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Tohoku University in Sendal

Sendai is the largest city
in the north east area of
Japan, where Tohoku ,

I ' :
University is located. ,, V\r
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Tohoku University was established as
Japan's third national university in 1907.
Tohoku University is proud to be ranked
among Japan's leading universities.




MEMS Facilities in Aobayama Campus .
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Industry-Relevant R&D System in Tanaka Lab .

From basic research to practical development for industrial customers

g o Electro Mechanial Systems lab
S. Tanaka Lab’s 9;? Tanaka Shulu_abm‘.am.w__
cleanroom Small piece

Micro/Nano-Machining
Research & Education
Center (MNC)

4 inch wafer

Microsystem Integration

Center (uSIC) I 6 inch wafer

Areas of strength
Physical sensors, Piezoelectric devices, Acoustic wave devices (SAW and BAW),
Wafer-level packaging, MEMS-LSI integration, Hetero-integration etc.

Examples of commercialization

’IL:L . UItra-sm-aII GT  LTCC EMS -

4 RF-MEMS switch Vacuum sensor Optical scanner generator packaging ALD tool Wafer bonder




S. Tanaka Laboratory .

Research topics in 2018-2019

> :
Sensing Cvber " e.g. Tactile sensor, Gyroscope,
W>(l)rld Ultrasonic sensor, Microphone
) . : : :
Actuation ~ & \VAAitEIE T e.g. Micromirror, Optical stage,
world RF MEMS switch
q.h------'b - .
Connection " e.g. SAW and BAW filter

Naturally )
Unconsciously
Comfortably

Affordably ) o010, %8

1001 S

1001
¥ e

Micro/Nano system technology

-

MEMS

Core competence

00710

Recent research topics

[Gyroscope, Ultrasonic transducer, Tactile sensor,]
Haptic device, MEMS speaker, Micromirror device,
MEMS actuator stage,|Acoustic wave device,)

5 Piezoelectric thin film, Packaging, ALD etc.

Functional
materials
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Whole Angle Gyroscope
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Applications Need High Performance Gyro

VR with position
tracking
(The VOID)

Phode lllustration

Robot “Asimo” =>4 : e
(Honda Motor) Autopilot indoor drone (DARPA)




Performance of Gyroscopes

S. Tanaka, Intl. Conf. "Global/Local Innovations for Next Generation Automobiles" (2015)
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FM / Whole Angle Mode Gyroscope .
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Whole Angle Mode Type Gyro

CW mode (4; = w + Q,) CCW mode (4, = w — Q,)

10 CW + CCW mode (A® = 0°) CW + CCW mode (A® = 90°)




Whole Angle Mode Gyroscope .

Y y

anWa) WVa

CW mode CCW mode Liner vibration

Foucault pendulum

—————— .
http://photozou.jp/photo/show/181646/64768929




System of Whole Angle Mode Gyroscope

T. Tsukamoto, S. Tanaka, Tohoku University, IEEE MEMS 2017, IEEE Inertial 2017
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Foucault Pendulum Type Gyroscope .

T. Tsukamoto, S. Tanaka, Tohoku University, IEEE MEMS 2017, IEEE Inertial 2017
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Performance of Whole Angle Mode Gyroscope .

T. Tsukamoto, S. Tanaka, Tohoku University, IEEE Inertial 2018
10!
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107



Micro Electro Mechanical Systems Lab

033? Tanaka Shuji lLaboratory

Piezoelectric MEMS
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Micromirror Device (Stanley Electric)

2014

Pipzo A  To Mirror ;}f’“ B

" = |

Stanley, , 17p-E9-7

Upper Electrode PZT
| o

b

Substrate

Bottom Electrode Torsion Bar L= Yo Subadrits

Applied Voltage with Resonant frequency Voltage Applied R esona nt axis :

\ +14<
w " Non-resonant axis:
: v *8<at60V

! Mirror tilt by twisted torsion bar I P gt /




Epitaxial PZT Film B

S. Yoshida et al., IEEE Trans. Ultrason. Ferroelect. Freq. Contr., 61 (2014) 1552-1558
S. Yoshida et al., Sens. Actuators A, 239 (2016) 201-208
P. N. Thao et al., Jpn. J. Appl. Phys., 56 (2017) 127201

PZT (a axis: 0.404 nm, ¢ axis: 0.415 nm)
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N
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| S10, WSI subs

