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Most Important Element in Trillion Sensor Network

Independent Energy Source

1 ton 10 kg, 100 W 100g,<1W 1mg, 1mm3 ;
100 kW HW~mW Y.
el
,
E> E> /
m : /
ENIAC (1 per country) PC (1 per person) Mobile Phone Trillion Sensors
Mainframe (1 per company) (a few per person) (> 150 per person)
4 e
il '
“':::' e ————I—
T Temp %
Infrastructure : —
: tactile Humidity
Flavor Pressure
_ Health Care,
Image Brightness Sports,
- _ CO Entertainment
Position, Motion| L & 2

Building

Physical -Fi
Vibration Domain E,H Field

Medicine, Food

/©“ Voice, Noise PM2.5
Tunnel, Highway T [/ﬁ
Network . w
Cloud )
Computing =
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Trillion Sensor Density

Tokyo State
Area Total: 2,200 km?
Population: 13 Million

&1 e ﬁQLﬁf&J iﬁ
- Sensors = 13M x 150 = 2 Billion / year )
- Average Spacing =1 m

T [ d R e 5

10 mW x 1 Trillion (Simultaneously)
- 1000 BFkW (10M kW)
-> Equiv. to 10 Nuclear Power Stations / Year / Earth

= Ry

Functions Needed

@ @ ; - Energy Harvester-type Power Supply
- Sensing
lem? lem? lems - Time & Location by GPS
Bluetooth Class-3 (1mW) - Wireless Signal-out
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Energy Resource for Power Harvesting

Environmental Vibration

Type Electro Piezo Electro | Sun Light Heat EM Wave Wind
static : :
(This Work) electric magnetic
Ener Medium~
gy Medium Scale Large S”@“ Small Medium
Densit 10 104 10 106 1073
W/cm 101 (@RT)
Use In Dark Possible No Possible Possible Possible
Place
: : No Possible Possible No
Packagln_g POSS.'ble (Window (Hermetic (Hermetic |(Contaminati
Compatibility (Hermetic Seal) Needed) Seal) Seal) on)
Yes
Assembly No No Yes No Yes Yes Vibration
Needed? | Monolithic | Monolithic | Magnet | Monolithic | Pertier Coill Plate
Frequency | Low-High High _High
Flexibility in |Low voltage / Low Freq 1 ld Soft h¢ Thin Smalll
Memo frequency |outputin low — e
design frequency ‘]Fo - » » ¢

2P\ m

Hiroshi Toshiyoshi © 2015, <hiro@iis.u-tokyo.ac.jp>, RCAST, Univ. of Tokyo, http://toshi.iis.u-tokyo.ac.jp/

Page




Compatibility with Low Frequency Vibration

~
Accﬂel m/s?2 Small
0.3 Low Freq. 1 k ¢ Soft Acceleration
Sprin —
0z| 1 fo = e F=mixg,
0.1 Large Large
210 m? Mass? Mags?
N 20 40 60  fHz J
Electrostatic Piezoelectric Triboelectric
MicroGen System
50uW,15V e
o 100Hz, 0.1G ol
G. Hashiguchi Af < 2Hz Georgia Tech. Inst.
Shizuoka Univ. 15 mm x 15 mm 135V x 0.8 uA/cm?
Electrostatic Thin Fil
: in Film
p Induction & -
/ A\ — -
g ‘ = mt
Z ~~~~~~~~ 2 Large Mass
% hi C73_ Limited by /
/h¢ Thin , ) Area '
Beam ™./ e _ PDMS E = 1.5 MPa
y Small Strain £=10% > 1.5 kg/cm?
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Specialty Areas for Vibrational Energy Harvesters

)4

Piezoelectric Ceramics Train Wheels

4 Triboelectric Tires
X / /
ton / / _
Electromagnetic Hand-wound
Piezoelectric Polymers Foot-step
Force o\ Triboelectric J/
F '3(0\6 / // N m/SZ/
kg S Inertia (Walk,
& This 4 me | Wind, Building,
N i
@ Work Bridge)
v Electrets
0.1 m/s?
g >
10 Hz 100 Hz 1 kHz 10 kHz

