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** Powering loT — Vibration (mechanical) Energy Harvesting (VEH)

¢ Electromagnetic (EM) Vibration Energy Harvesters
— Linear (narrowband) to Nonlinear (wideband)

+* Scaling Issues of EM-VEH Devices: MESO to MEMS scale
— Challenges and Roadmaps

** Power conversion - Employing Micro-Nano-Magnetics

¢ Roadmap and Future Directions
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Powering loT - Vibration (mechanical)
Energy Harvesting



Internet of Things (loT) & Energy Harvesting

%Tyndall
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Internet of Things (loT) — Wireless sensors/nodes connecting things / devices to internet
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Farhan et al., Energy Efficiency for Green Internet of Things (loT)
Networks: A survey, Network 2021, 1, 279-314

Not suitable for
‘fit-and-forget’
Applications!
Costs? Pollutions?

Wireless Sensor Nodes & associated
Networks
Building blocks of loT

Low Power RF
MCU Transceiver

Sensor(s)

Self-powering?

Energy Harvesting

PR
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Vibration Energy Harvesting (VEH)

Mechanical energy is most easily accessible — Ambient Vibrations
Low amplitude vibrations can be found in every sphere of life — Huge Opportunity
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Different Transduction Methods

Comparison of Different Transduction Methods

& Tyndal
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* Based on changing
capacitances of the charged
plates.

* The voltage will change as the
capacitance changes.

Charge displacement occurs | *
when the material is
strained.

Thus a potential difference
is obtained.

Based on the Faraday’s
Law of Induction.

When a conductor moves
through a magnetic field,
a potential difference is
induced.

e Suitable for MEMS

* Low o/p voltage at high
operational voltage

* High impedance values

Active materials for .
fabrication, brittle.

High Voltage, Low Current .

High Impedance values .

Do not need any extra
component.

High Current, Low Voltage
Challenging in MEMS

9



Inertial Energy Harvesting System

B R

Ambient
Vibration

Mechanical-to-electrical

Transducer

Tyndall
- (Energy Storage\
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Circuit Management
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Power Management Unit

(PMU)

Second Order Spring Mass Damper System
mx(t) + (c;p+ co)x(t) + kx(t) = —my(t)

Power dissipated in the electrical damper

w 2
Ce (w_n)sYO (’03

Pelec =

At Resonance:

l)elec |oo:oon -

2on[(2r ()2 + (1 - ()2

c.m?Yy’w,*
2(Cy + €e)?

10°

-
o
I#

Normalized Power
—
o

=y
S,
-

0.1
—0.05

Damping
—0.02
—0.01

=7 N .
106 05 i
Frequency

15



Inertial Energy Harvesting System

| , Tyndall
i :
i i p (Energy Storage\
(_L | Conditioning &
H i Circuit Management
: : \. _I_
| | T
A.mbu?nt I Mechanical-to-electrical i Power Management Unit
Vibration i Transducer | (PMU)
Principle governing EM generators is Faraday’s Law
do
EMF (V) = —N %
. do
v Induced voltage V, = ZmaanNE
Load Voltage V;, = V, —%
—— oad Voltage V|, =V, (RL+RQ)
Motion Direction

. v, 2
Power delivered to load P; = —=

ZRL '
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Electromagnetic (EM) VEH:
Linear (narrowband) to Nonlinear (wideband)



Commercially Available EM VEHs
Tyndall

National Institute

EnOcean Light Switch

* Energy output 120-210 pJ at 2V

* Dimension:29X 19 X7 mm?3

e Application: Wireless Light Switch

Perpetuum Energy Harvester ReVibe Energy Harvester
, » Bulky — weigh 1.03 kg * modelD: 61 mm (height) x 32 mm
o (diameter)

S ¢ i * 4.2mW, 8V, 0.525 mA @0.05g
' e 2mW @ 60 Hz and 0.1g

Applications: Railroad, Industrial
monitoring e Application: Industrial monitoring

Remarks:
* Majority of them are bulky, heavy systems

* Most commercial products are linear or single frequency
* Focuses on structural, infrastructure and industrial monitoring applications °

* Need for miniaturization is clear ’



