’ Institute of Sensor and Actuator Systems

isas
B>

Piezoelectric Microsystems:
Material Aspects, Devices and Applications

Donnerstag, 26. Oktober 2017
U. Schmid, M. Schneider



Univ.-Prof. Dr. Ulrich Schmid

« 1993-1998 Study of physics in Munich, Kassel, Nottingham (GB) and Frankfurt/Main

« 1998 Diploma thesis at the microelectronics research lab of the Daimler-Benz AG in
Frankfurt/Main
,Preparation and characterization of lateral field effect transistors in 6H-SiC"

« 1999-2001 Ph.D. student at the microsystem research lab of the DaimlerChrysler AG
(EADS Deutschland GmbH) in Ottobrunn/Munich

« 2001-2003 Project leader at the EADS Deutschland GmbH in the field of advanced
Injection technologies

« 2003 Ph.D. degree of the TU Munich with a thesis entitled:
,Robust flow sensor for high pressure automotive injection systems”

« 2003-2008 Post doc at the Chair of Micromechanics at Saarland University
« 10/2008 -  Full professor for Microsystems Technology at the
. Vienna University of Technology

« 01/2012 - Head of Institute for Sensor and Actuator Systems

 Email Contact: ulrich.e366.schmid@tuwien.ac.at

26.10.2017
Folie 2



Dr. Michael Schneider

2003-2009 Study of physics at Karlsruhe Institute of Technology (KIT)

2008-2009 Diploma thesis at Forschungszentrum Karlsruhe / KIT
“Lorentzwinkel-Messungen an hochbestrahlten Silizium-Streifensensoren”
,Lorentz angle measurements on highly irradiated silicon strip sensors”

2009-2014 Ph.D. student at the Institute of Sensor and Actuator Systems, TU Wien

02/2014 Ph.D. degree, TU Wien
“Einfluss der Schichtdicke und der Substratvorbehandlung auf die elektro-
mechanischen Eigenschaften von gesputterten Aluminiumnitrid-Dannfilmen®
,<Jmpact of substrate thickness and pre-conditioning on the electromechanical
properties of sputter-deposited aluminum nitride thin films®

03/2014 - Habilitant at the Institute of Sensor and Actuator Systems, TU Wien -

Email Contact: michael.schneider@tuwien.ac.at

26.10.2017
Folie 3



Vienna University of Technology

8 Faculties, ~30.000 students

Electrical Engineering and Information Technology
Physics
Technical Chemistry
Informatics
Mathematics and Geoinformation
Civil Engineering
Mechanical and Industrial Engineering
Architecture and Planning

Electrical Engineering & Information Technology
2011: 10 institutes
(1st-year students: ca. 350)
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Institute of Sensor and Actuator Systems

o A
1SasS

3 research groups: e

- Micro- and Nanosensors (MNS)
S. Schmid, Keplinger
Opto-mechanical resonators, microfluidics, technology

- Applied Electronic Materials (AEM)

Nicolics
Packaging, thick film technology, ceramics

- Microsystems Technology (MST)
U. Schmid
MEMS, robust materials, technology

Currently circa 30 (state) + 25 (project funded)
(of which 20 PhD students)
+ ca. 10 undergraduate students

26.10.2017
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MEMS Technology

- Center for Micro- and Nanostructures (ZMNS)
- MEMS Technology Lab/Integrated Ceramic Technology

In total about 250 m? laboratory for sensor realization

Facilities include backside aligner, spray coater, wafer bonder.
Key equipment: DRIE,PECVD, LPCVD, electrochemical cell

ZMNS

in-/outlet: fluid

26.10.2017
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Research Group: Microsystems Technology

« Expertise in the design, realization and evaluation of MEMS devices and systems
« 2 Post-docs

« 13 Ph.D. students

« 3 research assistants

* 4 technicians

* 1 secretary

« 2 Ph.D. students (external)

Materials

« Research topics

 Technology related activities:

» Functional thin films (AIN, SiC)

» Robust thin film systems up to 600°C
 Porosification/Etching techniques

« LTCC/ceramics, flex, silicon, sapphire

Devices

» Device related activities:

* Viscosity/density MEMS sensor

» Energy harvesting devices

» High temperature (pressure) sensors
 RF-MEMS switch

* Flow sensors

Systems

26.10.2017
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Research topic:

AIN/ScAIN Thin Film
Properties
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Motivation: Piezoelectric thin films in MEMS