Frequency f
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Device Principle of Electret Energy Harvester

Electrostatically Induced Charge

Movable Electrode Large Capacitor by
Vlonic Liquid
< 4
FID
’ Fixed Electrode
— amun OMRON _
High Density Electret sensngomeron Frequency-Matching

with Vibration Source

Acizl. mISZ\/ | |
/\ /\ /\ Zz ‘ Road Vibration by
FIVIVY

Wheels
20 40 60 80

Frequency Hz

Running Car
0.1

e P a0 e 9
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Simplified Structure of Comb-Electret Vibrator

Suspension

Contact Pad

Contact Pad

Substrate

N\ 30um
}

Through Hole

(behind the suspended structures)
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MEMS Electret Energy Harvester

Polarization by Doped Potassium lons (K*)

Furnace 950 -1200 deg C
™, i N e N A Y -

pasasmSRRLIRRLL
- o

O2 2 I/min

AL \
”H| MEMS Wafer
|

KOH + H20
40wt%

M. Suzuki, H. Hayashi, A. Mori, T. Sugiyama, and G. Hashiguchi 2012
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Bias-Temperature Process for Polarization

| |
g ]
| |
] ]
g .
AN —~— 1 |
off VBE’ > vax' on Vﬁg7 >
(a) Initial State (b) Voltage On at Room Temperature
] ]
. .
[ |
== R ——
] |
T .
AAN | AA — |
on VEE’ > off VEE’ >
(c) Voltage On at High Temperature (d) Voltage Off at Room Temperature
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MEMS Electret Energy Harvester

Biased-Temperature (BT) Polarization Process

1 Force

@ Activate K* lon

P K* lon Neutralized with
Electron

Thermal Oxide 1um
(Equiv. to 4 um Air)

@ Electron Flow

90— oO—
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Comparison of Electret Processes

Electret Type (TSr:i):IsI?/\}(c))?k) Soft X-Ray Corona Discharge
\ \ \ \ I /h\\ High Voltage
&El \ l l \ SN SN
Principle O 6 o b O aoda8do

e e e e e e e e e e

Polarization Electron Strip Charge Injection, Absorption
Charge Density 10 mC /m’ 0.1~1 mC /m’ 0.1~1 mC /m’
Electret on Yes Partly Yes Partly Yes
Side Wall Near the top surfaces For wide gap only
. : Medium -
Compatibility with Good Organic film needed on side : Dn‘ﬁ_cult
Nano gap wall No discharge in narrow gap
. Low Expensive :
Manufacturing Cost High throughput X-ray source Medium
Wafer-wise Good Difficult Difficult
Uniformity Thermal oxide < 1% Film coating dependent Discharge distribution
Electret Density : Flexible : Difficult(?)
: Location and voltage Medium :
Design Wafer-wise process
controllable
Compatibility with Good Good Difficult

MEMS Process

Hermetic sealed

Hermetic sealed

Assembly needed
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LED Operation by Electret Energy Harvester
Continuous 1 pW, Impulse 100 uwW

Tri X
N/ -
D2 R1
. il 77T LT
Tr2 Tr3 Trd Trh
R2 = Yy, LED
DUT DI Cl= T

Shaker

100 Hz - 1 kHz 3
@1 m/s? LED OFF

M. Suzuki, H. Hayashi, A. Mori, T. Sugiyama, and G. Hashiguchi 2012
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Lifetime of Electret (K* in SIO,)

Time to 1dB Degradation (hours)

1011
1010
10°
108
107
106
10°
104
103
102
10t
1
101
102

103
1

Accelerated Test, Defined by 1 dB Drop

Temperature T (degC)

Hiroshi Toshiyoshi © 2015, <hiro@iis.u-tokyo.ac.jp>, RCAST, Univ. of Tokyo, http://toshi.iis.u-tokyo.ac.jp/

Temperature 1000/T(K)
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e i
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G . e

