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Abstract - This paper reports on an effort at Stony Brook industry has fulfilled Moore’s prophecy by shrinking the
University to introduce basic concepts of nanotechnology dimensions of the elementary devices in order to pack more
into the Electrical and Computer Engineering devices per silicon area and increase their intrinsic
undergraduate curriculum with particular emphasis on performance. It has been predicted several times that silicon
circuit and system design issues. The approach takenwould soon reach its ultimate limits, and that eventualiyieso
consists of weaving nanoscale material into existing c@es other technology would have to be found.
rather than developing complete new courses. Specifically,
material is introduced into an introductory semiconductor Various nanoelectronic device candidates for replacing silicon
course at the device level; a 3-week instructional module is technology have already been proposed [2-11]. Courses on
incorporated into an existing course on Digital Integratd  nanoelectronics are also being introduced in the undergraduate
Circuits at the circuit and system level; and nanoscale curriculum at various universities. However, relativelyidit
projects are proposed to and undertaken by students as attention is being devoted to the design aspects at the circuit
part of their capstone senior design project or and system level. The experience with complementary metal-
undergraduate research. Initial results indicate that oxide-semiconductor (CMOS) technology has shown that
students were very much interested in the emerging Moore’s law is as much a result of design improvements as of
nanotechnology field and a number of them participated in progress in the physical sciences, which means many
summer research for undergraduate students at Stony improvements have come from progress in logic and circuit
Brook as well as other universities and research centers.  design. Therefore, to tap the potential of nanosyst@rasof

ten years in the future, it is necessary to educate engimeers i
Index Terms — nanotechnology, electrical and computenanosystem design to appreciate the potential of
engineering curriculum, system design, nanoscale module. nanotechnology, and to take advantage of it.

This paper presents an approach for introducing design-
1.INTRODUCTION oriented nanotechnology into the existing undergraduate
ectrical and computer engineering curriculum at Stony Brook

The scientific community widely recognizes that the science”. ) . i S : :
versity. Section 2 reviews the existing curriculum, secti

and engineering of materials and devices at the nanome ) : .
scale will be one of the dominant fields of research amyl outlines the changes proposed and carried to introduce

development during the next few decades. Within the conté?@nOteChmlOgy' Section 4 describes a three-week moc_iule
of electrical and computer engineering, a rapid transitiom f Incorporated into an existing course on integrated electronics

microelectronics to nanoelectronics is already occurring. THRECHON 5 considers the proposed curriculum changes in
well-known Moore’s Law [1] predicts the doubling ofrelation with the ABET requirements. Finally, section 6

computer performance every 18 months or so. For decades, RFeSents & summary of the paper.
2.EXISTING CURRICULUM

The Department of Electrical and Computer Engineering
offers two ABET accredited programs — one in electrical,
the other in computer engineering. Both programs require
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CURRICULUM MAP FOR THE MICROELECTRONICS SPECIALIZADN IN THE ELECTRICAL ENGINEERING PROGRAM

students to take a number of courses that involve the dekigrdesign is not a mature field and considerable research still
electronic systems both digital and analog. As an illistrat needs to be done. The approach adopted was to incorporate
figure 1 shows the curriculum map for the microelectroniamaterial on nanoscale design in the following courses:
specialization under the electrical engineering program. After

the sophomore year, students complete the basic circuits, 1. ESE 231: Introduction to Semiconductor Devices
electronic devices, and discrete electronic circuits. During the 2. ESE 330: Digital Integrated Electronics.

junior and senior years, students take more advanced courses3. ESE 440/441: One year design project required for
in integrated circuits such ESE 311 (Analog Integrated seniors

Electronics), ESE 330 (Digital Integraed Electronics), & 4. ESE 499: Undergraduate research

355 (VLSI Design). These courses are also taken by computer

engineering students as technical electives. As common limiroduction of nanotechnology in the semiconductor device
most engineering programs, these type of courses are basedmnse were described in an earlier paper. Here, the focas is o
CMOS technology. the module developed and introduced in the digital integrated

electronics course.
3. APPROACH

As described in section 2, undergraduate students in ehatctriThe electrical and computer engineering programs have strong

or computer engineering programs at Stony Brook are hardiyj"icula in digital circuits and systems. In particular, offer
exposed to the emerging field of nanosclae devices a sepzéraéelz COUrses in d %“g(ésgggg';[?ls(ljess'gn' E%E .330
circuits. To update the curriculum, two approaches could balegrated Electronics an ystem Design.

