmic
source and drain contacts, contact pads, and gate
electrode were all made of the same metal stack
of 20-nm Pd, 40-nm Au. The gate length was
550 nm and the distance between source and
drain contacts was 600 nm. The gate dielectric
was deposited by evaporating two 2-nm layers of
Al metal onto the graphene channel that were
then oxidized at elevated temperatures (~ 120°C)
in air to form a seed layer for the subsequent dep-
osition of Al2O3 (20 nm) by atomic layer dep-
osition (14). The capacitance of the resulting gate
dielectric stack was ~2. 5 ! 10!7 F/cm2.

Inductors were defined by EBL and formed
by depositing 1-mm-thick Al metal. A layer of
120-nm-thick SiO2, deposited by e-beam evapo-
ration, was used to isolate the inductor loops from
the underlying metal interconnects. The inductor
had a value of 5.2 nH, a self-resonant frequency
of ~10 GHz, and quality factor (Q) of 5, as mea-
sured on a stand-alone test site. The inductance
was designed to achieve a target operation fre-
quency of 5 GHz for the mixer circuit, and the
quality factor of 5 is appropriate for broadband
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Fig. 3. (A) The drain current Id of a 550-nm–gate-
length graphene FET as a function of gate voltage
Vg at a drain bias of 1.6 V with the source electrode
grounded. The current shown was normalized with
respect to the total channel width. The device con-
ductance gm is shown on the right axis. (B) The mea-
sured drain current Id as a function of drain bias of
the graphene FET for various top-gate voltages. (C)
Distribution of peak gm of graphene FETs, all of the
same gate length of 550 nm and fabricated on the
same wafer.
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Fig. 2. Images of graphene ICs. (A) Scanning elec-
tron image of a top-gated, dual-channel graphene
transistor used in the mixer IC. The gate length is
550 nm and the total channel width, including both
channels, is 30 mm. Scale bar, 2 mm. (B) Optical im-
age of a completed graphene mixer including con-
tact pads. The gound-signal-ground configuration
is implemented for the probe pads suitable for
direct RF testing. Scale bar, 100 mm.
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Wafer-Scale Graphene
Integrated Circuit
Yu-Ming Lin,* Alberto Valdes-Garcia, Shu-Jen Han, Damon B. Farmer, Inanc Meric,†
Yanning Sun, Yanqing Wu, Christos Dimitrakopoulos, Alfred Grill,
Phaedon Avouris,* Keith A. Jenkins

A wafer-scale graphene circuit was demonstrated in which all circuit components, including graphene
field-effect transistor and inductors, were monolithically integrated on a single silicon carbide
wafer. The integrated circuit operates as a broadband radio-frequency mixer at frequencies up to
10 gigahertz. These graphene circuits exhibit outstanding thermal stability with little reduction in
performance (less than 1 decibel) between 300 and 400 kelvin. These results open up possibilities of
achieving practical graphene technology with more complex functionality and performance.

Graphene, a layer of carbon atoms arranged
in a hexagonal lattice, is a promising can-
didate for future high-speed electronics

and radio-frequency (RF) applications (1–4) be-
cause of its high carrier mobility and saturation
velocity (5). The planar structure and the feasi-

bility of large-area graphene synthesis facilitate
the adoption of top-down device fabrication tech-
niques. Graphene transistors with intrinsic cut-off
frequencies beyond 100 GHz have been recently
achieved by several groups using graphene films
synthesized by various methods, including ep-
itaxial growth on SiC (6, 7), chemical vapor
deposition (CVD) on Cu (8), and mechanical
exfoliation (9, 10). The monolithic integration of
transistors with interconnects and other compo-
nents is an essential requirement for any semi-
conductor material to achieve a widespread
technological impact. Previous attempts to make
circuits based on graphene have used an indi-
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Fig. 1. (A) Circuit diagram of a four-port graphene RF frequency mixer. The
scope of the graphene IC is confined by the dashed box. The hexagonal shape
represents a graphene FET. (B) Schematic exploded illustration of a graphene
mixer circuit. The critical design aspects include a top-gated graphene tran-

sistor and two inductors connected to the gate and the drain of the GFET. Three
distinct metals layers of the graphene IC are represented by M1, M2, and M3. A
layer of 120-nm-thick SiO2 is used as the isolation spacer to electrically sep-
arate the inductors (M3) from the underlying interconnects (M1 and M2).
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Quantum Inductance and High Frequency Oscillators in Graphene Nanoribbons