Metal buffer layer TEM image

14 C/m2, £,,, = 200~300, T, > 500°C



Comparison of Sputtered PZT Thin Films on Si .
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[1] S. H. Baek ... B. Eom, Science 334, 958 (2011) [2] F. Calame, P. Muralt, Appl. Phys. Lett. 90, 062907 (2007)
[3] N. Ledermann et al., Sens. Actuators A, 105, 162 (2003)



oMUT Using Epitaxial PZT B

Z. Zhou, S. Yoshida, S. Tanaka, Transducers 2017, Sens. Actuators A, 266 (2017) 352-360
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PMUT for Range Finder and Fingerprint Sensor .

Z. Liu et al., Transducers 2019, Sensors and Actuators A, 312 (2020) 112145
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TV White Space Cognitive Radio .

22
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Design of Tunable SAW Filter

Cs1 Csz Cs1 Gsz
W Y: SAW resonator
Y1 | Yez Yei | Yo C: Varactor
0 O [ 0
.y Wy LYo Q% -y WY, 10 SAW resonators and
L } P |- C éz C 10 varactors integrated
e e o1 A= o2 ~C Y on42vX LiTao,
0 1 I — 1
. ZiRsat A —
— ' g - Relationship between
%\ 10 T \ c - | capacitance and bandwidth
~~ :. [ I
8 20 | :: .: || A B C’ C
é f""_ _L-‘\\ | C,, Small Large
'aqEJ 30 | .i II". I| C,, Large < Small
2 20 L I . A C,, Small < Large
' Y I"Sii_rn_t'jla:tion : C,, Large < Small
0.98 0.98 0.98 0.98 0.98
Frequency (GHz)

23 M. Inaba, T. Ohmori, K. Hashimoto (Chiba Univ.), Jpn. J. Appl. Phys., 52 (2013) 07HDO05



Tunable SAW Filter with Integrated Varactors .

7
(Murata M. ), BST is deposited
@ N1~ tan & at 600°C or higher.
© 9
g 4 \
= {1\
© / \ o
5 3 PR
z FA i (B, Sr)TiO;
1 At
) — BST B SAW
var r /P
Applied voltage aracto resonator
Laser
/ treatment 42YX LiTaO,
Sapphire sub BST varactor
%"%-’é
\
5-; Pt-Au Sapphire wafer
24 bonding removal



Transferred BST on LT SAW Wafer

T
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4 mm >< 4 mm
25
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Bandpass Characteristic of Tunable SAW Filter .

Insertion loss (dB)

0 H. Hirano et al., IEEE IUS 2014

-10 7/\ /) — Cgy, Cpy1 0V, Cop, Cpyi 7V
\\ / \ /\ Cs1, Cpyi 7TV, Cgp, Cppi OV
-20
-30 «— Measured bandpass
characteristic

-40
-50 | .

0.96 0.98 1.00 1.02 Designed bandpass

Frequency (GHz) characteristic |

LT

£ 40

5o VYN

- .96 1.01
Frequency (GHz)



Demonstration Using Tunable SAW Filter .

Connected using TV band

v v

Cognitive wireless system Tunable SAW filter
Antenna port

(Base station)

e

Tablet PC for interface connected to DA converter
the terminal cognitive wireless system

57 The cognitive wireless system was developed by NICT.



Requirements for BAW/SAW Filters .

« Lager power handling < LTE (Overlap of subcarrier)

« Smaller nonlinearity (Inter Modulation Distortion) < Carrier aggregation

« Improvement of basic performance (L, cut-off characteristic and TCF)
«— Difficult-to-deal bands (e.g. LTE Band 25 and Band 11+21)

« Higher frequency for 5G (3.5~5 GHz)

Low band Mid band

fsgl | | i | | fr.‘E’q) 1 GHz 3 GHz 4 GHz 5 GHz

J . i " LDW |055; - I -

| B | | o = | I

I ' CIX 1 o \ ) -

5 ; . == ||| High attenuation [le} .

‘B | |iB2S ipg o]

| &

e y | 1 1 ] —

e A = i =

Band 25 Tx filter By

T. Takai et al. (Murata Mfg.), IEEE IMS 2016 = et e
Up link: 1850 1915 MHz (BW 65 MHz) 600/700 MHz 3.3~4.2 MHz 4.4~5.0 GHz
Down link: 1930 1995 MHz (BW 65 MHz) Balazs Bertenyi (Nokia), ~ band n77 3.3~4.2 GHz

Band n78 3.3~3.8 GHz

28Guard band: 15 MHz — Extremely narrow  Chairman of 3GPP RAN Band n79 4.4~5.0 GHz



Acoustic Wave Devices Using Thin LT or LN .