Typical application scenarios in electronic devices, sensors and actuators:
— SAW: Two port delay line and resonator (b) based sensors !
— RF - Switches based on PZT actuators (a) 2
— Cantilever based accelerometers (c) 2, gyroscopes 2
— Cantilever based detection of adsorbed masses, viscosity, molecules (d) 4

e Output Transducer AIN thin films

Surface Acoustic Waves

Source /\/ =3 Load

Proof Mass
m=p3w-250t-0.21

Selective Coating Layer

Piezoelectric Substrate

Z % Z % ZR%

1Tadigadapa, S. and K. Mateti (2009). "Piezoelectric MEMS sensors: state-of-the-art and perspectives." Measurement Science & Technology 20(9); 2 Polcawich R
(2007) PhD Thesis, Pennsylvania State University; 3 S. Glnthner, M. Egretzberger, A. Kugi, K. Kapser, B. Hartmann, U. Schmid und H. Seidel; IEEE Sensors Journal,
Vol. 6, No. 3, pp. 596 — 604, 2006. 4 Tamayo, J., et al. (2013). "Biosensors based on nanomechanical systems." Chemical Society Reviews 42(3): 1287-1311.

26.10.2017
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Piezoelectric Effect

Change of electrical polarization due to
mechanical deformation of solids

— direct piezoelectric effect
Deformation due to applied electric field
- converse piezoelectric effect

Bunuueds

Non-centro symm etric Crysta| structure (n ot https://en.wikipedia.org/wiki/Piezoelectricity

. https://de.wikipedia.org/wiki/Piezoelektrizit%C3%A4t
having a centre of symmetry) _ o _ _
— Mathematical description of piezoelectric effect: —

Mechanical T = CinESj —le E

- Common materials: stress L
— Crystals (quartz, LiNiO3, GaPO04,...)
— Ceramic thin films (PZT, AIN, ZnO,...) gﬂtreac_za”ica' S — 1:,.J.ETj Hd _E
| i [ mi —m
— Polymers (PVDF,...) \ )\ )
pure electro
mechanical mechanical
coupling

26.10.2017
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Motivation: Comparison of Piezoelectric Thin Film Materials

Most typically used piezoelectric thin films in MEMS devices:

— PZT (Pb (Zr, Ti) O;) - ferroelectrica, various compositions
— BCZT - ferroelectrica, various compositions
— ZnO, AIN - piezoelectrica

Important electromechanical properties:

AIN 10.0 -2.5 5

6000
PZT(25/75,
50/50) 300/165 -15/-12 33/27 2700
BCZT 1000.0 -40.0 80

Zn0O 10.9 -5.8 11 6000

26.10.2017
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Motivation: AIN related Properties

Material Properties I
Crystal structure

¢ AIN is piezoelectric

+¢ Direct wide band gap (6.2 eV)

+» Good electrical isolation (4-12 MV/cm breakdown field)
 Low dielectric constant ¢, (~10 «,)

¢ Relative high thermal conductivity (20...300 W/mK)

+» High temperature stability

¢ High acoustic wave velocity (~ 6000 m/s)

+» Good temperature stability

Device Related Properties I

% Low piezoelectric coefficients ® Hexagonal wurtzite

’ | a: 3.110 A
% CMOS compatible, lead free c: 4.980 A

¢ Requires no high temperature poling step
(002) basal plane is the most closed packed plane

26.10.2017
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Introduction: Film Synthetization |

Various deposition techniques
reported in literature such as

e ADL

e Pulsed laser deposition

e MOCVD

e MBE

e Sputter deposition (DC, RF)

Vacuum System

e DC reactive magnetron sputtering system

e Silicon substrates (100), substrates nominally unheated

e Film deposited at different back pressures, plasma powers
and gas compositions (N,/Ar ratio), electrode distance

e Purity of aluminium target: 99.999%
e Diameter of aluminium target: 150 mm

e Distance between target and substrate: range several cm

26.10.2017
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Introduction: Film Synthetization Il

Typical AIN layer from our
deposition equipment

Typical example from other groups:

Substrate

1000W, 4e-3mbar, 100%N2

Figure 1. Left: scanning electron microscope (SEM) picture of the
texture gradient of an AIN film; right: schematic cross section of a
thin nanocrystalline aluminum nitride film.
Mehner et al., IMM, 23
i ) (2013) 095030 (9pp).
Sputter-deposited AIN layers are polycrystalline!

