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| 1890

...was FASCINATED by the incredible speed of
the electricity circulating through an electrical
wire and light propagating through the space...

Vinci
Toscana

...among others, he had a
big : design and
fabricate a flying machine...

To know more about this story: COSMOS by Carl Sagan, chapter VIl




Technology Revolutions

19th Century 20th Century 21st Century ?

Energy Electronics

Movement




Technology Revolutions

21st Century

Energy —— |CT future devices

Recycle =~ Efficiency

Movement




Which is our particular DREAM?

What is the idea that we are FASCINATED by?

In which topic we are working?




Comming back to the present at 21st century...
Comming back to the italian Umbria at this summer school...
and envisaging the future...

Avigliano Umbro
La Tenuta dei Ciclamini
NiPS Summer School 2010

The aim of this lecture is none other than try to inspire new
dreams, new ideas, new related to the topic of

ENERGY HARVESTING
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Electronics Microsystems Technology
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Microelectronics
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Nanotechnology

\ Materials science

Chemistry
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Electronics Microsystems Technology

(MST) or MEMS Technology

Microelectronics

Nanoelectronics
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Electronics Microsystems Technology

(MST) or MEMS Technology

Microelectronics

Nanoelectronics

Technology

Nano-energy harvesting

\ Materials science

Chemistry
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Which is our particular DREAM?

What is the idea that we are FASCINATED by?

In which topic we are working?




Prokaryotic cell

1-10 um

Eukaryotic cell

10-100 um
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Talk and listen to a cell

Miniaturization to the nanoscale

NANODEVICE

In particular:

Miniaturization of the BATTERY

1-10 um

10 cm
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Tracking cells
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Tracking cells
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Listen to yiest cell sound

Prof. JAMES K. GIMZEWSKI
UCLA Chemistry & Biochemistry Department

A. E. Pelling, S.Sehati, E. B. Gralla, J. S. Valentine, and J. K. Gimzewski,

“Local Nanomechanical Motion of the Cell Wall of Saccharomyces
cerevisiae," Science, 305, 1147-1150 (2004)

We demonstrate that the ceY wall of living Saccharomyces cerevisiae (baker's
yeast) exhibits local temperature-dependent nanomechanical motion at
characteristic frequencies. The periodic motions in the range of 0.8 to 1.6 kHz with
amplitudes of 3 nm were measured using the cantilever of an atomic force
microscope (AFM). Exposure of the cells to a metabolic inhibitor causes the
periodic motion to cease. From the strong frequency dependence on temperature,
we derive an activation energy of 58 kd/mol, which is consistent with the cell's
metabolism involving molecular motors such as kinesin, dynein, and myosin. The
magnitude of the forces observed (10 nN) suggests concerted nanomechanical
activity is operative in the cell.
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Physics Nobel Prize 1986
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AFM (Atomic Force Microscopy)
G.Binnig, C.F. Quate, Ch. Gerber, Phys Rev. Lett. 56, 930 (1986)

AFM Local Probe: Force transducer

ox=1 pm oF=1 pN

T.R. Albrecht, C.F. Quate, J. Vac. Sci. Technol. A6, 271 (1988).
O. Wolter, Th Bayer, J. Greschner, J. Vac. Sci. Technol. B9, 1353 (1991).
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R. Berger, Ch. Gerber, H.P. Lang, J.K. Gimzewski
Micromechanics: A Toolbox for Femtoscale Science: “Towards a

Laboratory on a Tip”
Microelectronic Engineering 35, 373-379 (1997)

om=1 pgr ds=10% N/m 3T=10° K

0Q=1 pJ
Mass Stress Temperature

“..almost every signal domain can be transduced
into a micromechanical actuation detected with
picometer resolution.”
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Talk and listen to a cell

Miniaturization to the nanoscale
NANODEVICE

In particular:

Miniaturization
of the BATTERY

1-10
um 10 cm
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Electrochemical battery evolution vs. ICT technologies

Main drawbacks:
« Size
« Only for energy storage

* Recharge / Replaceability
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POWER USER
SYSTEM

Convergent point solution

POWER SUPPLIER
SYSTEM
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Smart Dust US project (2002)
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Energetic Cost of Sensor Node Operations

Operation

Lowest Energy

Commercially
Available

Published (off-the-shelf)
8 bit Analog-to-Digital Conversion 0.031nJ 13.5n)
8 bit Microprocessor Instruction 0.012nJ 0.20nJ
Compute an 8 bit, 1024 point FFT 80nd e
Transmit and Receive one 8 bit 22 nJ 2500 nJ

sample via RF at up to 20m range
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Energy source

Harvesting nanotransducer

Interface electronics
Power converted
management

Energy storage

ENERGY SUPPLIER

ENERGY USER

Sensing electronics

Processing electronics

Transmission electronics
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Energy source

ENERGY USER

Processing electronics

Prof. M.L. Roukes

ENERGY SUPPLIER
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Energy source

*

*

ENERGY USER

Sensing electronics

Processing electronics

Prof. C.T.-C. Nguyen
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Energy source

ENERGY USER

Sensing electronics

Processing electronics

Transmission electronics
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Prof. C.T.-C. Nguyen

Solution: Replacement
of these external
elements by integrated
high-Q RF-MEMS
resonators capacitively
transduced.
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Precedents:

“..almost every signal domain
can be transduced into a
micromechanical actuation
detected with picometer
resolution.”