Macro/Mesoscale EM VEHs — SOA in literature

NdFeB

Steel magnets

/ washer
-
£

Copper
coil

Tungsten
mass

Tecatron GF40

base Beam Zintec keeper

S. P. Beeby et al., J. Micromech. Microeng.,
17,1257 (2007)

= Volume -0.15 cm?3
= Power—-0.046 MW @ 0.06g
" Frequency —52 Hz

I mass

== External magnetic springs
= [nternal magnetic springs

. B

V. Nico et al., Appl. Phys. Lett., 108, 013902 (2016)

= \Volume—-12.1cm3
= Power—-2.75mW @ 0.4g
= Frequency—11.25Hz

Metal for Magnetic Actuation

Diaphragm Resonating with Ambient Vibration

H. Kulah, H. Najafi., IEEE Sens., 8(3), 261 (2008)

Volume — 0.3 cm3
Power —120 uyW @ 1g
Frequency — 64 Hz

machining

» Reasonable Power Density

National Institute

€ Tyndall

D. Mallick, S. Roy, Sens. Act. A, 226, 154 (2015)
= Volume —2.65 cm?3
= Power—-0.5mW @ 0.3g
" Frequency —58.6 Hz

% Volume - 0.1 cm? to higher

» Discrete components assembled together — Fine

* Magnet array to increase flux density

»* Lower Frequencies — Application relevant

9




Magnetic Flux Distribution
Suitable Magnet Coil Arrangement — High Power Generation §Tyndal
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Halbach Array

Moving direction

<:> Halbach array

Alternate Oppositely Polarized Magnets

' ! ! ! | ! | ! !
EEFEENEEEESEERIEEN RN IEENIANEIR

S. Roundy, E. Takahashi, Sens. Act. A:Phys., 195, 98 (2013)

Double Cell Configuration

Cantilever
Beam

D. Zhu et al., Smart Mater. Struc., 21(7), 075020 (2012)

Closed Magnetic Circuit

Coil Stationary
Magnets

Moving __—T

D. Mallick, S. Roy et al., Smart Mater. Struc., 24(12), 122001 (2015) A. Marin et al., J. Phys. D: Appl. Phys. 44, 295501 (2011) d

Soft Moving Soft
Magnet Magnets Magnet



Vibration Sources — low frequency & Tyndall
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Resonant, Impulse, Shock Broadband, Random, Noise
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Nonlinear Energy Harvesting
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Nonlinearity introduced through modified stiffness of the devices 2
broader frequency response

Amplitude

—— Nonlin
——VLinear

ear
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Frequency
N dU (x) ¢+ F(0)
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dx Y
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Monostable \* .
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U(x) = —>a(l - r)x? + ZBx"

Potential energy

L

lr=1)
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«, B are constants
r - determines nature of nonlinearity
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Miniaturized Nonlinear EMPG Systems

Mono-stable Nonlinear EMPG

Tyndall

National Institute

(@) 10°Y " 0.05¢
Soft Magnets —_ 2 —0.089
g 10 —0.1g
=3
o —0.5
% g
a 10°
=
FR4 Spring § 10.1

\\g r

Fixed Frame

(a)

Experiment

40

50 60 70 80 90

Frequency (Hz)

Mono-stable nonlinearity from
stretching strain in addition to
bending of fixed-guided beams.

0.5 mW of peak power under
0.5g acceleration

Bi-stable Nonlinear EMPG

FR4 Device

1cm

) Structure
Copper Coil

/7

» D Mallick, A Amann, S Roy; Smart Materials and Structures 24, 015013, (2014)

K/

‘ Experiment L

30
Frequency (Hz)

% S Roy, P Podder, D Mallick; IEEE Magnetics Letters 7, 1-4, (2015)

Bi-stable nonlinearity from
magnetic repulsive interaction.

29uW of power under 0.5g
acceleration.




Combined bistable-quartic nonlinearity- Meso scale

P — P

Bl FR4 b Thickbeam Deflection ‘e
Soft s (mm) _34
Magnet —— .