26.10.2017
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Wet Chemical Etching Experiments |

SEM analysis — Low c-axis orientation I

Film deposited at 500 W, 6-10-° mbar and 75% N, (25% Av)

Surface morphology Surface morphology
“as-deposited” after 5 s in H;PO, at 80°C
Grain size: ~30 nm P Etch rate: 743,7 A/s

Surface porosity is very high

26.10.2017
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Wet Chemical Etching Experiments Il

SEM analysis — High c-axis orientation I

Film deposited at 1000 W, 4-10-3 mbar and 100% N, (0% Ar)

A L & N

T 7E  Tilted view

Surface morphology Surface morphology
“as-deposited” after 20 s in H;PO, at 80°C
Grain size: ~ 30 nm Etch rate: 135 A/s

Mean grain size Is unaffected g o
Surface porosity is low

26.10.2017
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XRD Analyses

1800 lo ' iN |i_ ' T T T ' |
113 s = 500w, 75%N_ und 0,006 mbar
1600 _w_n RSP U SO 1 743.7
‘ —A - E 4 550
1400 S00W, 75%N, und 0,004 mbar
= 12007 1000W, 100%N, und 0,006 mbar M
=, ) FWHM = 0,34° il S
B L0007 2925 3
z =
5 8007 1000W, 100%N_ und 0,004 mbar ) o
o . ~
~ 600- FWHM = 0,33° | 135 &
400 ]
. 1000W, 100%N, und 0,002 mbar
200 ]
] FWHM = 0,29° 58.3
0 - LA L L D B R R B
32,0 350 38,0 41,0 44,0 470 50,0 53,0 56,0 59,0
20 [deqg.]

o
C-axis orientationt (Intensityt, FWHM¥) — Etch rate

(002) basal plane is the most closed packed plane

A. Ababneh, H. Kreher und U. Schmid; Etching Behaviour of Sputter-Deposited Aluminium Nitride Thin Films in H;PO, and KOH Solutions; Microsystem Technologies, Vol. 14,
No. 4-5, pp. 567-573, 2008.

26.10.2017
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) i ) ) . A
Determination of Piezoelectric Coefficients b

CASTILLA-LA MANCHA

FEM-simulations (d4;= 5.5pm/V; d,;z= 4pm/V)

5E-05

d 3 1 = O a - ~4 ﬂ }I‘U-' -

g0 | |
e

5 |

E t ‘ ‘
-0Qoo1 |

| |

2O \

-0 50015 - ‘

Test structure

Top Electrode

00002 = |

-0.00025 L

0.00015 —
0.0001 [

Bottom
electrode

AINFilm  d_ = -2.6 pm/V I
m

S
]
T

S
&

T
1

gplsplal:emenl z
T

Substrat

-0.0001 [

T [ = .

&l - 45504 [
-0.00015 L L L L 1
I . l ] COVENTOR - - g - -

4 —=s— Experiment

40 4 —=— Simulation. Nominal dij.

—=— Simulation. d33 = 3.2 pm/ V, d31 = - 1.6 pm/V.
AIr10,17.6 V, 60 kHz.

0
prvee”

Assumption:

Out of plane displacement (pm)
I o
1

J. Hernando, J.L. S&nchez-Rojas, E. Iborra, A. Ababneh and U. Schmid,
Simulation and laser vibrometry based characterization of piezoelectric AIN thin films;
Journal of Applied Physics, Vol. 104 pp. 053502, 2008. 250 200 150 100 B0 6 S0 100 100 200 2%0

Position respect to the center of the electrode (um)
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Mechanical Characterization using Bulge Testing |

L

» Uniform pressure load
* Displacement is measured

» Describe bending behavior by
polynomial

K

- n o (1- ) 0

k=0

— Coefficients determined by bending
behaviour

— Applying minimum potential energy
approach for C; determination

p(wg) = C;(a) R2 + C(a;v) R4
R. Beigelbeck et al., Journal of Applied Physics, Vol. 116, pp. 114905, 2014.

membrane ;
substrate i

oxide

oL e

nitride: [
B S R s s e
\"{;;,\ Pure Membrane behavior
0.8 S S
N
S 06 >
£ N
NN
= 04 NN
3 \\\ ..
NN,
0.2 / N
Pure plate behavior &
OL, . . . W
0 0.2 04 0.6 0.8 1.0
r/R
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Mechanical Characterization using Bulge Testing Il

Experimental verification of novel 1ot -
mathematical model using a silicon < osl )
membrane W 7
—despite non-standard bending 2. 7
curve Shape E 02 I © Measurement
: . 3 921 Fit i}
—excellent agreement with predicted E Membrane
O Plate N
value (E=179,5GPa, 0=110MPa) g D e B
300 -200 -100 0 100 200 300
Position » [um]
Analysis of AIN membranes with thicknesses ,,
ranging from 1.2 um down to about 120 nm 2s0 | i[ ]
240-— -
* Low variation with film thickness S 20f ]
: : = 220} o
* Close to results from nano indentation PN ]
] . 200 - o  Bulge Test ]
- Isoptropic Young's Modulus wof 1 [ Berkovich Nano Indenter |
0 200 400 600 800 1000 1200

M. Schneider et al., Applied Physics Letters, Vol. 105, pp. 201912, 2014.
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Silicon Surface Pre-Conditioning Using Sputter Etching |

Igina

Or

Modified

—
5 (1/nm)

« Forming of a ~6 nm thick layer of amorphous
silicon : |
» Consistent with simulations of Ar-ion

penetratlon depth N @ FWHM (002) = 0.38 J‘\

Counts [a.u.]

