
1

Electronics from the Bottom Up:
an educational initiative on 21st century electronics

Mark Lundstrom, Supriyo Datta and Ashraful Alam

Network for Computational Nanotechnology
School of Electrical and Computer Engineering

Purdue University

July 2007



2

1977: L ~ 5 micrometers
(5000 nm)

2007: L ~ 0.0050 micrometers
(50 nm)

Transistors per chip:

< 10,000 ⌫ > 1,000,000,000

trends in electronic devices

S DG

The Silicon MOSFET 

“microelectronics” has become “nanoelectronics”
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MOSFET current vs. voltage
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molecular electronics

Weber group
PRL, 88, 176804 (2002)

• • • • experiment
theory

break junction

gold substrate

STM tip



5

carbon nanotube electronics

HfO2

10 nm SiO2

p++ Si

S D 

Al 
Gate

SWNT

D SG

A. Javey, J. Guo, et al., Nature, 
424, 654, 2003.

(7,7) CNT from CNTBands2.0
on www.nanoHUB.org
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carbon nanotube composites

Individual Sticks

April 2007 May 2007



7

spintronics

Spin-Torque Devices

CoFe (2.5)
Ru (0.85)

Insulator CoFeB (3)

CoFeB (3)
MgO (0.85)

S. Salahuddin and
S. Datta: IEDM (2006)

Kubota et. al. , Jap. J.
App. Phys.,  2005

Top Electrode

Bottom Electrode
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electronics and biology

aM fM pM nM μM mM M

Historically …

ChemFET/IsFET

In the future ..

Nanodots ?

Recently …

Si-NW/CNT
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questions

1) Is the new understanding of nanoscale electronics that 
is emerging from research relevant to the field of 
nanoelectronic device engineering?

2) How do we prepare students to contribute to 21st 
century electronic technology?

3) How do we inspire and engage the best and the 
brightest students?
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top-down vs. bottom up

GS = nSqμn
W
L

<--- L -->
0.1 mm

10 µm

1 µ m

0.1 µm

100 nm

10 nm

1 nm

Macroscopic
dimensions

Atomic

dimensions

drift, diffusion, effective mass, 
mobility, etc.

Top down

(very complicated) Bottom up
(very simple)

(new perspective)
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MOSFET channel resistance as L --> 0

IDS

VDS

RCH =
L

Wμeff Cox VGS −VT( )

S DG

L

What happens as L --> 0?
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a lower limit to resistance
“Measurement of the conductance of a hydrogen molecule,”
R.H. M. Smit, et al., Nature, 419, 31 Oct. 2002

RMIN =
h

2q2

⎛
⎝⎜

⎞
⎠⎟
= 12.8KΩ per conducting channel (T = 0K)
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MOSFET channel resistance as L --> 0

IDS

VDS

RCH =
L

Wμeff Cox VGS −VT( )

RMIN =
h

2q2M
=

12.8KΩ
M

source drain

W

ψ

λF 2

M =
W
λF 2
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MOSFET channel resistance as L --> 0

IDS

VDS

RCH =
L

Wμeff Cox VGS −VT( )

RMIN =
h

2q2M
=

12.8KΩ
M

M = 2
W
λF 2

≈ 4
1μm
0.010

≈ 400

RMIN ≈ 30Ω− μm  (T = 0K)

ITRS 2016 node (2006 Ed.):  RSD = 55 Ω-μm

(www.itrs.net)

λF ≈ 20 nm at  nS = 1013cm−2



15

why 2 q2/h per conducting channel?

“Measurement of the conductance of 
a hydrogen molecule,” R.H. M. Smit, 
et al., Nature, 419, 31 Oct. 2002

RMIN =
h

2q2

⎛
⎝⎜

⎞
⎠⎟

per conducting channel

Supriyo Datta on:

1) Why does G = 2q2/h?

2) Why is G ~1/L for long 
devices?
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unified viewpoint

μ1 μ2

1γ 2γ

sγ

D(E-U)
nanoscale MOSFETs

molecular electronics

spintronics

-carbon nanotube FETs
-nanowire FETs
-graphene FETs

… Γ = i Σ− Σ+[ ]

H+U

Σ1 Σ2

μ1 μ2

Σs

‘NEGF Approach’
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what exactly is the channel length?

S DG

L

Ashraf Alam on:

1) Why is L uncertain with RDF?

2) How does this relate to gate 
oxide reliability?
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questions

1) Is the new understanding of nanoscale electronics that 
is emerging from research relevant to the field of 
nanoelectronic device engineering?

2) How do we prepare students to contribute to 21st 
century electronic technology?

3) How do we inspire and engage the best and the 
brightest students?
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SEEC

Semiconductor Electronics
Education Committee
R.B. Adler, et al., 1960-1967

“SEEC was a triumph of engineering science, with a substantial, lasting 
impact… The approaches are still used in EE education throughout the 
world…”

-John Guttag and Paul Penfield, “One Hundred Years of Transformation," The Centennial 
Celebration of the MIT Department of Electrical Engineering and Computer Science, 
Cambridge, MA; May 23, 2003.
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why electronics from the bottom up?

