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cPFLWho am |I?

= Professor in Mechanical Engineering

= | also teach for SMT ©
= Our labis in the MED building

= Pas francophone (Espagnol)

= We work on/with Micro/Nano

B Piezoelectric MEMS resonators for 5G filters

-lectro Mechanical Systems (M

=M/N

-MS)

G. Villanueva - EPFL-NEMS ™



=P~L My talk today...

B Piezoelectric MEMS resonators for 5G filters

Resonators
MEMS

What do we do?

How to use MEMS Resonators

‘or communications (cellphones)?

= Different types of resonators fo

IN-depth fabrication

" filters

G. Villanueva - EPFL-NEMS @
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Resonators




=P-LResonators

= Resonance frequency
= Quality factor
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MEMS

(Micro ElectroMechanical Systems)




cP-LHow it started...

Viop
I
Volume 7, Number 4 APPLIED PHYSICS LETTERS 15 August 1965 3@;’%\52 |

- e —

A RESONANT-GATE SILICON SURFACE TRANSISTOR
WITH HIGH-Q BAND-PASS PROPERTIES

Plate
H. .. Nathanson and K. A. Wickstrom G2 A
'l-'llnrl:ﬂ.!!]g]'lﬂu:'it. Research Lahurulnrilf:s P Substrate
{surface state modulation; MOS devices; E/T) Pittshurgh, Pennsylvania

(Received B June 1965)

= Silicon was a game changer:
= Stiff
= Light
= Brittle

= Easy to machine
420 PROCEEDINGS OF THE IEEE, VOL. 70, NO. 5, MAY 1982

Silicon as a Mechanical Material

KURT E. PETERSEN, MEMBER, IEEE

B Piezoelectric MEMS resonators for 5G filters

G. Villanueva - EPFL-NEMS ~



cPFLHow it developed...

= Small footprint

= Good performance

= Reliability

= Easy™ to produce
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Our Research

(MEMS Resonators)
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cPFLOur research

B Piezoelectric MEMS resonators for 5G filters
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cPFLOur research

Biosensing Devices

Flexoelectric Devices

B Piezoelectric MEMS resonators for 5G filters

Graphene Devices

Nonlinear Dynamics
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Resonators for Communications




cPr~LEvolution iIn mobile communications

Carrier

= More bandwidth
= Higher frequencies

Power

Bandwidth

Information

G. Villanueva - EPFL-NEMS o

= More bands Frequency

Picture from Yole Developpement
www.yole.fr

@
mmVvVY

30 kHz 0.9-2 GHz 1.0-2 GHz 2-4 GHz 3-4 GHz 3-30 GHz

2 kbps 04 kbps 2 Mbps 100 Mbps 1 Gbps >1 Gbps

B Piezoelectric MEMS resonators for 5G filters
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cPFL“Our” Goal

= Commercial challenges
Frequency . Fractional Resonator
Band Range Bandwidth Bandwidth Coupling
77 3.3-42GHz | 900 MHz 24% 65%
n78 3.3-38GHz | 500 MHz 14% 37%
n79 44-50GHz | 600 MHz 12% 31%
Wifi 6E 59-64GHz | 500 MHz 9% 25%
n28 703-748 MHz | 45 MHz 7% 20%
Couplina!!! h
= Coupling!!! . .
PINg = Material (Al Sc,.N and LINbO.)
= Frequency! _
9 y >~ mmm) = Fgb Technology

= Q-now 500, 2000 in some years
= Reduction of spurious modes

= Design (optimizing acoustic boundaries)

_/

B Piezoelectric MEMS resonators for 5G filters
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cP~L Brief overview

= AIScN Resonators

= LiINDbO3 Resonators
= SO
= SHO
= Al (XBAR)
= SH1 (YBAR)

B Piezoelectric MEMS resonators for 5G filters
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=PFLCell phones

ators for 5G filters

Power

lectric MEMS reson

B Plezoe

Carrier

Info

Frequency

EPFL-NEMS @
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cPr~LEvolution iIn mobile communications

Carrier

= More bandwidth
= Higher frequencies

Power

Bandwidth

Information

G. Villanueva - EPFL-NEMS ©

= More bands Frequency

Picture from Yole Developpement
www.yole.fr

@
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30 kHz 0.9-2 GHz 1.0-2 GHz 2-4 GHz 3-4 GHz 3-30 GHz

2 kbps 04 kbps 2 Mbps 100 Mbps 1 Gbps >1 Gbps

B Piezoelectric MEMS resonators for 5G filters
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=PrLMaking a filter - Ladder topology

B Piezoelectric MEMS resonators for 5G filters

Admittance

Coupling (kf ~ —)

P I

= Combining 3 resonators Antenna
= Two “Iin series”
= One “shunted” to ground
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+ Higher frequencies easily attained
- Poly-crystalline material (lossier)

+ Thickness defined frequency
- Moderate k?