* Introduction of surface-near nucleation sites i —“”
« Significant increase in film quality at the same [ Cvmouioc | Fwh 002) =045
deposition parameters IS Y S
20 25 30 35 40
_M. Schneider, et al., Applied Physics Letters, Vol. 101, p. 221602, 2012. 20[°]
26.10.2017
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Silicon Surface Pre-Conditioning Using Sputter Etching Il

; i e -0.65 : : : : : Bl
* Prior to sputter deposition, the silicon ool | With pre-deposition etching |
substrate Is sputter etched for 5min .
0,80 3 ¢B=‘0.85 eV ° | ¢B=0.84 eV

« Significantly lower leakage currents 0,50 | Without pre-deposition etching | ——L2)
e
are observed for the pre-treated 00 = ==

sample in comparison to a ESEED %Zﬁ@

-0.50 -0.25 0.00 0.25 0.50
Applied electric field E [MV/cm]

Activation energy E_ [eV]

107

e 1071 S

L L S

< 10" Es3k <

- I )

2 qp°L 1K ~ [

3 qo7fome \\ // S

= E \ |/ =

g 40 »%33 K \\\ g 2 4oL <)

(] O e T [b] F -\ ﬁ

S qom V.\/.\J\ Y A . TS Nl U I D D D ]
- -0.50 -0.25 0.00 0.25 0.50 - -0.50 -0.25 0.00 0.25 0.50

Applied electric field E [MV/cm] Applied electric field E [MV/cm]
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Tailoring the silicon / AIN interface Il

¢ As expected: linear correlation between
d33 and d31

- d31 = —0389d33

Alternative technique for d,; determination:

Piezometer PM300

0.5 ‘ ‘
®m  With ISE
. O Without ISE
— [ ]
S -1.0
£ o
k=
T ?\)\
s -15 .
e
S m
g [ ]
o N
® 20} | 4 --0389d
31 33
2 3 4 5

Piezo constant d33 [pm/V]

\I-I-I-

;‘——o—|

Piezo constant d33 [pm/V]
IS

w
H—S——l———
S

—a— With ISE
- -0- - Without ISE

X . X

M. Schneider et al., Journal of Physics D: Applied Physics, Vol. 48, pp. 405301 (7pp), 2015.
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Transition Metal Doping of AIN

Improvement of piezoelectric
constant dsg:

30

N
()]
[

N
o
|

-
o

Piezoelectric coefficient d,, (0C/N)
o

4)]

0
0 20

M. Akiyama et al., Adv. Mater. 2009

40
Concentration Scandium

60

80

- 2 port excitation, 180° phase shifted: 10V, 10-100kHz
- LDV Measurement compared to 3 FEM simulations
- Accuracy of extraction of d;; and d;; improved

Azlpm

20+ ‘I’

- Via plateau shape comparison

+ Measured data
FEM: d33=14.8 pm/V/, d31=-6.5 pm/V

FEM: d33=14.8 pm/V, d31=-6.4 pm\/ .

——— FEM: d33=13.8 pm/V, d31=-6.0 pm/
15+ e -
10+ _ -

N
o
T

-500 -400 -300 -200 -100 0 100 200 300 400 500
X/ um

High Accuracy in d;; and ds; determination

P. Mayrhofer et al., Sensors&Actuators A, Vol. 222, pp. 301-308, 2015.

26.10.2017 I I IF
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Piezoelectric constants of Y, Al, /N

Piezoelectric constant d,;:

* slight increase up to x = 6% Yttrium
*  Dbelow theoretical value

Amorphous initial growth layer found in TEM analysis

- Thickness increases with Yttrium

.

Mayrhofer, P. M., et al., Acta Materialia, VVol. 100, pp. 81-89, 2015.

Measured d,, at highest c-axis orientation of Y, Al ,N

26.10.2017
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Research topic:

Pilezoelectric Resonators
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MEMS Resonators: Cantilever Manufacturing Process

a) SOl (silicon on insulator) wafer with
20 pum device silicon thickness and

coating of SiO, and SI;N,

b) Deposition of Cr/Au electrode,
piezoelectric AIN layer and Al top-

electrode

- patterning of AIN with a lift-off
process using titanium as

sacrificial layer and 40%
hydrofluoric acid (HF)

c) Patterning of cantilever and backside

hole by DRIE etching process

d) Cantilever release by BOX
(burried oxide) removing with

5% buffered HF acid

dicing, mounting, bonding,

Si3N4
SiO,
Si3N4

<
a)
o
A

b) AIN
Cr/Au

[

BOX (burried

°) B o)

d)

M. Kucera et al., Q-factor enhancement of a self-actuated self-sensing
piezoelectric MEMS resonator applying a lock-in driven feedback loop, J.
Micromech. Microeng. 23 (2013) 085009.