- 8 rc:/ )

pe==s _
—_—
BEaREm
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Years

100
Years

1 Year
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Demand-Supply Curves for Energy Harvesters

Range 300 m
100mwW DSP for * 100 mW
SMP
B 10mWwW * Range 100m
R = 10 mwW
Pa GPS for SMP
2T
(@R
=
p) Range 30 m
= 8 L e e e e N e s s e B B B o B 1 mw
% Pressure
0 Sensor iﬁ{
100puW |- & Range 10 m
a e ) 0.1 mw
OMRON )
5 50-100 yW  orN®
f\ > 10pW A/O/Shizuoka Univ. (>10pW)
o7 [ [ I
% ({VU Tokyo
Quartz watch 2010 opw 2015 2020 2025 2030
10 pwW FEEN
‘ | MEMS Accelerometer Year
<10 pw
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MEMS Energy Harvester with Electret Combs

5KV X9 </ 50 34 SEl

M. Suzuki, H. Hayashi, A. Mori, T. Sugiyama, and G. Hashiguchi 2012
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Electret Power Generation by Comb-Electrodes

G W,
SOl Height DRIE Rate e
\
SOl ‘Const Cost H RDR|E q\’
Electrode Width (Top) Width (Bottom)
] HSOI
WELEC = 2[_[s.m sin (Q' P / 2) T WCORE
Verticalness
Number of Electrodes s  —| |— .
1 WCORE HSOI Sin(Q' ,0/2)
N U
gp + Welee T

HSOI

NXHSOI u HSOI
G {G+2H, sin(q- pl2)+Weope} XG
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DRIE Roadmap

Data Courtesy: SPP Technologies Co., Ltd

Trench
Width Sample SEM Parameter
e Depth 50 um 100 um 130 pm
T
.@ ‘H I { ’ 1 ”‘ l’ 1” Aspect Ratio S0 100 130
1.0 um || "U*;*: I
I HH | ”* | | Etch Rate | > 2.0 um/min | > 1.2 um/min | > 1.0 pm/min
A et
Angle 90+£0.2° 90+0.2° 90+£0.2°
Depth 30 um 60 um 75 um
Aspect Ratio 30 120 150
0.5 um
Etch Rate | > 0.8 um/min | > 0.7 pm/min | > 0.6 pm/min
Angle 90+0.2° 90+0.2° 90£0.2°
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Estimation of Power Generation Growth (over 2005)
Growth 100x in 15 years (2005 - 2020)

1000

100
10
|
1 7 m !
2000 2005 2010 2015 2020 2025 | LSPT
P IJ- HSOI

{G+2Hysin(g- pl2)+Weope} G
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Demand-Supply Curves for Energy Harvesters

100mwW Range 300 m
DSP for e 1TRS ey 'j\ 100 mwW
SMP 200§ 20 ~'9 Effocy (E &
47 =~20 Jergy Min; > Smartphone  Power
TS um) Supply by 2030
— WO, T T~
o 10mWp--ooee-- K ¢ C,O\%f........_________::_:_.____V ________ Range 100m
~— — - ‘\0 m
> GPS for SMP T -o (;6960\” — 4’
felie, 2% - __ Target 10 mW / Coin
Q. % % Kinetic Energys® -~ ~| size by 2020
- { ) )| Of Vibrating Mass " ~~~~~ _-
n £ 1mw / 1g, 1G, 100Hz, 25mW “ex’I ~~~__ _-~" |Range3om
= 8 > ‘ 1 mw
; Pressure
E Sensor
100pW Range 10 m
0.1 mW
& 50-100 pW N~
f\ 23 10puW r\/O/éhizuoka Univ. (>10uW)
N ({VU Tokyo ! ! !
Quartz Watch 2010 10 |J'W 2015 2020 2025 2030
10 pw
| MEMS Accelerometer Year
<10 pw
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Device Principle of Electret Energy Harvester