Milan Begliarbekov, Stefan Strauf, Christopher P. Search
Department of Physics & Engineering Physics, Stevens Institute of Technology, Hoboken NJ, USA

Here we investigate high frequency AC transport through narrow graphene nanoribbons with
topgate potentials that form a localized quantum dot. We show that as a consequence of the finite
dwell time of an electron inside the quantum dot (QD), the QD behaves like a classical inductor at
su!ciently high frequencies ! !50 GHz. When the geometric capacitance of the topgate and the
quantum capacitance of the nanoribbon are accounted for, the admittance of the device behaves like
a classical serial RLC circuit with resonant frequencies ! ! 100 " 900 GHz and Q-factors greater
than 106. These results indicate that graphene nanoribbons can serve as all-electronic ultra-high
frequency oscillators and filters thereby extending the reach of high frequency electronics into new
domains.

I. INTRODUCTION

The recent isolation of graphene [1], a two dimensional
atomically thin crystal comprised of sp2 hybridized car-
bon atoms, sparked an unprecedented amount of research
activity aimed at understanding and exploiting the un-
usual properties of this material. Early research e!orts
centered around understanding graphene’s fundamental
properties, and their applications for electronic devices.
Graphene was shown to exhibit anomalous [2–4] and frac-
tional [5, 6] quantum hall e!ects, !-Berry phase [2], and
be capable of ballistic [7–9], and coherent [10] trans-
port. Furthermore, its ultra high mobilities, and the
promise of realizing ballistic transport at elevated tem-
peratures attracted the attention of device physicists and
engineers, who soon showed that properties such as high
room temperature mobilities [11], excellent thermal con-
ductivity [12], and unusually high mechanical durability
[13], render graphene to be the ideal material for single
molecule gas detectors [14, 15], high density capacitors
[16], and most notably, ultra-high frequency transistors,
which were recently shown to be capable of 100 GHz
operation [17], and predicted to be capable of THz op-
erating frequencies [18–20]. Consequently, graphene is
listed as one of the candidate materials for post-silicon
electronics on the International Technology Roadmap for
Semiconductors [21].

Although DC and low frequency transport in graphene
nanostructures is well understood [22], high frequency
transport in these devices has not yet been thoroughly
investigated. Furthermore, the sparse experimental mea-
surements that characterize high frequency graphene de-
vices are limited by the maximum frequencies which can
be directly measured using commercial electronics. Con-
sequently, the cut-o! frequency in these devices can only
be extrapolated from its 1/f -gain plot [23, 24], but not
directly measured. In this work, we examine AC trans-
port in top-gated graphene nanoribbons (GNRs) using
the Green-Kubo linear response formalism. We show
that at su"ciently high frequencies, transport in GNRs
is analogous to a classical RLC circuit, where the induc-
tive component, which is quantum mechanical in origin,
becomes dominant after a transition frequency "TR. Fur-

Figure 1: (a) Schematic representation of the device and the
biasing scheme, (b) equivalent classical circuit model, in which
Cq is the quantum capacitance of the graphene nanoribbon
and Lq is the quantum mechanical inductance of the top gate
defined quantum dot. CBG and CTG are the geometrical ca-
pacitances arising from the back and top gate coupling re-
spectively.

thermore, if this inductive behavior is coupled with the
GNR’s gate-tunable quantum capacitance, the resultant
circuit can be utilized as an all electronic ultra high fre-
quency oscillator. The ability to adjust quantum capac-
itance of the GNR oscillator in-situ renders this device
ideal for ultra high frequency all electronic switching and
measurement applications. Furthermore, we propose a
scheme in which GNR-based devices could be utilized to
measure ultra high frequency signals, thereby overcoming
current measurement limitations.