Thinned single crystal LN or LT (h < A) Energy confinement structure

T A U A

v

Plate wave device HAL SAW device
(Hetero Acoustic Layer SAW Device)

[1] M. Kadota et al., IEEE Trans. UFFC, 57, 11 (2010)  [1] T. Kimura, ... M. Kadota, Jpn. J. Appl. Phys., 52

[2] S. Gong, G. Piazza, IEEE Trans. MTT, 61, 1 (2013) (2013) (S, mode)
[3] R. Wang et al., IEEE IFCS 2014 [2] M. Kadota, S. Tanaka, Jpn. J. Appl. Phys., 54 (2015)
[4] M. Kadota, S. Tanaka, IEEE Trans. UFFC, 62 (SH mode)
(2015) (SH mode) [3] M. Kadota, S. Tanaka, IEEE IFCS 2016 (SH mode)
[5] M. Kadota, S. Tanaka, Jpn. J. Appl. Phys., 55 [4] M. Kadota, S. Tanaka, IEEE IUS 2016 (SH mode)
(2016) (SH mode) [5] T. Takai et al., IEEE IUS 2016 (SH mode)
[6] N. Assila, M. Kadota, S. Tanaka, IEEE IFCS [6] M. Gomi, ... S. Kakio, USE 2016
2016 (A, mode) [7] M. Kadota, S. Tanaka, IEEE IFCS 2017 (SH mode)

[7] Y. H. Song, S. Gong, IEEE MEMS 2016

29



Plate Waves

30
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SH, Mode Ultrawideband Plate Wave Resonator.

M. Kadota, S. Tanaka, IEEE Trans. UFFC, 62, 5 (2015) pp. 939-946
M. Kadota, S. Tanaka, Jpn. J. Appl. Phys., 55 (2016) 07KD04

(0°, 120°, 0°) LiNbO, plate

N

100000 ¢
S £ 10000 |
o T f
© o 1000}
Q 5
g L
<
£ -
g 100¢ 80 dB
Apodized IDT ~ E : 0
(40 pairs) 10 L s , BW 23%
- \4
Reflc?ctor - No de-embedding
(20 fingers) T S S S
(0°, 120°, 0°) 300 400 500 600 700 800 900
| LiNbO, plate Frequency [MHz]
Edge of cavity Coupling factor > 50%

31 Impedance ratio = 80 dB



A, Mode 5 GHz Plate Wave Resonator .

N. Assila, M. Kadota, S. Tanaka, IEEE IFCS 2016, pp. 365-368
N. Assila, M. Kadota, S. Tanaka, Trans. UFFC, 66, 9 (2019) pp. 1529-1535

1000 N
(0°,42°, 0°) LiTaO; plate A
/ ~ 100 i
S
&
Si c £ 10 I
3 =
N -3 72 dB
S E
1
Edge of cavity No de-embedding \’
0.1 . ! : Tt ! L
i 4 S 6 7
0.4um  Resonators Frequency (GHz)
plate ;ﬁ'-:"“.- Coupling factor = 7.3%

Impedance ration = 72 dB

IDT (65 pairs) TCF =-43 ppm/K
A=23 um

Reflector (50 fingers)



Ultrawideband HAL SAW Resonator .

M. Kadota, S. Tanaka, Jpn. J. Appl. Phys., 54 (2015) 07HDO09
M. Kadota, S. Tanaka, Trans. UFFC, 62 (2015) M. Kadota, S. Tanaka, IEEE IUS 2016

Au IDT, 0.21 pm 30°YX LN, 3.6 ym
10000

. AIN, 0.42 pm . Measured N
1000 L No de-embeddin
\ Bonded ; g
— _ .
Glass % 100 BW 21.3% R
E k-
g L
2 10§
: £ =
Energy confinement structure - [
1
0.1l