Electrostatically Induced Charge

Movable Electrode

Large Capacitor for

Output Coupling
|
D
” Fixed Electrode
[ = OMRON _
High Density Electret senangtomenone Frequency-Matching

with Vibration Source

Aci:l. mISZ\/ | |
/\ /\ /\ Zz ‘ Road Vibration by
VIV

Wheels
20 40 60 80

Frequency Hz

Running Car
0.1
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MEMS Energy Harvester with High Density Electret
Target 10 mW or Larger

+

< — )
\—/
Rectifier
T~ Power —_
) Management
\—/ )
N— —
N——

0.5mm

|__— MEMS EH Cells

~/ ) Button-like
Package Package
High density
Electret & z
—
Movable = t
P R N Ll ECl -
0Y0Y0gR000
Fixed E/Iass I__"
MEMS High Capacity
Mechanism Coupler b
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lonic Liquid for Output Coupling

Large Capacitor due to Electrical Double Layer (~ nm)

fForce
*Force - S SESES

- @'@/_ lonic Liquid D D D
_ _ _ CeH1;N,-BF,
@@@] ( )
Q9 3 000
QDD SR

~nm
Electrical ——
Double Layer

A
Electrical _*—[

Double Layer ——
~nm

Q Solid lon

Electret

S. Yamada, H. Mitsuya, and H. Fujita, Power MEMS 2014 v
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lonic Liquid for Output Coupling

Voltage Window (capacitor) +/-1 ~ 3V
*FOI’CG @

Electricalﬁnfv_ C_) @ @ @ C—) C_ﬁ’ E E E E E E
Double Layer — [@ @ @ @ @ @ @] ! i : ]
SACASECESACKS)

Electrical —¥——

50

|
|
T 1 1 | 1
:lll.-l — _ — i — - —— | — — _— . — — | S— | FE— ) — - _— . —
o BB OO0 ®] o | | 1T :
: ) Solid lon & e 1 1 1 : 1 : ! :
= Electret k@ ! | !
‘ 1 1
< \a | | :
E | | | : 1 1
Sungni® 1 i 1
> DEMEBF, | i A
'-E I-I | 1 = _I _ 1 1 1 1 1 1 1 1 1 1 : _I _I _ = : _
E T : 1I_ 1 1 1 1 1 1 1 1 1 1 : : _Ir
E : 1 1 1 1 1 : | 1 1 1
E : 1 1 1 1 1 : | 1 1 I
. mH— + — — B
'LI 1 Py R-LIetdn W Lh-mathyl-M-{ 2-rmetho wy ethvlammoniurm |

tetrafluorcborate

-EU—‘I'—

ks trifluaramethanasult o Iemide

DEMETFSA I s [ MW-Diethyi--methyl-M-{ 2-rethosyethylammoniurm)
P Lo

mmm | <Ethd-3-mathylimidazolium tetraffucroborate

a0
-5 -4 -1 1 5 ]

Potertial (V ve. Ag/ApCl)

HE: BEHTR—ILT A9 AR EEHP (http://www.nisshinbo.co.jp/index.html)
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Examples of lonic Liquids
MEMS EH & lonic Liquid: Detalils to be reported at MEMS 2014 in Portugal

~
( MECVULVFN EUS=oL EQyS=oL FUoEZD L RARZ L RAILR=) L
©
7 R/ N N\R Rz N+ s RyP™R, /S+\
L R /\R R R, R3
J
FrSTILAE ~NFHIILA Ti,N )
=i _ ﬂ'\rbﬁ*&_ D'J‘/ﬁiﬂ% HILR B _ 0O 0O
§ Fav r 3C
< T/ Bk RV O @)
H,N-CH-COO™  R,-PO, R-SO;
R Y
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Summary

1. Energy harvester (EH) Is the key
device for future trillion sensor era.

2. Solid on can make high density
electret source for MEMS EH.

3. Silicon micromachining has favorable =~ [

o
2>

00 #*
3 “o‘co\) 7

GPS for SMP %5
S %
25 Kinetic Energ Shitt 10 size by 2020
2 )4} of Vibrating Mass
B E ) S R0
=
CU o

i

electret EH output (100-fold In 15
years).

4. lonic liquid would further push up the
efficiency.
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Wireless

GPS (x,y,z,1)
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