" Nylon

I NdFeB
Copper Stretched beam Bistable 0

- Force
Coil

[ ] Glass

4
E g 2
> (]
o °
S € | Linear
5 g | force T
g & ) “a,
. Cubic force ™
_4 1 " N 1 N
-4 -2 0 2 4 -4 2 0 2 4
Deflection (mm) Deflection (mm)
"""" Linear === MQT (Monostable-quartic)
---- BQD (Bistable- —— BAQT (Bistable-quartic)
quadratic)

U Stretching of the clamped-guided pair of beams contributes to mono-stable cubic nonlinearity

U Bi-stable nonlinearity is incorporated by the repulsive magnetic force at the tip of the cantilever

O 1403 W of power at 1g ¢ P Podder, D Mallick, A Amann, S Roy; Scientific Reports; 6, 37292, (2016)

+ S Roy, P Podder, D Mallick, A Amman; Patent granted — EP 3311472, Jan 2020; US 10971986B2, April 2021
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Electromagnetic (EM) VEH:
Meso to MEMS Scale



MEMS-scale EM VEHs — SOA in literature

Nonlinear Spring Structure

Electroplated

e ) lcm

v Ny e — -
D. Mallick et al., J. Microelectromech. Syst.,
26(1), 273 (2016)

= Volume-0.1cm3
= Power—-2.8 uyW @ 0.5g
= Frequency — 630 Hz

H. Liu et al., Appl. Phys. Lett., 104, 053901 (2014)
Volume —0.16 cm3

Power —0.06 nW @ 1g
Frequency — 384 Hz

M. Han et al., Sens. Act. A: Phys., 219, 38 (2014)

National Institute
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Folded ¥ibration plate
beam

pillar
{
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Coils

2mm

= Vo (St oo
TR TR y 06 1025

S. Kulrni etal.,, Sen. ct. A: Phys.,
= Volume —67.5 mm3 Y

145, 336 (2008)
= Power—-10nW @ 1g

= \Volume—-0.1cm3
= Frequency —48 Hz = Power—23nW @ 1g

" Frequency — 9830 Hz

+* MEMS — micro-scale features

+* Semi (most) or Fully (few) batch-fabricated

+* Si or non-Si (PDMS, electroplated Ni)
suspension systems

+* Bulk Magnets ¢

Y




Benchmarking the MEMS EM VEHSs

National Institute

yndall
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Scaling remains the main issue

MEMS reduces cost Tynda"
Trade Off: Size vs Effectiveness
10° —rrre—r—rrrrm
2
101 Target
10 4=
__10°
E 10 Conventional
\ -2 machinin
o 10 g
= 10°
o ]
o 10™
107
10-6 @ Macro/Meso-scale
107 Micro-fabrication | © MEMS scale
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Scaling Issues of EM VEH Devices:
Challenges and Roadmaps



Scaling of EM VEHs
Tyndall
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Maximum load power generated by a EM Generator at resonance for matched load

m?a,?

PL —
8cm(R;# + 1)

do . . i
Where, y = Nd—;’; is the electromagnetic coupling
2

m oc L3 %
Casel: ¢, K — ForR.—0
c,x<L R¢
o L L7 ay? Coil damping dominates at large scale
! » Prcts m2ag?
R.oc Lt L +1 p, ~ M™% 5, 2
ZC 3 L 8Cm 0
Y2/ Rc < L
%
Two asymptotic scaling laws Casell: ¢, » R
: C
can be obtained: mechanical damping dominates at small scale
2, 2
P, c L>ag? ForL— p ~ M a oc 1722
L 8cm?%R 0
m 0C

P; L7a02For Lo>O0
D. P. Arnold, IEEE Trans Magn., 43(11), 3940 (2007) '



Scaling of EM VEHs (ll)
Tyndall

Let us take a look at the electromagnetic damping term Netioral it

Number of Coil Turns <-|\N2 (d(pSZ_J" Magnetic Flux Linkage Gradient
dx

Ce — ¢ More important than flux density
Rc + R,

= Decreases with scaling

= Limited by technolo
: }‘/ “* Magnetic flux density from PM
scales independently of size

Coil Resistance

¢ Flux linkage gradient depends on
area of the coil

(4N3 — 4N? + N) If generator scales by factor b

Micro-fabricated Coil Resistance:
8pCu(d0 + dl)
RC — >
(dg — dj)

Rc is inversely proportional to the scaling factor

* Flux density gradient increases by b

1.06 403 1.0E:02 * Area of the coil decrease by factor b9

—4— Wire-wound Coil Jok
-&- Micro-coil AT

} 1.0£03 * Flux linkage gradient decrease by b

106402 447

+ 1.0E-04

Rc (Ohms)
o

10E+01 4 t
+ 1.0E-05

Electromagnetic damping (N /m)