Harvesting nanotransducer

Interface electronics
Power converted
management

Energy storage

NEMS can satisfy the
needed requirements

in nanoscale EH:

Ultrasmall volume

Adapted to low
energy levels

Multidomain energy
source

Other...?
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Some basics on NEMS. Mechanical characteristics

E w -t
k=——3 (N/m)
l E
-~ 1 Frog = 0162+ [= 22 (Hz)
t w p 1
Young modulus: Eg=1.79-1011 N/m? k "
Density: 0.=2.33103kgm3 M= (kg)
fres
I(um) t(um) w(um) k(N/m) fres(kHz) m(gr)
450 50 2 0.2 14 10°_ | |
MEMS 125 30 4 44 364 310"
10 0.48 0.1 0.02 1.4-10° 107 NEMS
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Some basics on NEMS. Transduction techniques

DRIVING DETECTION
Electrostatic Capacitive
Electrothermal Piezoresistive
Electromagnetic Inductive
Optothermal Optical
Piezoelectric Piezoelectric
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Some basics on NEMS. Modelization tools

Finite elements commercial softwares

ANSYS

Allows to analyze macro and microsistems. Multidomain: mechanics, thermal,
fluidics, etc...

COMSOL

Multiphysics. Allows to co-simulate several domains: MEMS, electromagnetics,
heat transfer, etc...

MEMS oriented. Allows the design of MEMS elements from the fabrication
process and their simulation. Also multidomain at the microscale.
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Some basics on NEMS. Fabrication technologies

TOP-DOWN APPROACH

Bulk micromachining Surface micromachining
| _
I [ [ +

Simple process
Polysilicon structure
Residual stress

Adhesion to the substrate

« Two sides accessibility
» Crystal Si structure
 Complex process
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Some basics on NEMS. Fabrication technologies

BOTTOM-UP APPROACH
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Harvesting Energy source: Thermomechanical noise (thermal fluctuations)
nanotransducer
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Harvesting Energy source: Thermomechanical noise (thermal fluctuations)
nanotransducer
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Harvesting Energy source: Thermomechanical noise (thermal fluctuations)
nanotransducer

NEMS
Resonator

Mass resolutior‘

|
v

Spectral density of frequency fluctuations
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Harvesting
nanotransducer

Energy source: Thermomechanical noise (thermal fluctuations)

Efficient non-linear NEMS based energy harvesting from thermomechanical noise
M. Lopez-Suarez', G. Murillo?, J. Agusti', H. Vocca?, L. Gammaitoni? and G. Abadal’
1 Department d’Enginyeria Electronica, Universitat Autonoma de Barcelona (UAB), Bellaterra, 08193
Barcelona, Spain
2 NiPS Laboratory, Dipartimento di Fisica, Universita di Perugia, 06100 Perugia, Italy and INFN
Sezione di Perugia, 06100 Perugia, Italy

Figure 2: Color map of the cantilever on-plane vibration
amplitude for different conditions of charge, Q, and electrode
distance, d. Inset: potential energy at the regions of low
interaction (a), maximum hoping (b) and strong interaction (c).
Cantilever dimensions: I=28um; w=0.1um; t=1.0um; QF=1000,
material: silicon. T=300K and B=1MHz
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Harvesting Energy source: Electromagnetic radiation

nanotransducer

Rectenna concept

Hagerty et al., “IEEE Trans on MTT”, (2004) Alda et al. Opt. Lett. (2009)




Harvesting
nanotransducer

Energy source: Electromagnetic radiation

F wave

F

electrostatic

piezo
NEMS

Resonator

NiPS Summer School 2010



Controller

Power

Management

Storage
EH Transducer element
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Power

Management

Europractice-STIMESI. MEMS and System Package Workshop — IMEC November 2007
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Energy storage
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“If at first, the idea is not absurd,
then there is no hope for it”

ALBERT EINSTEIN
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Abstract

Nanoelectromechanical systems, NEMS, have been investigated in the last decade with
a special emphasis in the detection of fundamental magnitudes. NEMS, as a natural
consequence of the MEMS downscaling, inherit their multi-domain response with a
dramatic improvement in terms of sensitivity, resolution and energy consumption. The
unique miniaturization and low-consumption opportunities that offer resonant NEMS
have also been studied in the field of integrated radio communications.

In this lecture we will analyze the potential possibilities that NEMS also offer in the field
of energy scavenging from ambient sources. Modeling and design issues, as well as
their link to top-down and bottom-up technologies and fabrication processes will be
introduced. A special emphasis will be dedicated to the linear resonance and non-linear
mechanical characteristics of NEMS, as a key point in terms of energy efficiency in the
transduction process. A complete self-powered system will be described, considering the
transduction-management-storage chain of the energy, as well as the application
subsystem that uses the harvested energy. NEMS role in the power management and
storage blocs will also be introduced. Finally, the complementarity of NEMS based
energy harvesters with ongoing sensing and communications NEMS based applications
will be envisaged.
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