: : ile VLSI System Design emphasizes a high-level design
adopted 1) introduce new courses in nanoscale system des rl?,' . y
or 2) incorporate such material within existing courssfe cture, ESE330 focuses on the transistor level, and ieah

have chosen the latter approach for two reasons: 1) disisre testing_ field of introducing new conc.epts_in qircuit des!ﬁ'!"s
to add material to existing courses compared to addiﬁ—credlt course deals specifically with circuit-related issnes
complete new courses as the curriculum already require 't."’.ll desgn, SUCh. as the re!at|ve mer|t§ of d!ffereniclog
large number of courses to be taken, 2) nanoscale syst‘?rW"'eS' issues of signal integrity, analog-like buildliigcks
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such as sense amplifiers, memory arrays, etc. Due to fhiee outline of the course with the introduced module on
complementarity with ESE 355, there is a great freedomein thanoscale design, as offered in fall 2005, is:
choice of topics.

1. Introduction to Deep Submicron Digital IC Design
ESE330 is offered every year in the fall semester. Enrollment «  Brief History of IC Industry
is typically around 40-50 students (out of about 300CEE « MOS Transistor Structure and Operation
majors). It should be noted that, while ESE330 is a course « CMOS versus NMOS
targeting electrical engineering and computer engineering . CAD Tools
majors, it is also regularly attended by undergraduatas fr
other majors, such as Engineering Science, Mechani¢alpos Transistors
Engineering, Mathematics, and occasionally by humanities .,  gsirycture and Operation
students. The introduction of an innovative, cross-diseipy . MOS Capacitor
module will make it even more attractive to non-ECE stiglent Threshold Voltage
especially to Physics and Chemistry majors, as well as for any .
undergraduates who want to acquire a concrete feel for the ’ Curre_nt-VoItage Characteristics .

» Velocity-Saturated Current Equations

ibilities f technology.
possibiiities for nanotechnology »  Subthreshold Conduction

ESE330 was chosen as a spearhead for introducing * Capacitances of MOS Transistor

nanotechnology into the ECE curriculum, a three-week

instructional module was developed and woven into th& Fabrication and Simulation

course. Currently, ESE330 is a junior- or senior-leveirse. * IC Fabrication Technology

However, there is no reason why younger students aquatid * Modeling of MOS Transistors

be exposed to the same materials. The only prerequisites for

understanding the materials presented in the nanosysténMOS Inverter Circuits

module are a basic knowledge of electrical circuits, and use of « Voltage Transfer Characteristics (VTC)

circuit simulation software. Within the Stony Brook « Noise Margins

c_urrigulum, _student_s cogld eas_ily take on a project in nat®sc « Resistive Load Inverter

circuit design while in their sophomore year. As the . |jnear and Saturated Enhancement Load Inverters
educational matenal matures, _the__basm. concepts of «  CcMOS Inverters

nanosystem design, with a simplified circuit design Pseudo NMOS Inverters

component, could be moved to a freshman course such as Sizing of Inverters
ESE123 Introduction to Electronic Design.

In additon to changes in the introductory course on: Static MOS Gate Circuits

semiconductor devices and the incorporation of a module in * CMOS Gate Circuits

the integrated electronics course, students are exposed to the* Power Dissipation in CMOS Gates

design process with novel nanoscale devices in their senior

design project as well as undergraduate research. 6. Interconnect Design and Switching Time Analysis
e Interconnect RC Delays

» Interconnect Coupling Capacitance

The proposed three-week instructional module has the goal o *  Delay Calculation

educating ECE majors in the fundamentals of nanoscale

devices and circuits. Of course the material will include som& Dynamic Logic Design

elements of the physics, chemistry, and materials science ¢ Pass Transistors

aspects of nanotechnology. However, this introduction les th  «  CMOS Transmission Gate Logic
primary purpose of letting students appreciate the fundamental

differences between microsystems and nanosystems, not Oé‘.'WIemory Design

regarding their physical nature (which is often secondagy to  ,  =MmOS Static Memory

circuit or systems designer), but in terms of the maurég of
merit of any electronic design: speed, power, reliability, argl
cost. Therefore, as is often done in engineering, the physical
complications will be abstracted out, to highlight design
principles. On the other hand, to abstract does not mean to
neglect. Particular attention will be paid to implicationghef
physical structure on circuit and system performance, such as *
device operation, defect tolerance, and interconnect delay, etc.