1300 400 500 600 700 800 900
Frequency [MHz]
Energy
confinement

structure Impedance ratio = 82 dB

Bandwidth = 21.3%

33 15.0Vdiok o h .00un



Thin LT/Quartz HAL SAW Resonator B

M. Kadota, S. Tanaka, IEEE International Ultrasonics Symposium 2017
M. Kadota, Y. Ishii, S. Tanaka, IEEE Trans. Ultrason. Ferroelectr. Freq. Contr., 68, 5

(2021) pp. 1955-1964

100000 ¢

10000

100

Impedance [Q2]

LT (typically 1 um) 10

A

Quartz

34

1000 -

- Cw/ 42°YX LT  mmmum Al/ 46°YX LT/
BW = 4.2% 42°45°90°X Qz
| ZR=51dB BW = 4%
= A =3.78 um ZR =80 dB
51 dB 80 dB
\

| | | [ T T T T R B
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Near Zero TCF HAL SAW Resonator o

M. Kadota ... S. Tanaka, IEEE IFCS 2018
M. Kadota, Y. Ishii, S. Tanaka, IEEE Trans. Ultrason. Ferroelectr. Freq. Contr., 68, 5 (2021)
pp. 1955-1964 1000

LT 0.1354:4.1 ppm/°C
_ LT/ quartz = o 4 LT 0.1262: 3.2 ppm/°C
= of oo - JLTO0.1264:23 ppm/°C
& A e JLToa7a
o IS -10 ppm/°Q
<= -1000 el
‘; T-ALT 022
Qg) ‘\\ 21 ppm/°C
G -2000 . LT 0.244
Cu, 048 um 222°YXLT % K. 33 ppm°]
L \\\
—\"-'-'-'-kl— 3000 S
2 42°YXLT (Cu0.072): “ny
A -59 ppm/°C
42°45'Y90° -4000 -
quartz -
-5000 - ' - ' - | -
20 40 60 80 100

Temperature [°C ]

Measure temperature coefficient of series frequency of HAL

35 SAW resonator with Cu IDT/ 222°YX LT/ 42°45°Y90°X structure
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Sensors Connected to Bus via Platform LSI .

Analog senor

Conventional | AMP, ADC MEEE N
method il ¢ —
v" Low density
v Busy wires
v" Inconsistent
interface ﬁ
v" Low performance Digital sensor 2 Digital sensor 1
especially for (Clock different from 1) 12C or SPI
analog sensors (12C or SPI)
Relay node Chip-size multi-axis sensor
Platform LS| Sensor platform LSI integrated with platform LSI

v High density
v" Minimum wires
v' Consistent
interface
v’ High performance fs&s
v' Event driven o
37 Relay node Bus




Demonstration of Event-Driven Operation .

Please watch the student’s finger(s) and the oscilloscope.
38 Only when the sensor is pushed, a packet appears on the oscilloscope.




Tactile Sensor Network Covers Robot Surface .

@

Hub

Integrated
sensor

39



Integrated Finger Sensor (3 Axis Force + Temp) .

Sho Asano et al., IEEE MEMS 2016, pp. 850-853, Sensor Symposium 2016 [Tactile system ]

software (Host) '\\ =

Configuration data ‘L TSensing data

(sensitivity, sample rate, atc.) (force and temperature)

Vo [FPGA+USB interface

Diaphragm (Relay node)

Slgnal GND Enable | TR T '.":

Sensing — \ CMOS
boss

(Sensor node) 5.9V (OTP memory)
3.3V (IIO)
L1.2 V (core)

|
( Power supply (6 U}J

I"Tar.:tile 5..m'um::-::""‘l ( DciDC cﬂnverters]

Sensor Sensing | Temperalure | Bus wall

AU Seallng . i 1] mode sensing data cycle
r| ng - Ca paC|t|Ve 3-axis dl:-apgc{::re Ahl;nrmat CRC

|3 sEnsing da ag

' electrode

Au bump Stopper =4
R

...... 0 2CIIJ 300 4 ﬂ
R Time [l.lE]

——p

Voltage [V]
(=10 I -

2 4 6 8 10 12 14
Time [ms]

(=T

40 Bonding pad -~



Integrated Tactile Sensor (Tohoku U + Toyota) .

Yoshiyuki Hata et al. (Toyota CRL, Tohoku University, Toyota Motor), Transducers 2017, pp. 500-503

41
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Annular-type TSV Fixed electrode Mounting pad :
151 part: Sensor platform 151 I

Bonding ring

(a)

Boss

o«
v

LSI part

Surface mounting pad
Event driven operation:
Only the sensor which
is stimulated sends a
packet.
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Our MEMS-LSI Integration Platform .