26.10.2017 .A‘sz NACAS
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Basic Device & Fluid Properties

Modified Butterworth-Van
Dyke equivalent circuit

Cp
Il
I
Rp
— I
Lem <™  Ra
L~ ]| —

” e
C, ... Parallel capacitance

R, ... Leakage resistance

R, Ly €y --- Mechanical resonance

Comparison between Cantilever and Dummy Structure - G and B

I ' 7 I vl ' T I T I T LI T I T I
7 L| —— G - Cantilever Q. =1114 1129
—— G - Dummy a"=
|| —— B - Cantilever fres = 992.6 kHzZ
— 8 ——B-Dummy fae=932Hz 128
2]
> g
% 5 - 127 ;
(&)
TE oL 4126 %
Q @
@) S
3+ 4125 @
2 - - 124
1 i 1 n 1 i 1 L 1 i 1 " 1 i 1 i 1 i 1 i 1 " |
590,0 590,5 591,0 591,5 592,0 592,5 593,0 593,5 594,0 594,5 595,0 595,5
Frequency [kHz]
Fluid properties
Medium (-)  Density o Dynamic 1/./Pk (1, Jom3 /(g = cP})
(g/cm?) viscosity u (cP)
Ethanol 0.7855 1.1175 1.0673
DI-H;0 0.9907 1.0471 0.9818
Isopropanol  0.7812 2.1062 0.7796
D5 0.8354 49122 0.4936
N10 0.8476 17.235 0.2616
N35 0.8552 65.526 0.1336
N100 0.8627 238.82 0.0697
==
26.10.2017
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Viscous Damping in Liquids

T
« Viscosity is defined as: =— F
y T #1775 y /
- Uy ...dynamic viscosity X
- T ...shear stress o v
_ g7 x
S ...shear rate oz d VX=0N>/

« Cantilever in liquid is approximated by sphere

— Kinetic energy and dissipated energy can be analytically
calculated for a sphere in liquids

— Q-factor is defined as Q = 2w Ey;,,/E 4iss

PWTLVw

> Q= —
37Z-Rezq Zlufpf

* pc ... density of cantilever

« W,T,L ... width, thickness, length of cantilever

* w ... resonance frequency

* RZ, ... equivalent sphere radius (approx. cantilever surface WL)

« Juspy ... sqrt of density viscosity product

26.10.2017
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Study on the In-Plane Vibration Mode |

* In-plane bending mode

« Vacuum ®m) Q ~ 5527 (electr.) —— <

 Air m) Q ~ 3274 (electr))

* Isoprop. ==y Q ~ 13 (optical)

¥

— Estimated peak AG ~ 18 nS
— B ~ 63.9 uS imaginary part

Resonance electrically
not detectable!

[LS]

Conductance

361.5 361.6

361.8 361.9 362.0 362.1

Arbitrary units
2
=

361.7
v I

Isopropanol :

280

300

320

340 360 380

Frequency f [kHZ]

- Piezoelectric area is too small!

26.10.2017
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Study on the In-Plane Vibration Mode Il

Need to evaluate the piezoelectric area @ equal resonance frequency!

EC
12p,

- Different sized cantilevers with @, = A’ o

 AIN area scaling factor o
1x 400 50
25x 1024 328
50x 1281 513

100x 1606 806
200x 2017 1272

1x-scaled

I~~~ 100x-
B scaled

200x-scaled

Non-released
compensation structures

26.10.2017
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Study on the In-Plane Vibration Mode Il

(a) LI | ¥ T T T T P
— 06 H Avg. deflection = 15
E 05 [ Conductance G 25X a.l r -
=R | IP-Mode . _____ d 10
o 04 Q=2543 Q=1728.9
-_g 1 - AG =107.84 uS AG =0.97914 pS
8 03 L 11 - Mode AG/Q=42.411nS AG/Q=0.56634 1S | 5
Eo i n.d. . -
= 0.2 . <0
so, 1 [ N '
RN w‘l 1
0.0 L A :
i 1 i 1 i | i 1 i -10
b 100 200 300 400 500 600
E 20 H Avg. deflection X iSO
Conductance G 2 5 1
o, i IP & 21 - Mode - 10
— 15 | Q=31.39
: -
ke A - AG =1.3401 uS -
S AG/Q=42.69 nS -
o 10 | .
T F 0
T L O q ]
3 - 5
|- -
< 0 J
' | ) [ » [ I | ' _10
100 200 300 400 500 600