the market
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cPFL“Our” Goal

= Commercial challenges
Frequency . Fractional Resonator

Band Range Bandwidth Bandwidth Coupling

N77 33-42GHz | 900 MHz 24% 65%

n78 33-38GHz | 500 MHz 14% 37%

n79 44-50GHz | 600 MHz 12% 31%

Wifi6E | 59-64GHz | 500 MHz 9% 25%

n28 703-748 MHz| 45 MHz 7% 20%
5
LE ™
> = Coupling!! = Material (Al,Sc,,N and LINbO,)
@)
- = Frequency! ~ =mmp " Fab Technology
o . C : :
0 = Q- now 500, 2000 in some years = Design (optimizing acoustic boundaries)
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AIScN resonators




cPF~L#1 - AIScN Resonators

= AIN and AIScN can be deposited via sputtering (<400°C)
= Doping it with Scandium increases piezoresponse

= Fabrication of SO resonators

. Floating . Ground
HR Si . Piezo . Mask * Lozzi et al, TUFFC, 2018

B Piezoelectric MEMS resonators for 5G filters
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Special Thanks to Prof. P. Muralt
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=PrLIn-depth Fab
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=P~L#1 - AIScN resonators
=
= First SO devices with 17.5% Sc in AIN 0]
4 2000 cifé
5 A——> =
A - 1500
=, N g
> - 1000 x
~ =
<
3 - 500
A
= Average k? = 4.4% @ 194 MHz 2 0
150 194 388 478
= Average ktz = 3.3% @ 478 MHz Frequency [MHz]

= (Spurious modes)
= 2x more coupling than AIN

B Piezoelectric MEMS resonators for 5G filters

* Lozzi et al, TUFFC, 2018 Special Thanks to Prof. P. Muralt
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cP-L#1 - AIScN resonators

N
a

5 ©
3 2 =
=
g 151 ﬁ
= Currently we are increasing concentration up to 40% Sc v o
= Slightly below the phase transition [ =0 %
% > ’ S: 2once:?rationi2/b) N cif
%o.es- (_'j
-C_§O.4-

2 4

L Cha”enges _FgockingCurveOAngIe(degrees)
= Etching = around 70O° sidewalls are obtained
= Growth - minimizing abnormal grains

B Piezoelectric MEMS resonators for 5G filters

EHT = 3.00kV  Signal A=InLens Date:7 Jan 2020 100 nm EHT = 3.00kV  Signal A=InLens Date .7 Jan 2020
EPFL-CMI

200 nm EHT = 3.00kv  Signal A= SE2 Date :16 Oct 2019

1 pm
Mag = 2187 K)F_| Mag= 10.00K )F—| Mag = 50.00 K)F_| EPFL-CMI
o WD = 54 mm Stage at T= 30.0° File Name = 83605_08 fif 29 WD = 3.7 mm Stageat T= 0.0° File Name = 88384_edge_01tif 29 WD = 3.7 mm Stageat T= 0.0° File Name = 88384 _center_02 fif

EPFL-CMI
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LINbO; Resonators (SO and SHO)




EPFL#2 - LINbO; SO&SHO resonators

= LINbO; also broadly used - its properties depend a ot on orientation

= We use (X-cut) LINDOS thin films on oxide or Si
= Substrates available since 2012

B Piezoelectric MEMS resonators for 5G filters

G. Villanueva - EPFL-NEMS &
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EPFLH#2 - LINbO; SO&SHO resonators
= Challenge: S

= Sidewall angles close to 80° %

= Lateral roughness in the order of 50nm — ‘é’

V. o 1 .

= Process scalable up to 4-5 GHz fr=—= \J pez =" 2

LiNbO, (400nm)

Si0, (1um)

B Piezoelectric MEMS resonators for 5G filters




cPFL#2 - LINbO4; SO&SHO resonators

= |n the same wafer, we could fabricate optimized SO and SHO devices
= k7 is 30% (SO) or 40% (SHO)
= | oaded Q (average) was 650 in our first run

0))

O ! RS RN . L = ) - o
= S0_k?=31% Tty SHO_k?= 40% Device orientation: 170

5 40 | s0 Q=724 . -40 | sHo Q=589 .
O f,= 470 MHz f,= 283 MHz

O

o @ -60 , o , _
e = =

g v_ | . v_ . , ,

o > -8 ‘ * e e a

U) 3 ‘ . ‘J | ! 1|

E SHO mode SO mode -100 - SHO mode | SO mode .
S -100 - .

