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Abstract

Carbon Nanotube Field Effect Transistor technology is the most promising technology for high speed digital and analog
applications. This paper mainly focused on designing an operational amplifier using Carbon Nanotube Field Effect
Transistor (CNTFET), since opamp is a widely used core element for analog and mixed signal systems. The various
opamp parameters such as dc offset voltage, phase margin, common mode rejection ratio, slew rate etc have been
determined and tabulated. The proposed CNTFET opamp exhibit significant improvements in speed and other major

opamp parameters over the conventional opamp.
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I. INTRODUCTION

For many years MOSFET has been used as a
basic element of circuit designing [1]. As the
miniaturization of silicon based circuits reaches its
physical limitations, molecular devices are becoming
hopeful alternatives to the existing silicon technology
[2],[3]. Carbon nanotubes offer a technology with an
exciting solution to the scaling issues of transistors and
interconnects and with the possibility of coexistence in
the present silicon technology. CNTFETs are novel
devices that are expected to sustain the transistor
scalability while increasing its performance.

In this paper for CNTFET-based circuits, a
compact SPICE model, including non-idealities
proposed in [4],[5] with physical parameter variations,
has been used for simulations. This standard model
has been designed for unipolar, MOSFET-like CNTFET
devices, in which each transistor may have one or
more CNTs. This model also considers Schottky Barrier
Effects, Parasitics, including CNT, Source/Drain, and
Gate resistances and capacitances, and CNT Charge
Screening Effects. Analog devices require linearity, and
it has been demonstrated that CNTFETs have the
potential to provide linearity well beyond what is
possible with silicon semiconductors [6]-[10].

Nowadays CNTFET technology has become
dominant over conventional CMOS technology for
analog circuit design in a mixed signal system due to
the industry trend of applying standard process
technologies to implement both analog and digital
circuits on the same integrated chip. Operational
amplifier is the widely used core element for analog

and mixed signal systems. A high performance opamp
is characterized by a high open loop gain, high
bandwidth, very high input impedance, low output
impedance and an ability to amplify differential mode
signals to a large extent and severely attenuate
common mode signals. Many literature exists on the
simulation or measurement of frequency dependent
operational amplifier characteristics such as open loop
gain, common mode gain, common mode rejection ratio
(CMRR), power supply gain and power supply rejection
ratio (PSSR) [11]H21].This paper presents the
simulation and analysis of high performance CNTFET
opamp circuit to point at the optimum topology when
CNTFETs are used with special emphasis on low
power applications.

This paper is organized as follows: section Il
introduces the structure and modeling aspects of
CNTFET. Section Il deals with CNTFET operational
amplifier circuit. Simulation and analysis of various
opamp parameters such as dc offset voltage, phase
margin, common mode rejection ratio, slew rate etc
have been made in section IV. Finally in section V, the
research paper has been concluded with the work
undertaken in this research work and the scope for
improvement of the circuit level transistor models.

Il. CARBON NANOTUBE FIELD EFFECT
TRANSISTOR

It has been shown that semiconducting carbon
nanotubes can be used as the conducting channel in
Carbon nanotube field effect transistors. To create such
devices, nanotubes are grown on top of a thick silicon
dioxide. When metal contacts are laid along the length
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of a nanotube, many transistors are formed along CNT.
The length of the nanotube, between two contacts, acts
as the channel of a transistor with metal source and
drain. Because of the fixed CNT diameter once a
nanotube is grown, the width of the nanotube cannot
be changed to increase the current drive, instead, a
transistor's width and current drive can be increased
by adding nanotubes in parallel.

The metal gate is used to modulate the electronic
band structure of the source, drain and carbon
nanotube through a thin gate oxide. The metal gate
and oxide must overlap slightly with the source and
drain contacts. This overlap limits the area savings of
CNTFETs. The current is regulated by the gate to
source and gate to drain interactions. Fig.1 is a
theoretical illustration of a carbon nanotube FET
structure. The structure resembles that of a MOSFET
[22]-[24], but the nanotube is the channel for
conduction.

Intrinsic CNT Cha}nnel

L

Bulk Dielectric

Fig. 1. Structure of MOSFET like CNTFET

lll. CNTFET OPERATIONAL AMPLIFIER

Opamps are the functional core element of many
mixed analog and digital VLS| systems especially in
interface circuits such as analog to digital converters,
digital to analog converters, switched capacitor filters
etc. Fig. 2 shows the schematic of ideal opamp and
ideal opamp parameters are shown in Table 1.

Table 1: Ideal opamp parameters

Parameter Value

Gain o
Input Resistance

o
Output Resistance 0
CMRR o

57

-Vss

Fig. 2. Schematic of Ideal Opamp

The CNTFET operational amplifier comprises of
three functional building blocks as shown in Fig.3.

11
(o
Vin Vout
Differential Second Gain Buffer
Amplifier stage

Fig. 3. Functional Blocks of CNTFET Opamp

First block is the differential amplifier block forms
the input of the opamp and provides a good overall
gain to improve noise and offset performance. The
second gain circuit block is configured as a simple
common source stage so as to allow maximum output
swings. The last block is the buffer circuit to convert
high input impedance of the second gain stage to low
output impedance and provides current gain. Capacitor
C. is included in the circuit to ensure stability when
the opamp is used with feedback and used to lower
the gain at higher frequencies thereby used as a
compensating device.

The proposed CNTFET opamp circuit is shown
in Fig. 4.