Frequency f [kHz]

a - 200x al
. ( )400 - . — X a.lr 80
D — — Avg. deflection - .
= 5350 N Conductance G U:3_
rm - - - 60 —
300
g & I<ea i <
E 45 250 - 31 ;\_J
o Q i 40 =
i =200 - 8
u r
= - - 3]
"I':‘J % 150 - - ., H =
= . - o - J I 42 ©
= 50100 |- &
-~ = - ]
-/ < 50 | o
0 ﬁ. e k,——-\d\-.k.-Ahrf—.r._J 0
100 200 300 400 500 600
(b) Ll 1 Ll | | L] ] T T T 30

o EWO B Avg. deflection | 200x in Iso A —
o i Conductance G - =
= £ > =
A~ 0
! = U
=R g
g g =
ryJ bt
c 3 :
ER E
o B =
C S
) < )

400

300
Frequency f [kHz]

200x 1so

- 25x-scaled allows elec. measurement - 200x-scaled: 13-mode!

M. Kucera et al., Sensors & Actuators B, VVol. 200, pp. 235-244, 2014, 2014.
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Study on the In-Plane Vibration Mode IV

(’E T T T T T I T ] T l T l T I
= 2.5 T T T T T T T | —— T T
= | —1: Ethanol - 42.60 50 H m 200x Ethanol _A
&) 2,0 | —2: Isopropanol - 31.39 10 '_ ® 100x S0 -2 :/:,: ]
g | ——3:D5-2198 [ A 50 | Pt
——4:N10 - 12.61 e
g ) ———5: N35 - 6.66 O 0 v 2 D5 _~%Z- i ]
é 1,0 | 6:N100 - 3.39 20 | N10 /’,;,‘:t at -
| = = Baselinein G e - ON35  BF T .
) U Mt SRR SR U S B B 0 e e )]
45 200 220 240 260 280 300 320 340 360 14 01 02 03 04 05 06 07 08 09 1,0 1,1
— T T T T T T T T T Tttt T
4Q i DI H 1
3_ | ———1: Ethanol - 43.10 200x 1 12 N O . -
40 1 ——2: Isopropanol - 36.37 7 10 - -7 —
e I 4 — ISO _ - Ethanol
Qg5 || T %D5-23.63 O ogL - ]
é | ——4:N10-14.44 G ¢ D5 .-~
| ——5:N35-7.80 - [ s e -
g 0j — — Baseline in G 7] < 4L N10_ -~ -8 -
= = . - = _A A
T 5 [ N3 - B SO EE ]
s - F (L - oAty ]
8 . 0 '_uiglf;;lf.'Tﬂ'l'T A W S
20 ] . ] . I . 1 L 1 300 01 02 03 04 05 06 07 08 09 1,0 11
220 240 260 280 300 [T T T T 1 T L T
250 |- [ERERNET TN S N A SR [
Frequency [kHz] _ L s o ]
i _ ‘200 (m) N1 D5 150 Ethanol ]
« Estimation of the conductance peak oF@® o .
<} B L St L 2t 1
H O 100 | i
° AG/Q rat|0 1 ii 120_]2 | 3 W2 <] 50 gAY N I S A e m—— = A ]
3 [ . . R i R I A R -
—  Mode shape related AG = = —5 | —=—faN—Q. [ Voo v Y v
Rm 51‘1 \'.' 051 C5i TL g [ S T TN (NN (N S TN U TN SN S N B |
01 02 03 04 05 06 07 08 09 1,0 11

—  Electrode design related

— Material and geometry related 1/Npi [Vem¥(g=cP)]
— From fluid properties independent key parameter
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Study on the Multi Roof Tile-Shaped Vibration Mode

: 12-mode ) )
* New class of vibration modes
» Evolution of the Q-factor in DI-water
400 I L] I T I L] l L l L) ' L] I T ! T
[ W Q-factor 1A --~""1 I
350 H 19 _ -
L| = = = Non-linear fit sy B_-- u 1B |
300 |- R ooy o -
13_m0de - 250 B 17. ’,’ 18 - - o o
S 250 |- S .
gzon [ \%'16 ]
8 N LD ]
150 - '\“?‘i T .
100 - m13 N -
L ~ ~ .
s mpRe—— > 4
| N | 2 | . | 2 | ) | N | 2 | 2
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
14-mode Frequency f [MHz]
Order Mode f(kHz) Q AG (pS) AG/Q
(ns)
1 12 53,49 55,2 6,95 0,13
2 13 152,43 98,1 77,61 0,79
3 14 317,3 139,8 54,94 0,39
g 4 15 555,93 182,7 9,45 0,05
p 15-mode 5 16 866,53 224 1016 0,45
6 17 1256,64 268,3 328,37 1,22
7 18 1714,17 293,3 158,48 0,54
8 19  2250,98 333,9 24,81 0,07
9 1A 2842,84 341,4 149,67 0,44
10 1B 3508,69 366,2 443,37 1,21