1.0E+00 1.0E-06

e . wh B A HE C. Saha et al., Microsyst Technol (2007) 13:1637-1645 '

Dimension (mm)




Micro-fabricated Coils in EM-VEH

Single/Multi-layer micro-coils TyndaII

SEI OkV

‘‘‘‘‘‘‘

Electroplated Single Layer per Coilt

= 20 Turns,
= 3.6Q,
= 22 pm thickness

[

\

Sputtered Double Layer Cr/Au Coil3
m 57 Turns,

= 12.7 kQ,
= 30/30width/spacing, 350 nm thickness

National Institute
T

00
100 pm

Electroplated Double Layer Copper Coil?
= 144 Turns,

= 190Q,
= 10 pm track width, spacing,
thickness

+* Sputtered Al, Cr/Au coils — very thin, high
resistance

+* Electrodeposited Cu coils — thick, low
resistance, low cost

1. Q. Zhang, E. S. Kim, Proc. IEEE, 102(11), 1747 (2014) ®
2. D. Mallick et al., J. Microelectromech. Syst., 26(1), 273

(2016)
3. K.Tao etal., J. Micromech. Microeng., 26, 035020 (2016) ’



Roadmap for Micro-fabricated Coils
Improving the packing density: §Tyndall
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Su-s™

St

parylene copper

SiyN,

Cu

Parylene conformally coated
high density coil?

Via

 Doubles the number of turns

 Complex fabrication process * Increasing the stack height?

e Concern: dielectric breaking - — = " B8 °* |Increasing the aspect ratio
electrical short circuit 250 um (AR=w/h)

. i  Using standard lithography, it is
MEMS compatible 3D coil®: possible to develop as high AR as

. i 3
Wire-bonded 1:17 and 5 um resolution

3D solenoid structure

1. F. Herrault et al., J. Micoelectromech. Syst., 19(6), 1277 (2010)

. . 2. C. Ruffert, H. H. Gatzen, Microsyst. Technol., 14, 1589 (2008)
N um ber Of Wi nd I ngs 3. R. Anthony et al., J. Micromech. Microeng. 26, 105012 (2016)

iS ||m|ted by the pOSt 4. K. Kratt et al., J. Micromech. Microeng., 20, 015021 (2010) .

height d




Integrated Permanent Magnets
§Tyndall

Key Challenge: Permanent Magnet Integration National nsitue

Ni planar sprmg Vibration T Magnet

Glass substrate

Supporting beam

Bulk NdFeB
Magnet

substrate

sp;cer DIP base e Main meso-scale element in MEMS
Liu et al3 EM-VEHs

e Barrier in batch fabrication o

Y

1. X. Daietal., Appl. Phys. Lett., 100:031902 (2012).
2. H.Liuetal.,, IEEE J. Microelectromech. Syst. 23(3): 740-49 (2014).
3. H.lLiuetal,J. Micromech. Microeng. 22:125020 (2012).




Material Challenges
Tyndall

State-of-the-art Permanent Magnet Materials National Insttute
1400 —m——Mm@m@™@Mm—————r—————1—

] I Electrodeposited PM
© Sputtered PM
1 200 - 4 Powder based PM

1000 -

o0

o

o
[

o

o

o
[ |

Room

temperature .

Electrodeposited
Alloys

200+

Coercivity (kA/m)
b
o
<

00 0.2 04 06 08 10 1.2 14 1.6
Remanence (T)
* Rare Earth Magnets — High Temperature processing — as such Not MEMS compatible

* CoPt/FePt - L,, phase — CMOS compatible deposition — High temperature (700°C) annealing ®
* CoPtP/CoNiMnP/CoNiReP - Co hcp phase — can become hard magnetic at room temperature '



Integrated Permanent Magnet Development

Electrodeposition — low cost, high deposition rate e TyndaII
Pulse Reverse Plating (PRP) of CoPtP Permanent Magnets — Low Stress

Conventional DC Plated Film Typical Reverse Pulse Waveform
Room Temp., 20 mA/cm?