II. THEORETICAL MODEL

A schematic representation of the device under con-
sideration and a biasing scheme are shown in Figure 1a.
The device consists of a narrow graphene nanoribbon of
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Abstract— The push towards terahertz frequencies
presents both challenges and opportunities for emerging
applications and circuit. In this paper, recent attempts to
operate SiGe and CMOS technologies beyond their transistor
cut-off frequencies will be presented. Among others, the
circuit designs include monolithically integrated THz CMOS
focal-plane arrays and 820 GHz sub-harmonically pumped
SiGe HBT imaging chip-sets including integrated antennas.

Index Terms— terahertz circuits, transmitter, receiver,
SiGe technology, CMOS/BiCMOS technology.

I. INTRODUCTION

There are two figures of merit, fT and fmax, used
to describe how fast a transistor will operate. For power
delivery, fmax is a more relevant parameter since it relates
to the frequency where the maximum available power gain
GA,max is equal to 1. As this limit implies, there are two
regions to operate the transistor, (i) below fmax where the
transistors exhibit power gain, or (ii), above fmax, where
the transistos exhibit power loss. In practical amplifier
designs, though, the separation between both regions is
shifted to about 1/3 of fmax due to additional circuit
implementation losses.
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Fig. 1. Output power versus frequency.

Power generation by amplification below fmax suf-
fers from low transistor break-down voltages. High-
performance SiGe HBTs exhibit break-down voltages on
the order of BVceo = 1.5 V and BVcbo = 4.5 V [1],
[2], while RF CMOS suffers from low drain voltages of

about 1 V in 65 nm technologies [3]. Above fmax, power
can not be amplified on chip, and therefore, it needs to be
generated directly out of the frequency translation process
itself, e.g. out of a mixer or through harmonic frequency
generation (multipliers), or push-push oscillators.

Fig.1 shows the output power reported in some state-
of-the-art circuits at various design frequencies. Below
fmax, SiGe power amplifiers have demonstrated saturated
output powers as high as 20 dBm at 60 GHz [4] and
recently up to 8 dBm at 160 GHz in [5]. Active SiGe
multiplier chains provide up to -3 dBm at 220 GHz and
-1 dBm at 320 GHz respectively [6], [7]. Above fmax,
multiplier chains have demonstrated output powers as high
-29 dBm at 825 GHz in SiGe [8]. Recent CMOS VCO
publications have demonstrated -47 dBm at 410 GHz in
45-nm CMOS in [9] and -46 dBm at 324 GHz in [10],
respectively. A 0.13 µm CMOS tripple-push VCOs is
capable of generating -7.9 dBm at 482 GHz [11].
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Fig. 2. Noise Figure versus frequency.

How much output power is required depends on the
application requirements and on the available receiver
sensitivity, e.g. on the overall link budget in a communica-
tion, imaging, or radar system. Receivers operated below
fmax benefit from low noise amplifiers, which not only
exhibit low noise, but also require a sufficiently high gain
per stage to improve the cascaded receiver noise figure.
Above fmax, the use of low-noise amplifiers is futile and
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generated directly out of the frequency translation process
itself, e.g. out of a mixer or through harmonic frequency
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multiplier chains provide up to -3 dBm at 220 GHz and
-1 dBm at 320 GHz respectively [6], [7]. Above fmax,
multiplier chains have demonstrated output powers as high
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How much output power is required depends on the
application requirements and on the available receiver
sensitivity, e.g. on the overall link budget in a communica-
tion, imaging, or radar system. Receivers operated below
fmax benefit from low noise amplifiers, which not only
exhibit low noise, but also require a sufficiently high gain
per stage to improve the cascaded receiver noise figure.
Above fmax, the use of low-noise amplifiers is futile and
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surements of the three-stage LNA breakout show 15 dB
gain and 20 GHz of bandwidth at 220-GHz, whereas the
complete integrated downconverter yields at 16-dB total
conversion gain. A 15-dB noise figure has been estimated
from the measured conversion gain and output noise floor.