4. MODULE ON NANOSCALE SYSTEM DESIGN

Nanoscale Devices and Modeling
e Wave Nature of electrons (Particle-Wave Duality)
Quantum Tunneling
Solid State Nanoelectronic Devices
Resonant Tunneling Devices (RTD)
Single Electron Transistor
e Quantum DOT
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* Molecular Nanoelectronic Devices don't require installation by the student. For circuits based
+  MOSES, SIMON, QCADesigner, etc. single electron transistors, three methods are available
simulating these devices: Monte Carlo based methods
10. Nanoscale Architectures, Modeling and design (MOSES, SIMON,..), direct solving of a master equatamd
e Crossbar macromodeling in SPICE S{mulation Program with
e CMOL IntegratedCircuits Emphasis). The last approach was adopted
«  Quantum Cellular Automota (QCA) as students use SPICE for the simulation of CMOS citcuits

An example of a SPICE macromodel [18] for the single

The instructional module on nanoscale design correspondsElgctron transistor is illustrated in figure 2.
topics 9 and 10 in the outline. It consists of foomponents

(each component corresponds to roughly one week
instruction):

Component 1:Review of CMOS scaling of the last decade ] E
' L:
a

and analysis of the limits of device scaling and propost
solutions. For this purpose, the textbook [12] selectedhf®

course emphasizes deep submicron CMOS technology wh —_ E1 4{:92
the MOSFET can be considered as a nanoscale device. Q
" 6 (5

W
Component 2: Basic concepts and description of @
nanoelectronic devices. Since ESE 330 requires only a ba z

0

electronics course as a prerequisite, important concepts

guantum mechanics needed to be introduced. In particular uie

particle-wave duality and quantum tunneling are very FIGURE 2

important. In fact, a quite number of the proposed rzales SINGLE ELECTRON TRANSISOR SPICE MACROMODEL

devices exploit the tunneling process as a principle for their

operation. Such devices include Single Electron Transistd@ CADesigner (http://www.qcadesigner.ca/) is a simulation
(SETs) [13], Resonant Tunneling Devices (RTD), antPol for the design and simulation of Quantum Dot Gatlu
quantum dots. In addition, the tunneling mechanism is aldutomata (QCA). Itis available free of cost for academe us
relevant to the nanoscale MOSFET, however in this caseQCADesigneffacilitates rapid design, layout and simulation of
negatively effects the performance of the device. Oth&CA circuits by providing powerful CAD features availalsie
nanoscale devices considered include: nanowires afpre complex circuit design tools.

nanotubes [15], Carbon Nanotube Transistors (CNTsaf4], _ . _
molecular devices[16]. Component 4: Design problems and projects using the

nanodevices and tools described earlier were assigned to
Component 3: CMOS Integrated circuit design is centeredtudents. The first design problem was related to the basic
around the intelligent use of computer aided design (CA['U)verter using single electron transistors. As describettié
software tools. Schematic capture, layout editing, circuit arfourse outline under topic 4, students are exposed to the
logic simulation allow students to verify the accuracy eirth analysis and design of MOS inverters. Therefore simulating
hand design and, even more importantly, observe the detaiffg@ single electron transistor inverter enables students to
behavior of the circuit and develop a feel for it. Circuitompare the merits of the two approaches. Students were
simulation has been shown to usefully complemerﬂSked to plot the SET current voltage characteristicsasirtal
experimental lab work, and the large majority of today'gwe MOSFET characteristics based on the model in figure 2.
electronics textbooks rely on software simulation such &udents were then asked to characterize a SET inverter
SPICE @Gimulation Program with Integrated Circuits illustrated in figure 3 in terms of delay time and dynamid an
Emphasis) to illustrate design concepts, even more than $i@tic power consumption.
actual bench work.