]
c
L
S
U —
Toge=0.5ms i Tor=0.5ms
Trey=0.5ms
0.5 mA/cm?
SQUID Magnetic Measurement Hysteresis Loop
Lo — LT —
Optimized PRP Plated Film 0.8]| — Ferpendicular 1 0. perpendicular
Room Temp., 20/10 mA/cm? 06— 0.6
- o4i(@) 041 (b) y
n e ] (2] =
< 0.0 = 0.0
= 0.2 S 2] 7}/
0.4 0.4
0.6 -0.6
-0_3.: -0.8 -
1.0 -1.04
20 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 '20 -20 1.5 -1.0 -05 0.0 0.5 1.0 1.5 '20
H (Tesla) H (Tesla)
Hc (1) - 24 kA/m Hc (1) - 175 kA/m
Ho (L) —41.4 kA/m H: (L) — 268 kA/m ®

The grain size of the films increase from 6.4 nm to 22.5
nm as the thickness grows from 0.9 um to 26 um . .
D. Mallick, K Paul, T Maity, S Roy, J. Appl. Phys.125, 023902, (2019)



Design Challenge — Integration of PM
Tyndall
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Demagnetization Field

o
>

=
=
=
e

«— Magnetic Field

N
-

* Theinternal field H actinginasample H=H,,; + H,
H., - External field
H, - Demagnetization field generated in the sample

 The demagnetization field (H; = —DM) act to demagnetize the magnet in
opposite to the magnetization direction

* Free magnetic poles at the terminating ends of the magnet

e Strength dependent on the magnetization and the physical magnet shape



MEMS Electromagnetic vibration energy
harvester using patterned magnets éTVndaﬂ

Cube

»Solution: Increasing the magnetic
Stripe

element edges while trying to retain the
overall magnetization //

»Replacing thin film or block of a magnetic ____c_;:n_n_q@[s____
material by Array of Patterned Magnets SSSeeesesssIses
hi?ﬁ%lﬁitdag;z}rty vibration direction  micro~coil ‘:‘:“.“‘“"‘““ss“““l“s:““
— — s
(3111])

\silicon springs/ \ silicon spring

Poor performance of the integrated
EM VEH due to low stray field of the
block of permanent magnet

1l
—

Magnetic flux density intensified over
small space due to the increase of
the magnetic element edges

» Motivation: Development and optimization of patterned
magnetic micro-structures with next-generation material
that shows superior hard magnetic properties.




Integration in MEMS EM VEH Structure

Finite Element Study on Magnetic Patterned Structures
CoPtP; Thickness — 50 um

Top
View

Cross-

sectional N - B

View

Material -

5 X 5 mm?2 block
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Tyndall
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0.05x0.05 mm? squares; 0.05 mm interspace

D. Mallick, K Paul, T Maity, S Roy, J. Appl. Phys.125, 023902, (2019) '



Micro-patterning of MEMS scale PMs

Soft magnetic mask — pulse magnetization method éTynda"

National Institute

Micro-scale magnetic patterning process

1) s Hard magnetic layer ] o
on Si substrate Soft-magnetic mask fabrication

%) o SU-8 photoresist
T H., Seed layer: Ti/Cu
* + Uniform pre-magnetization

(north) of the hard magnetic film

A North South o mm mm Ele;t;gzl.a;iigm
3) ¢ cht
magnetizing
mask wafer .
magnetic Magnetic North / South Array * NdFe B; CoPt PMs
film wafer

** FeCo SM (Bsat = 1.3T)
Magneto optical Characterization:

—Co-rich Co- Pt

romch S o Concerns:

 Pulse reversal field — dependent on
coercivity of PMs

| Unv UAV V V V UAUAUAVHUI\U“U[\U&U \J  Diffraction during reverse pulse

magnetization ®

(o)

e
T

[d

Stray magnetic field (mT)

D (=
Ll il B
e s L S
P . i

'
O&

05 I 15 2
X (mm)

0. D. Oniku et al., J. Appl. Phys., 115, 17A718 (2014) °



Optimization of the magnetic structures in terms of interspacing and aspect ratio of the array
<A

0.24

—

= E . '!5% - (a) s’::sg::’a - (b)