1. Scientifically sound

2. Pedagogically sound

3. Provides a new perspective

4. Captures the imagination of students
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planned modules

Each module will consist of:
• A set of online lectures

• An accompanying set of notes

• Homework problems and suggested exercises 

• Quantitative examples with MATLAB codes

1) Fundamentals of Nanoelectronics (Supriyo Datta)

2) Nanoscale Transistors (Mark Lundstrom)

3) Carrier Transport at the Nanoscale (Ashraf Alam and Lundstrom)

4) Reliability of Nanoelectronic Devices (Alam)

5) others TBD….

1) Fundamentals of Nanoelectronics (Supriyo Datta)

2) Nanoscale Transistors (Mark Lundstrom)

3) Carrier Transport at the Nanoscale (Ashraf Alam and Lundstrom)

4) Reliability of Nanoelectronic Devices (Alam)

5) others TBD….
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a new approach

“Trying to explain things rigorously but simply
often requires new organizing principles and approaches.”

Paul Penfield
class notes on ‘Information’
www.mtl.mit.edu/Courses/6.050/2007/notes/preface.pdf
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dissemination
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MIT OpenCourseWare

“A free and open educational resource - for educators, students, and self-
learners around the world.  More than 1400 courses, >8.5M  visits per year.”
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CORE - Tsinghua

“Together CORE and MIT have brought  OCW to China.”
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Berkeley

“The content on this page - drawn from campus seminars, courses and 
events - is just one part of UC Berkeley's commitment to the broadest 
possible dissemination of knowledge for the benefit of our state, the nation 
and the world.”

http://video.google.com/ucberkeley.html
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iTunesU
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Intel

www.intel.com/education/highered/modelcurriculum.htm
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the NCN

Network for
Computational Nanotechnology

people and programs

Purdue, Illinois, Northwestern, Stanford, Berkeley, Florida, UTEP, Norfolk State University

+ cyberinfrastructure
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online simulation

CNTbands 2.0

www.nanoHUB.org

+ tools for collaborating, collaborative software development, and linux workspaces
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and more

tutorials and seminars

research seminars

learning modules

online courses
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nanoHUB usage

NCN:  9/02

>24,000 users / year
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disseminating electronics from the bottom up

1) Audio + powerpoint (experiment with video) 

2) Accompanying notes posted on condmat archive

3) Related simulation exercises using the nanoHUB

4) Posted at www.nanoHUB.org and on Intel site

5) On-site workshops (possible annual summer school) 

http://www.nanoHUB.org
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questions

1) Is the new understanding of nanoscale electronics that 
is emerging from research relevant to the field of 
nanoelectronic device engineering?

2) How do we prepare students to contribute to 21st 
century electronic technology?

3) How do we inspire and engage the best and the 
brightest students?
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EE-453 at Purdue

Fundamentals of quantum mechanics, solid state 
physics, and statistical mechanics −presented in 
the context of cutting edge research.

Applications:

-nanoscale device physics

-energy conversion and conservation

-devices for medicine and biology
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molecular “hot-point probe”

T1 T2

Experiment:
Reddy, et al., Science, 315 16 March, 2007. 
Theory:
Paulsson and Datta,  PRB 67, 241403 (2003),
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An array …
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questions

1) Is the new understanding of nanoscale electronics that 
is emerging from research relevant to the field of 
nanoelectronic device engineering?

2) How do we prepare students to contribute to 21st 
century electronic technology?

3) How do we inspire and engage the best and the 
brightest students?
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status

1) First four modules being developed at Purdue 
with support of Intel and NCN.  (Rough drafts 
with NCN support, final product with Intel 
support.)

2) Academic partners being solicited to review 
modules, test them in the classroom, suggest 
(and possibly author) additional modules. 

3) Online dissemination via the nanoHUB
supported by NCN.  Summer School being 
planned.
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summary

1) Research in nanoelectronics is providing us with new and 
very useful approaches to nanoscale electronics.

2) These new approaches are simple, but theoretically and 
pedagogically sound, and they captures the imagination 
of young people.

3) Dissemination by the web in an open-source format 
provides a resource for instructors and for self-learners.

lundstro@purdue.edu datta@purdue.edu

alam@purdue.edu

mailto:lundstro@purdue.edu
mailto:datta@purdue.edu
mailto:alam@purdue.edu

	Electronics from the Bottom Up:�an educational initiative on 21st century electronics
	trends in electronic devices
	MOSFET current vs. voltage
	molecular electronics
	carbon nanotube electronics
	carbon nanotube composites
	spintronics
	electronics and biology
	questions
	top-down vs. bottom up
	MOSFET channel resistance as L --> 0
	 a lower limit to resistance
	MOSFET channel resistance as L --> 0
	MOSFET channel resistance as L --> 0
	 why 2 q2/h per conducting channel?
	unified viewpoint
	what exactly is the channel length?
	questions
	SEEC
	why electronics from the bottom up?
	planned modules
	a new approach
	dissemination
	MIT OpenCourseWare
	CORE - Tsinghua
	Berkeley
	iTunesU
	Intel
	the NCN
	online simulation
	and more
	nanoHUB usage
	disseminating electronics from the bottom up
	questions
	EE-453 at Purdue
	molecular “hot-point probe”
	electronic biosensing
	questions
	status
	summary