The circuit will provide good voltage gain, a good
common mode range and good output swing. The first
stage in Fig.4 consists of a p-channel differential pair
M; — M, with an n-channel current mirror load Ms

— My and a p-channel tail current source Mg. The
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Fig. 4. CNTFET Opamp Circuit

second stage consists of an n-channel common source
amplifier My with a p-channel current source load M.
The high output resistances of these two CNTFETs
equate to a relatively large gain for this stage and an
overall moderate gain for the complete amplifier.
Because the opamp inputs are connected to the gates
of CNTFETs, the input resistance is essentially infinite
when the amplifier is used in internal applications.

IV. RESULTS AND DISCUSSIONS

In this paper Stanford models of CNTFET have
been used for simulations and evaluation of opamp
performance parameters using HSPICE. Top gated
undoped semiconducting CNTFETs have been used for
design and analysis of the proposed opamp. The
various op amp parameters such as dc offset voltage,
CMRR, input and output resistances, phase margin etc
have been determined using Hspice simulations.

A. Determination of dc offset voltage

Input dc offset voltage is defined as the voltage
that must be applied between the inverting and non
inverting input terminals of the opamp to obtain zero
volts at the output and is abbreviated as V.. The
cause of input offset voltage is due to the inherent
mismatch of the input transistors and components
during the fabrication of the die and the stress placed
on the die during the packing process. All these effects
together produce a mismatch of the bias currents that
flow through the input circuit and resulting in a

differential voltage at the input terminals of the opamp.
Audio amplifiers, communications circuits  and
converters often use ac-coupling to remove Vg, many
devices such as data converters, processors and
CMOS chopper amplifiers correct the offsets internally
and some devices particularly instrumentation amplifiers
and opamps in single packages, have external pins
where V¢ can be externally reduced.

Fig.5. shows unity gain feedback opamp circuit
for measurement of input offset voltage. Fig.6 shows
the response of CNTFET opamp without input offset
voltage compensation and Fig.7 shows the response of
the opamp for variation in temperature. The main
advantage of the CNTFET used is that it can be
operated with a supply voltage of less than 0.5V leads
to low power dissipation.

DC offset Voltage, Vos = 168 UV

Vs 1880V
/

ld ot EoEE Ay
b 0 0 | B[

Fig. 6. Response of Opamp Without Input Offset
Voltage Compensation
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From Fig.6 the following opamp parameters have
been determined,

DC offset Voltage, V,s=1.68 uV
Differential Gain, A,y=1.959E+ 4

=391 mW

Power Dissipation

JaLIF|

Temp = 20 deg

Temp = 30 deg
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temperature Temp = 40 deg
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Fig. 7. Response of Opamp for Temperature
Variations

B. Determination of CMRR

Fig.8 shows the non inverting unity gain opamp
circuit for measurement of input common mode range.
Fig.9 shows the response of the opamp for variations
in the common mode voltage. The common mode gain,
A obtained through simulation is 0.9743.

Vout

Vpulse

Fig. 8. Input CMR Voltage Measurement Circuit

The Common Mode Rejection Ratio (CMRR) of
an opamp measures the tendency of the device to
reject input signals common to both inverting and non
inverting input leads. CMRR can be calculated as
follows,

Common Mode Gain, Acn = 0.9743

o 0 @ 1= Ceal

Fig. 9. Input common mode range simulation

C. Determination of Frequency Response
Characteristics

Fig.10 shows the frequency response of CNTFET
opamp. The major AC parameters of the opamp such
as phase margin, gain margin, gain cross over
frequency and phase cross over frequency can be
determined using frequency response characteristics.
From the response characteristics,

Gain crossover frequency =500 KHz

Phase crossover frequency= 380 MHz

Gain Margin =100 dB
Phase Margin =89 deg
3 dB gain =86—-3=83dB
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Fig. 10. Frequency response of CNTFET opamp

Feaencybog) HEATD

D. Determination of Slew Rate

If the amplitude of the input step is steadily
increased, a point is reached at which the output
become slew rate limited and the initial portion of the
transient curve becomes a linear ramp, the slope of
which is called the slew rate (SR). Fig.11 shows the
circuit to visualize slew rate and the result is shown in
Fig.12.

Vret

Fig. 11. Slew Rate Measurement Circuit

The positive slew rate SR+ is the slope of the
rising edge of the output which can be computed from
the two points on the rising edge as follows,

4.21+4.11
SA ="

133_104 226 VAIS

The negative slew rate SR- is the slope of the
trailing edge of the output which can be computed from
the two points on the trailing edge as follows

—342-454

SA = 18301 =—4.68 VS

Llalx]

Slew Rate Measurement t

SR*=286 VI

SR =468 VIuS

|
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Fig. 12. Characteristics for Slew Rate Measurement
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Table 2 shows the various parameters values of
CNTFET opamp obtained through Hspice simulations.

Table 2: CNTFET Opamp Parameters

Parameter Value | Unit
Dc Offset Voltage, Vg 1.68 uv
Differential Gain, A4 1.950e4| -
Common Mode Gain, Aqp, 09743 | -
Power Dissipation 3.91 mW
CMRR 86 dB
Positive Slew Rate, SR* 286 | VIS
Negative Slew Rate, SR’ —-468 | VIuS
3 dB Gain 83 dB
Phase Margin 89 deg

V. CONCLUSION

This paper explores basic building block of
analog circuits, the operation amplifier using newly
emerging CNTFET technology. Circuit characterization
was performed for the determination of opamp
parameters. The CNTFET opamp exhibit significant
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improvement in the opamp parameters compared to
traditional opamps and also another advantage of
CNTFETs used for designing opamp is that it can be
operated with a supply voltage of less than 0.5V leads
to low power dissipation. Many modifications and
additions can be undertaken to improve opamp system
design.
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