Similarly, designing nanoscale circuits and systems requires
the use of modeling and computer aided design (CAD) tools.
The electrical model or available simulation tools for the
nanoscale devices listed under Component 2, are introduced.
A number of simulation tools are available free of charge from
http://www.nanohub.orgln particular, students can simulate
the tunneling process through single and multiple energy
barriers as well as the current—voltage characteristics of
resonant tunneling diodes. These tools are available anlicie
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economic, environmental, social, political, ethical, health

Vb and safety, manufacturability, and sustainability.
L 2 Future nanoscale systems will compete with mature,
aggressively scaled CMOS systems. To this purpose, all
SETH --- 2L designs carried out in the project will start from the figuof
| RY merit of such systems and will attempt to exceed them at least
: | —] II—:—- g in one respect (cost, density, power consumption, etc).
1 Ciy |
L B d. An ability to function on multi-disciplinary teams.
V. 1 2 vy While basic classroom work will be carried out by all students
& — 1 * homogeneously, all projects will require the division askis
=== - TCL into the understanding of the chemical and materials properties
! — ! . of the devices under study; device operation; circuit design;
:_| . . _:_-a,‘.r 2 and system architecture.
SET 2 :G'z : i. A recognition of the need for, and an ability to engage in
'————%—J life-long learning.
From the outset, it will be made clear that the field of
FIGURE3 nanotechnology is in a permanent state of flux. Studerkts wi
INVERTER BASED ON SINGLE ELECTRON TRANSISTORS be exposed to the true human condition of researchers, which

is one of continuous challenge and learning. It will also teach

Finally, students were asked to simulate a ring oscillatogus them that success is especially to be sought in those areas
three inverters to determine the oscillation frequency. where there is no guarantee for it.

Another problem requires the design of a majority gate and a )
full adder based on Quantum dot Cellular Automota (QCAJ). A knowledge of contemporary issues.

QCA is an emerging nanotechnology concept for thQanotechnology is widely expected to impact all areas of our
realization of a computer built with arrays of nano-scale QCfives. Rather than getting a general, popular-magazine view of
cells. These QCA cells are capable of performing any complgye subjects, students will acquire a real feel for the patenti
computational function. Students were given a tutorial Ofhpacts of the new technologies.

QCADesinger, which was used for simulating these twa|l the course and project activities will follow ABET
circuits. guidelines, including the implementation of the student

. _ portfolio.
5. Relation to ABET Requirements

6. CONCLUSIONS
The undergraduate program in electrical and comput rt di M s | i _ lectroni
engineering at Stony Brook university is an ABET accredite xténding Moores faw will require new nanoelectronic

engineering program. The proposed changes to the exist ices and d‘?s'g” _methodology. To understand and .take
curriculum will contribute to the fulfilment of ABET's & antage.of th|s_cutt|n.g edge new technol_ogy, an ed.ucatlo_nal
criterion 3, in particular: program with design-oriented nanoelectronics compatible with

existing electrical and computer engineering undergraduate
curriculum is necessary. This paper describes an instructional
module for nanotechnology system design that was intemtiu

in, an existing course on digital integrated electronics. Student

‘simulated experiment’ in software is perhaps as important owed great interest in nanotechnology. A potential

physical lab work. Even when the individual devices are welf provement in the delivery of the module would be to cover

characterized, still the behavior of the circuit as a whol®tis nt e material on n_a_noscale devices in a different course tha_t IS
ade a prerequisite. The developed module and technical

necessarily understood. Moreover, computer simulatidi . . .
provides access to internal quantities that would not blelevis tols will allow stude;nt; to appreciate the_ Impact of
in a physical laboratory. In the context of a new, largel gnotechnology on their field, by extending their experience
unexplored discipline such as nanosystem design, where '(t)h CMOS design.

established design techniques exist, students are basically on ACKNOWLEDGMENT

their own and will obtain precious experience in the design
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b. An ability to design and conduct experiments, as well as
analyze and interpret data.
In modern electrical engineering, designing and analyzing

c. An ability to design a system, component, or process to
meet desired needs within realistic constraints such as
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