> 0.201 q’*”-x'-g;._"?""*"bs\.%‘:g_,Cubmds ez, Cylinders

= Ceto e le 2 528 %555 %5 %s

w J e, 3 s sSs

S 0.16-

© J

3 0.124

— ] =@ Thin film of magnet

=] 0.08 - =@ 10pm interspacing

"q-,; - - 30um interspacing

[ —@=— 50pum interspacing

g 0.04 - —@=— 75um interspacing

= A —@—100um interspacing
0.00

0.05 0.10 0.15 0.20
Total volume (mm3)

0.00

Four novel topologies for the MEMS EM-VEH

0.25 0.00 0.05 0.10 0.15 0.20 0.25 0.00
Total volume (mm3)

0.06 0.10 0.15 0.20

patterned  Multilayer Silicon Silicon
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0.25
Total volume mm3,
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Topology Square coil _
(mWb/m) coil
(mMWb/m)
First 2.40 10.18
Second 6.79 18.73
Third 16.21 39.40
Fourth
32.60 53.03
(20um SM)

¢ |EEE Power-MEMS: K Paul, D Mallick, S Roy; Dec (2019)
+» |EEE Mag Lett; K Paul, D Mallick, S Roy; 12, 1-5, (2021)




Roadmap for Integrated EM VEH Devices

Invited Article: S Roy et al; IEEE Trans. Mag. 55, 4700315, (2019) é Tynda"
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flip-chip )
bonding magnet array magnet array mL_'lt"IaV?r
flip-chip bump + flux density - flux density micro-coil
bonding ma multi-layer
gnet array no magnet array A N _
bump + flux density zero flux density micro-coil Wafer-1
Wafer-1
Wafer-2
= m n e
~ m magnet array magnet array -
silicohspr‘mg movement direction silicon + flux density - flux density silicon
spring spring

movement direction

* 0.37 uW * 2.55 uW

0.13 uW ‘ 1.43 uW ,‘

flip-chip Soft magnetic layer )
flip-chip bonding magnet array magnet array multi-layer
bonding magnet array magnet array multi-layer bump + flux density - flux density micro-coil
bump + flux density - flux density micro-coil

Wafer-1

Wafer-1
Wafer-2

Wafer-2 I I I I

\ ~ Wafer-3

silicon'spring movement direction t magnet array
- magnet array e
5""_:0" + flux density - flux density 5""_:0" ®

. spring Soft magnetic layer spring

*¢ Integrated devices can be further significantly improved by optimizing ()
patterned magnets/coils and novel nonlinear spring topologies movement direction




Performance of linear and nonlinear MEMS EM-VEH
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”E Acceleration Nonlinear-c
5 = 467/ —*10g,up
g ‘s_; | " 1.0g, down (f)
0= £ 167] . .
= c
2 3
5% §o.1s71 """"
S 5
o
%m 0.0167
0.00167

800 850 900 950
Frequency (Hz)

Reference | Volume Acceleratl Resonant/ Power density
(mm3) on ( Bandwidth

Resonant peak  0.16pW/cm?3

48Hz

Resonant peak  0.15pW/cm3
840Hz

Resonant peak 0.056

82Hz, extended HW/cm3
up to 146.5Hz

Resonant peak  52pW/cm3
614Hz,
bandwidth 4Hz

Non-resonant,  7.73puW/cm?3

bandwidth
25Hz (921-
946Hz)
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Power Conversion
employing micro-nano-magnetics



Evolution of Integrated Power Magnetics %Tyndall
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o

Integration of
magnetics

Separate bobbins,
windings, cores

a) Coupled Inductor
b)Single Inductor

Switch Mode Power Converter Planar PCB Magnetics

PCB Integrated

Magnetics Integrated Passives
on Si

« Allowed current ripple;
« Ai=(Vin—Vtrans —=Vout)D/(Lf)
« where : D =duty cycle, L= inductance, f = switching

frequency. o

For small L & high Efficiency- need high f d




Magnetic Material - Losses Tyndall

National Institute

¢ HySte resis LOSS Remanence: ameasure B Saturation [
of the remaining magnetization ===
— Arise from domain wall motion troppea ozems
— Area within B-H loop 5 Strengh of
_ 2 Coercivity: ameasure > Mmagnelizing
Physteresis = 4. f. Bac Hc/Bsat of the reverse field needed

.. . . L. ) to drive the magnetization
Where; H, = coercivity, B= Magnetisation, H = Magnetising field, f = | to zero after being saturated.