M. Kucera et al., Applied Physics Letters, Vol. 104, pp. 233501, 2014.
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Different roof tile-shaped modes in water

(b) ngO
~ - 2
- ’ 1 ’é‘
o O :gx
y 1%
A 2 Order Mode  f (kHz) Q AG (uS) AG/Q
oy 3 (uS)
(d) x 100 1 12 53,49 55,2 6,95 0,13
; 2 13 152,43 98,1 77,61 0,79
. \ .‘ 4 = 3 14 317,3 139,8 54,94 0,39
T 2 3
; & 4 15 555,93 182,7 9,45 0,05
N- -
y ok
A -6
Z .y F
f x 1000
(£)
1
% E 05 % * Electrode shape must reflect the locally
N ) 0 & .
052 strained areas
¥ b ®
2 -1.5
" * Electrode shape will be mode specific
(h) x 1000 .
- 3 (to a certain degree)
- 2
’%\ - g g
3 ﬁ 0§
y I
L} :

» Optimization of electrode design = large increase in measurement signal

Kucera, M., et al., Applied Physics Letters 107 (2015) 053506.
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Optimized vs. non-optimized electrode design NS
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10 x higher deflection Frequency f [kHz]

100 x higher conductance peak

Pfusterschmied, G., et al., Proceedings of the IEEE International Conference on
Micro Electro Mechanical Systems (MEMS), 2015.
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Roof tile-shaped mode at different temperatures

(a) 930 —
920 ~20°C
=910 |
£ 500
=4 890
880
>, 870
B

‘T 860

I ! I ! I ! I ! I ! I
O Reference values
A O a

A esteroil A MEMS resonator
DITA olive oil

« Small deviation for density (averaged
0.76% at 20 °C, 0.55% at 40 °C, 1.04% at
100 °C)

Calibration Reference o
Nig IEI N35 N100
A

ot PAOS
1

g
o

g 850
()
830
820

o»

1
0 50 100 150 200 250 300

(b Ty « Deviation much larger for viscosity (6.35%
7w R [ v at 20 °C, 6.87% at 40 °C and 23.44% at
100 °C)

o
A

olive oil
“BD 880 DITA
— 870
S 860
£7850

& 840

Calibration Reference

N1 EI N35 N100 A

7]
£ 830 A
820 PAOS

510|.|.|.|.n|.|.|.|.|.|.| .POSSIbIeSOthlon

— higher order modes with optimized
electrode designs

jw ]
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i g

(©) g7
— 860
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£°810
Z0f ot

7
780 o o O Reference values
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[ [ E—
a A q\ ‘DllA
PAOS e #
olive oil A

—
100°C

Calibration Reference

o
|.|N35

N10 A

s

N100

— Better calibration method

Dynamic viscosity p, [mPa-s]

» Good accuracy for density, low accuracy for viscosity measurements

Pfusterschmied, G., et al., Journal of Micromechanics and Microengineering, Vol. 25, pp. 105014 (8pp), 2015.
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Vibrational Energy Harvesters — Evaluation of AIN and ScAIN |

Measurement Set-up
E m-e31[C/m2] mFoM([GPa) — ¢#&°F | |  ___ _______
50 : 3 !
40 1 MCP2210
! Breakout
30 : Module
10 I 4 x
0 B o ||t
I
Ny & A é\;sz“/’\ &{é‘e & : Y
N 0!;,;» :
i
e d?
P,, o« FOM = P, « FOM » ——
Eoé, &yE,Y,
Evaluation
* Maximum power output ; gﬁ;gfver &PeB
* \Variation of load resistance R, 3: Steckbrett mit 4x digitalen Potentiometer (max.
400 £Q) & USB Controller
* Frequency sweep at first Eigenmode 4: ZCrich Instruments Lock-In Verst&rker
5: PC mit LabView Implementierung.
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Vibrational Energy Harvesters — Evaluation of AIN and ScAIN Il

Q ... quality factor

= + = Messung
Simulation

P ... max. power vs. load
R =0.46392 M, e, =1.58 C/m?, (—.';5 =36.9, t =450 nm
.5 290
: T mioon 280
25 270
= 2
£ O 260
o 15
1 250
0.5 240
0 230
10° 10! 102 103 10°
R /kQ
L
Piezoelectric coefficients
1.8 r - 8 30
14+ ] =~
T d 6 L