Yukio Suzuki et al., IEEE MEMS 2017, pp. 744-747
, IC

The LSl is produced on a
shuttle wafer, and other
customers’ LSIs are

Laser-erased Metal Laser-erased | grased by laser ablation.
area bond Our LSI area
\ \ \
| e il
— e -T— - -~ - -1~ T g — | =
I -

COMPO 50kV X250 100 & m| 5.0kV x450 SE(M)



100 Integrated Sensors on Same Bus .

Only bus and ground

are connected.,

Each PCB has 20 integrated
tactile sensors on a bus.

5 PCBs are connected via the
bus.

1200!
1000/
800
Eunli

Number of packets received by each sensorin 30 s

2.36 (Cal. 2.31)
ity 2,08 (Cal. 2.06) s

h-.-...-._. 1.44 (Cal. 1 4'5]-"--—-—

1.13 (Cal. 1.11)

43 Signal on the bus



Summary Video

Shuji Tanaka Lab., Tohoku University, All rights reserved
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Example of Sensor Installation

20 sensors on mechanical hand
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S. Tanaka Laboratory .

Research topics in 2018-2019

> :
Sensing Cvber " e.g. Tactile sensor, Gyroscope,
W>(l)rld Ultrasonic sensor, Microphone
) . : : :
Actuation ~ & \VAAitEIE T e.g. Micromirror, Optical stage,
world RF MEMS switch
q.h------'b - .
Connection " e.g. SAW and BAW filter

Naturally )
Unconsciously
Comfortably

Affordably ) o010, %8

1001 S

1001
¥ e

Micro/Nano system technology

-

MEMS

Core competence

00710

Recent research topics

[Gyroscope, Ultrasonic transducer, Tactile sensor,]
Haptic device, MEMS speaker, Micromirror device,
MEMS actuator stage,|Acoustic wave device,)

46 Piezoelectric thin film, Packaging, ALD etc.

Functional
materials




IMAC-G Program for International Students .

vy Sendal, Japan Access  Campus Map  Comtact  Inbernal

Intermational Mechankal and Asrosgace
Enpinsering Cotrss 10 Outline Admission Curmiculum  Scholarships  Career

Engineering degree course taught in English
Bachelor's, Master's, and Doctor's Degree Student Recruitment

Important Dates

Tuition and Fees

TO |'_|'f_:.-'l KU International Mechanical and A¢ros

yiri : 5 Scholarships
IR RS LT Engineering Course

How to Apply

IMAC-U

Quick Guidance to Admission
Unelergraduate Covrse

http://www.imac.mech.tohoku.ac.jp/ 5wy Tohoku universioyr
News

More
T IMAC Course Description

IMAC

e

Global Entrance Exam
(for Japaness Students)

I | . I } @ Students Voice
m 2021,00.29 20210924

2021929, FY2021 IMAC.U Course 2021929, FY2021 FGL Entrance 2021 Fall Commencement IZ Career Path of Graduates

If you are interested, please contact me earlier, one year before the entrance.
47 Itis the timing to consider the entrance in October 2022.



THE 35TH IEEE INTERMATIONAL CONFEREMCE
ON HICRD ELECTRO MECHANICAL STSTENS

“a/MEMS
T0KY0222

9-13 Jnmunﬂv{fﬂazuzz

9-13 January 2022, Tokyo, Japan

We invite and welcome you to joins us for the 35th International Conference on Micro
Electro Mechanical Systems (IEEE MEMS 2022) that will be held in-person in Tokyo,
Japan, as well as virtually for online participation. With the evolving circumstances
regarding the global pandemic, we are currently preparing a conference schedule that is
dynamic and engaging no matter the participation level.

The MEMS Conference thrives on the rapid proliferation MEMS technology that largely
stems from the commitment and success of the microsystems research community as well
as a bustling industrial community. In recent years, the IEEE MEMS Conference has
attracted more than 700 participants with 800+ abstract submissions and has created an
effective forum to present over 200 select papers in podium and poster/oral sessions. For
2021, we will continue a combination of single and parallel sessions provides ample
opportunity for interaction between attendees, presenters and exhibitors.

Conference Chairs

Zhihong Li
Peking University, CHINA

Shuji Tanaka
Tohoku University, JAPAN