III. SUB-HARMONICALLY OPERATED HETERODYNE

RF FRONT-ENDS

Terahertz heterodyne receiver require an externally gen-
erated local oscillator with sufficiently high power levels to
switch mixers efficiently. Beyond fmax, this drive power
can not be amplified on-chip and receivers may suffer
unnecessarily high noise figures in excess of 68 dB at
650 GHz for instance [14].

As opposed to this, a harmonic mixer with a high
enough harmonic number may push down the LO oper-
ation frequency below fmax to enable on-chip LO ampli-
fication and distribution. Such a sub-harmonically pumped
650 GHz receiver front-end is shown in Fig. 5 [16]. The
mixer operates on the 4th harmonic and generates its 162-
GHz LO on-chip. The LO and the free-space terahertz RF
is combined using an on-chip folded-dipole antenna and
fed to a subharmonic single-balanced transistor mixer. The
differential IF output signal is made available through a
broadband IF buffer.
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Fig. 5. Sub-harmonically pumped 650 GHz receiver front-end
[16].

This single-balanced mixer topology can work above
fmax since RF-LO mixing is mainly obtained by modula-
tion of the base-emitter junctions and only the resulting IF
mixing product is required to pass through the collector.
Resistive loads and a common-emitter buffer with a 4-GHz
IF bandwidth are used at the output. With a 6-dBm LO
drive level, the measured conversion gain and SSB noise
figure of the differential mixer pair is -13 dB and 42 dB,
respectively. A similar approach based on the 6th harmonic
was used in [8] at 820 GHz.

IV. SOURCES IN SILICON

Across frequency, the maximum available power gain
GA,max of a transistor exhibits a 20-dB/decade roll-off
versus frequency, which at high frequencies is to the
first order, dominated by a 10-dB/decade roll-off of the
input impedance dominated by C!. This input impedance
reduction lowers the input voltage swing v! and the

collector current ic = gmv! accordingly. In power, this
roll-off is 20-dB/decade for the output power Pout and
hence also for GA,max. In multi-stage amplifier designs the
roll-off is N -times higher, where N is the number of stage
being used. Like in amplifier designs, the output power
of a frequency multiplier also exhibit a 20-dB/decade
rolloff per stage. They, however, also exhibit additional
conversion and implementation losses due to inefficient
harmonic frequency termination.
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Fig. 6. A 825 GHz source fully integrated in a SiGe technology
[16].

Fig. 6 shows the chip micrograph of a SiGe source
used for imaging applications at 825 GHz in [8]. The die
size is 4.3 ! 0.75 mm2 and it is driven from a common
18.2 GHz input signal. The chip achieves a -17-dBm
EIRP by spatial power combining of four parallel x45
frequency multiplier chains. Each multiplier is equiped
with 6-dBi on-chip antennas. The multi-stage design with
N = 8 stages exhibits a steep frequency roll-off, which
limits the tunability of the source to about 20 GHz. The
corresponding 2x2 receiver array consists of four sub-
harmonically pumped mixers with 6-dBi on-chip patch
antennas. The multi-pixel receiver can be used as a focal-
plane sub-array in order to reduce the acquisition time in
a raster-scanned imaging setup, or, as part of a synthetic
aperture imaging system. The receiver is sub-harmonically
pumped with a single x9 160 GHz multiplier chain and
each element exhibits a "22-dB conversion gain and a
47-dB noise figure. Although, the receiver exhibts a noise
figure of 47 dB the chip-set is capable of transmission
mode imaging with an SNR of about 50 dB for a resolution
bandwidth of 91 Hz [8]. All circuits were fully integrated
including on-chip antennas and no external passives such
as wave-guides or horn antennas were required. The chip-
set has been bonded onto low-cost FR4 printed circuit
boards, in order to demonstrate the feasibility of low-cost
silicon solutions for future terahertz applications.