= 12} 31 15 S = 20

= 5 e

o | 14 § G

= (- Em— i I E RS SRR -—"_ :

s’ 06} = 18 =10
0.4} 12 %
0.2 41

0 - ' 0 0
SRR
¥eP %fo\ 9‘2&‘"
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fres --- resonance frequency

= + = Messung
Simulation

10° 10" 102 103
RL/kQ

Maximum output power

\
: : I
1 I 1
S S S
?\ ()\ C:‘h\'\ (,% ‘L
) fo%o o_,%o\

* Effective ey, is
increased by ~200%,
similar to d;;

* Maximal output
power is doubled

ScAIN leads to increased power output compared to AIN

Mayrhofer, et al., SCAIN MEMS Cantilevers for Vibrational Energy Harvesting Purposes, Journal of Microelectromechanical Systems, Vol. 26, No.1, 102-112, 2017.
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Research topic:

Energy Harvesting for
Wireless Sensor Nodes




Why Energy Harvesting at Aircrafts? AIRBUS

GROUP

Flight crew
< salaries

- Depreciation
i -
y ... - /.""")" [3]
P
= B 8 oo o Maintenance
.. ..... =3 o .
A Y

Fuel

[1] www.tagesschau.de, aufgerufen am 25. 9. 2011
[2] ICAQ Data. Airline Financial Detail Report. Technical report.
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Thermoelectricity & Fundamental Module Concept AIRBUS

de fusela?é Inside fuselage
TEG

speed
D eratur«L Heat storage
/ Isolation

\(/. Fuselage

PN PO U=5,;" AT

30 - 04/10/0;3:
. . T :::Bilgeskir?
Dynamic Energy Harvesting: warion
— ~\\\ | —ec—Wall skin
Ground - Fuselage temperature: 20°C R . =7 Grown sk
Cruising - Fuselage temperature: -20°C (and ~ § <l  Approximation
even lower) & g
. : £
- Temporally restricted energy generation 8]
+ easy to install v
10 20 30 40 50 60 70 80
D. Samson et al., Journal of Electronic Materials, Vol. 39, No. 9, pp. 2092-2095, 2010. Tlmgzr:il?[min]
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Energy Harvesting for SHM | AIRBUS

GROUP

COMSOL FEM simulations based on heat conduction equation to
evaluate design aspects and to determine the energy output

Zeit= 1000 sec.

Max: 1.501
251 10
0 Thermal Mass
0
20
10
-5 (—D|
< 15 g 20
o: D
> <
D QO - TI
—_ c uselage -30
3 10=
3 -l0—
= 10
0
104 B
5 -15 O o j
2
3 -0} -
s
0 2 20| |
220 § = Fuselage Temperature
301 ——Thermal Mass Temperature
) ‘ ‘ | ‘ ‘ ‘ =PCM Temperature
0 5 1 15 2 Min:-21.8 40 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (sec
Abstand [mm] (sec)
D. Samson et al., Sensors & Actuators A, Vol. 172, pp. 240-244, 2011.
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Energy Harvesting for SHM Il Q{!}ISPBUS

25 L I . 1 L L L L
2. = Power experimental IS [
;‘-’;_- - - Power simulated e - 22 %
20 { - Energyexperimental 5 7 . [ 20
H ---'n--‘-- Energy simulated i N -
i W, = AT experimental § u\\ - 18 o
i Wy ooeeAT simulated 5 N 16 i
. P i s K : i
15 - ,-' 3 ‘ §
3 ; £ [“= [ §
E it E 12 B %
(- ! i
) o ; g rl0g
n%. 10— 7 o - 10 L 2
g E )
: - L8 2
| ;
& | 5
-4
. ‘ B 2
L 0 LD
100

Time [min]

Gravitation

Energy output with 10g H,O ~ 6.5 mWh

26.10.2017
Folie 44



Energy Harvesting for SHM I AIRBUS

GROUP

=l Test flight with DLR A320 D-ATRA:

sl
A

> FUEL CELL DEMONS NTOR e
Ll -_-H'l'l’- LR
e - | E-yume |

A. Elefsiniotis, et al., Journal of Electronic Materials, Vol. 42, Iss. 7, pp. 2301-2305, 2013.
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Energy Harvesting for SHM IV

* Highest Altitude
>30,000ft.

 Difference on outside

and fuselage 3

temperature due to g

aerodynamic heating E;
+ Most energy is =

harvested during take-

off! s
 Power peak @~17/mW §

* Energy Harvested:
v'EH Device#l: ~22J
v'EH Device#2: ~24J]

AIRBUS

GROUP

A. Elefsiniotis, et al., Journal of Electronic Materials, VVol. 42, Iss. 7, pp. 2301-2305, 2013.
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Thank you
for your attention!

Questions?
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