frequency

/ signal

e Eddy Current Loss === St
— Eddy currents resist change in
magnetic field
— Reduced by keeping thickness below
1 or 2 skin depths Eddy current
— Skin depth, 5= (2p /aou )** ogs ﬂ%
Where; p = resistivity, @ = angular frequency (=27f)
e Anomalous Loss
— Inconsistencies in domain wall motion
— Often calculated as; Py, = Ppysteresis Peddy current™ Panomatous ¢



Targeted Properties for High-frequency & Tyndal
magnetic mate ria IS National Institute
T '.ni\ '
e o0 ] :‘: RV
0000 OQQ&D H o .
DDDO GDDO = N 06 o o
OOOOOS}EDC% (h/em) v o o, FelBS
8{}%{%% DGDCSZ}OQ: P .? o
00009 o . NI
e T .T. o p-urmfﬂ. X
D=5 to 30nm 0.01- ETM.:.J ANIANE o
0.001 -
inm Tum 1mm
Grain Size D

e Coercivity (Hc) < 2 Oe

e Permeability (p,) - 300-1000

e Saturation Flux density (Bs) — 1.5- 2.4T

e Resistivity (p) - 30-500 pQxcm

o Cut-off frequency for eddy current loss ( /ed) — 100-500 MHz
e Anisotropy field (H,) — 10-500e

» Natural ferromagnetic resonance frequency (/wz) — 1-3 GHz




Pulser & Pulse Reverse Plating of Magnetic Core Layers

§Tyndal|

Nato all stt te

Control
electronics

1L

S1

Iforward é

I reverse

[T

electrodes
bath CHI 660B Potentiostat Wafer Plating

T

A 4

Cort Loy Lo

—

Voltage regulation & timer circuit

1:forward

I forward

reverse

Rectangular wave at particular frequency

A 4
A
A 4
A
A 4
A
A 4

A 4




Nanocrystalline NiFe precessional dynamics € Tyndall
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175 -
| o 9947 Alm
1504 B | o 11936 A/m
- 1 4 13925 Aim
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E ]
& 50-
[ 4
2
g 25
& 4
0
-25 T v T T T v T
2000 4000 6000 8000
Frequency (MHz)
125
- —o— 9947 A/m
—o— 11936 A/m
75 —4— 13925 A/m
—— 15915 A/m
50 —<— 17904 A/m

Nanocrystalline grain 13 ,,
structure (grains ~10nm) § °T " 2000 400 500 " 10000

Frequency (MHz)

2 @Mo @“0 M H;

JEMR = A2 HBlas 75




oy Sputtered CZTB Laminated Stack € Tyndal
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600 . , 200 - Institigid Naisidnta
——ur'-S#1 150 I
—ur"-S#l T
i | 100
400 I 50 ://
3~3()O_ g 0 HHHHHHHH{H)EHHHHHHHHHH
200 . /5
i 100
100+ 150 T
0 s - -200 e
10 100 1000 10000 100 -80 60 -40 20 O 20 40 60 80 100
f(M HZ) Qersteds

Saturation, B, |1.2T
Coercivity, H, |5 A/m

Resistivity, p 115 pQ
cm

Permeability, 4 | 490

« Lower Hc =>lower Hysteresis loss
« Higher resistivity => Lower eddy current loss
« Better frequency performance ®

9

% Lesker multi-target sputtering machine has been installed lately within
Tyndall cleanroom with ~ €1M SFI Infrastructure grant to S Roy




Solenoid Micro-Transformer with laminated core
oV Wi | € Tyndall

National Institute
InstitiGid NaisiGnta

Sputtered
Magnetic

Passivation . Interleaved plated
Top copper  Laminated corg

copper windings

Dielectric 3 W
a

Dielectric 2

Bottom copper

Adhesion layer

! ! Laminated CZTB/AIN magnetic core
Dielectric 1

Silicon wafer

Section of solenoid structure

Advantages of a solenoid construction:-

« Laminated core fabricated on a single
layer (unlike a closed core which requires
two layers) => Lower cost

« No magnetic via required to connect top
and bottom magnetic layers o

Devices prior to final passivation



Roadmap: Future Direction Tyndall

MEMS EM-VEH & conversion enabled by Micro/Nano-magnetics - Powering Natlonay nstiue
Internet of Things (loT)
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