V. CMOS TERAHERTZ DETECTORS

Unlike heterodyne detection, incoherent (direct) detec-
tion favors multi-pixel imaging applications such as focal-
plane arrays, where the power consumption per pixel needs
to be small to enable large pixel arrays. Direct detectors
may be implemented inside of a single non-biased (cold)
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Fig. 1. Block diagram of a sub-millimeter wave spectrometer.

Fig. 2. Photograph of a sub-millimeter wave system.

Fig. 3. Projected performance requirements of nMOS transistors from 2008
International Road Map for Semiconductors [4] and the data from the literature.

keep up with the ITRS. These are higher than that reported for
SiGe HBTs.

B. Schottky Diodes for THz Operation

In the near term, at frequencies higher than 400 GHz, it
will be difficult to achieve amplification using nMOS transis-
tors. A way to deal with this is to use passive detectors and
frequency multipliers as routinely done for sub-millimeter and

Fig. 4. Integrated Schottky diodes in CMOS.

THz systems [2]. In particular, Schottky diodes are widely used
for this purpose. It is possible to implement THz diodes in
CMOS without any process modifications. Fig. 4 shows a cross
section. The Schottky contact is formed on a diffusion region
where there are no source/drain implants. The ohmic contacts
placed on n implanted parts of an n-well form an n-terminal.
Such a diode with a CoSi –silicon Schottky junction has been
realized in a 130-nm CMOS process [10]. The Schottky contact
area is set at the minimum to maximize the cut-off frequency.
This type of diodes can also be used for frequency multiplica-
tion to generate sub-millimeter wave signals [2], [11]–[13].

A diode formed using sixteen m m cells con-
nected in parallel has measured series resistance,
and capacitance, fF. The corresponding cut-off frequency

is 1.5 . The resistance of structure
is limited by that associated with the n-well region under the
Schottky junction surrounded by the shallow trench isolation.
This is particularly of concern because this will prevent scaling
up of cut-off frequency with the technology scaling. This is ex-
acerbated by the fact that the thickness of shallow trench has
been scaling slower than the lateral dimensions. All these can
effectively be eliminated by using a polysilicon gate separated
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Low-pass filter and Driver
• Modulator => 50-100 MHz
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Fig. 19. Fundamental and frequency doubled signal power at the push-push
output of a test structure. It shows that the fundamental output is at least 10 dB
lower than the frequency doubled output.

Fig. 20. Effects of diode bias on the modulated output at 0.3-V for the
modulator. When the diode bias is zero, the output of modulator completely
flattens out suggesting that the modulation signal is not somehow fed through
power lines or the substrate. See Fig. 17 for definition.

detector. It also contains an enlarged photograph of the detector
portion. The chip size is 1120 600 m including bond pads.

Sub-millimeter wave signals can also be detected by exciting
plasma waves of electron density in field effect transistors [36].
Recently, detection for sub-THz and THz radiation by rectifi-
cation of plasma related nonlinearities has been demonstrated
in the channels of nMOS transistors in 130-nm CMOS [37]. A
700-GHz plasma wave detector using an nMOS transistor with
width and length of 10 and 0.3 m has been reported [38]. The
responsivity is greater than 200 V/W. Fig. 22 shows the min-
imum power of signal with 1-Hz bandwidth that can be detected
(noise equivalent power, NEP) is around 100 pW. For gate volt-
ages between 0.3 and 0.8 V, NEP decreases with decreasing gate
voltage because the responsivity increases more rapidly than the
increase of noise. Below 0.3 V, the rapid increases of channel re-
sistance and noise cause NEP to increase. NEP also decreases
with increasing channel length because of an increase of respon-
sivity that saturates around gate length of 300 nm. These results
qualify the Si-CMOS detectors as one of the most sensitive room
temperature THz detectors. This type of detectors has been used

Fig. 21. Die photographs of detector.

Fig. 22. Noise equivalent power as a function of the gate voltage for
MOSFETs with varying gate lengths, .

to demonstrate a focal plane array for terahertz detection and
imaging [39], and can also be used in other sub-millimeter wave
systems.

VII. CHALLENGES IN THE PATHS TO THZ

CMOS CIRCUITS AND SYSTEMS

Using a mainstream foundry logic CMOS process to fab-
ricate signal generators and detectors that operate at high
millimeter wave and sub-millimeter wave frequencies appears
to be possible. This however, is just a start. Whether CMOS
circuits are capable of supporting practical sub-millimeter
wave/terahertz systems must be investigated. As a matter of
fact, with the support from Semiconductor Research Corpora-
tion, Texas Analog Center of Excellence at University of Texas,
Dallas is investigating the feasibility of implementing CMOS
circuits for a 180–300 GHz spectrometer for home use that can
detect many of the harmful molecules on the Environmental
Protection Agency list. The spectrometer could also be used
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Fig. 17. Detector schematic.

Fig. 16. Antenna efficiency versus the thickness of dielectric layer between the
patch and ground plane.

has been forward biased (0.3 mA) through a 1-k resistor
to maximize the conversion gain [34], [35]. The detector input is
conjugately matched to the signal source output at 180 GHz.

The left portion of Fig. 17 shows a schematic of the circuit
for generating the modulated 182-GHz signal. This design uti-
lizes the 192-GHz VCO in [22]. Buffers were added to mon-
itor the fundamental VCO output. This lowered the frequency
at push-push port to 182 GHz. The amplitude of this VCO
was modulated by changing the gate voltage of , or the bias
current of oscillator. The DC bias voltage at gate of

is 0 V. The bypass capacitor C4 is an AC-short for
the signal near 180 GHz, but it presents high impedance to the
modulating signal. Since changing also modifies the drain
voltage of VCO core transistors and thus the capacitances of L-C
tanks [22], the input signal also modulates the output frequency
by 50–100 MHz. Fig. 18 shows the voltage waveforms of
modulation and detected signals across a 50- load, when the

Fig. 18. Modulation signal and demodulated signals when of modulator
is 1.75 and 0.3 V.

VCO is modulated with 10-MHz 0.1-V amplitude input signal
at 1.75-V and 0.3-V for the modulator. Reducing
the supply voltage can quench oscillation and make the detector
output to flatten out suggesting the detector is indeed detecting
the modulated signal.

There is also a concern whether the detector is picking up
the modulated fundamental signal instead of the modulated fre-
quency doubled signal. Fig. 19 shows the fundamental and fre-
quency doubled signal power at the push-push output of a test
structure. It shows that the unwanted fundamental output is at
least 10 dB lower than the frequency doubled output. Fig. 20
shows the effects of diode bias on the modulated output at 0.3-V

for the modulator. When the diode bias is zero, the output
of modulator completely flattens out suggesting that the modu-
lation signal is not somehow fed through power lines or the sub-
strate. These all together indicate that the detector has success-
fully detected 182-GHz modulated signal in 130-nm CMOS.
Fig. 21 show photographs of chip including the modulator and
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Graphene Transceivers: Challenges 1
• RF Circuits

– Creating New Circuits
• Switches/Duplexers
• Power Amplifiers 
• Filters
• Phase Locked Loops (PLLs)
• ADCs/DACs

– Improving Existing Circuits
• Low Noise Amplifiers (LNAs) => Physical implementation 

needed
• Mixers => Performance improvement needed
• Oscillators => Physical implementation needed
• Multipliers => Performance improvement needed
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• Creating new Energy Management (EM) Circuits 
– Voltage Regulators
– Voltage and Current References
– Current Mirrors

• Integration of all circuits on same substrate => 
Final challenge

• Circuit-Device co-design methodology => A 
unique opportunity
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Many thanks for your kind 
attention!
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