'9 (a) DeVice 1 | \ | \ | \ | (b) DeVice 2 \ \ | | |
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EPFL#2 - LINbO; SO&SHO resonators
|< Inactive regior;l< Active regio ’Iﬁnactiv regio 4
= Design optimization - tweaking inactive regions
Lres
= Coupling was maintained W | 12 : oW
= Qimproved 3x W
) () = 1900 @ 290MHz B |
E) Anchor Bus Gap Aperture Undercut
; ki =41%
5
g 2000 |-t i e W034 T | | | o g1 |
% i T % l“"; Wb:o'Sﬁ’ 7 ZOOO_ + .................. + |
0 1500k c}%"}ﬂ" 9 W,=0752 - ‘} --------- -
é i si- T G} i _ L )
2 Cjlooo— éT %‘}é { ° " Q
S soof % 1 1000} ! _
-Di__) OIS llO 1.I5 ZIO 2.I5 3.0 O.I25 | O.ISO O.I75
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cPFL#2.1-SHO resonators in XY36

B Piezoelectric MEMS resonators for 5G filters

= Search for larger coupling

Removing major spurious (S0O)

K2

K2

LiINbOs XCut
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=P~L The Devil is in the Detalls

ok

= 1St round of fabrication - Anti-Resonance heavily supresed

G. Villanueva - EPFL-NEMS <

10 0’9 1.0 1.1 1.2 1.3 1.4 1.5

Frequency [GHZ]

y P
400 EHT = 2.00 kv StageatT= 300° Signal A = HE-SE2 c M = 400 nm EHT = 2.00 kv Stage st T= 300° Sigral & = HE-SE2 c M -
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* Stettler et al, IUS 2022, Venice



=P~L The Devil is In the Detalls

B Piezoelectric MEMS resonators for 5G filters

|Y12] [S]

10

= 1St round of fab
= 2nd roynd - De

rlcation — Anti-

(f.=1080.9 MHz |
C,, = 19.3 fF

Co = 50.5 fF

Ro = 308.2 Q
R.=6.9 0

Zmin = 1.8e+01 Q
Zmax = 2.1e+04 Q
k2= 27.6%

Lores =417

| —— Measurement (raw)
1 ---- mBVD fit
-6
0.9 1.0 1.1 1.2 1.3 1.4 1.5
Frequency [GHZ]

|Y12] [S]

10

NiNg resonators via a narrow trench (R, ~ 30 Q)

Resonance heavily suppressed (Ry ~ 300 Q)

-6

Narrow trench

] —— Measurement (raw)
1 ---- mBVD fit

Cn=199fF

Co =509 fF

Ro =31.7 Q

Rs =6.9Q

Zmin = 2.2e+01 Q
Zmax = 2.3e+05 Q
k2 =28.1%

LQres =338

(f.=1084.6 MHz

0.9

1.0

1.1

* Stettler et al, IUS 2022, Venice
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B Piezoelectric MEMS resonators for 5G filters

|Y12] [S]

= 1St round of fabrication - Anti-

=P~L The Devil is In the Detalls

Resonance heavily suppressed (Ry ~ 300 Q)

= 2nd round - Defining resonators via a narrow trench (R, ~ 30 Q)
= 39 round - Narrow trench + Controlling the resist sidewall (R, ~ 5 Q)

10" 3 : \
] f. = 1080.9 MHz
: Crm=19.3 fF
. Co = 50.5 fF
s Ro = 308.2 Q
10 1 R.=6.9Q

| -

Zmax = 2.1e+04 Q

k2= 27.6%

Qres =417

1073
107
| —— Measurement (raw)
-- mBVD fit
10 - ' - - ' -
0.9 1.0 1.1 1.2 1.3 1.4 1.5
Frequency [GHZ]

|Y12| [S]

1073

1 | Narrow trench

7

| —— Measurement (raw)

\ |

f-=1051.3 MHz |

Cm=16.6fF
Co=41.6fF
Ro=4.6Q
Rs=7.1Q

Zmin = 1.4e+01 Q
Zmax = 5.7€+05 Q
kZe = 28.5%

Qres = 645

-- mBVD fit

0.9 1.0 1.1 1.2 1.3
Frequency [GHZ]

* Stettler et al, IUS 2022, Venice
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cPFL#2.1-SHO resonators in XY36

B Piezoelectric MEMS resonators for 5G filters

= Search for larger coupling

Removing major spurious (S0O)

K2
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cPFL#2.1-SHO resonators in XY36

B Piezoelectric MEMS resonators for 5G filters

= 300 nm thick suspended platelet

= Al IDT transducer
= £. 300 MHz or 1.1 GHz

[ ]
c M I EPFL Center of

File Narme = post_release 02 tif MicroNanoTechnology

1077 4

Performance:
= Up to RaR of 16%

= | paded Q factor
» 350 @ 1.1 GHZ
= 1000 @ 280 MHz

Lm=1.1 uH
Cm=20.1fF
RAm=128 ohm

Cp=50_8 fF
Rop=80.9 ohm

B:=7.1 ohrm

ki=28.4%
=368
Qu=572

fr=1082.8 MHz

900

1000 1100 1200 1300 1400
Frequency [MHz]

G. Villanueva - EPFL-NEMS &



cPFL#2.1-SHO resonators in XY36

= Ist order correction: Suppression around f,
= 2Nnd order correction: Suppression over entire band and RaR of 16%

Record Figure of Merit

(i) T T T
g I Standard
p | Piston
O
LO 107 / Piston + Holes 7
O ,\ :
b — ’ \
& O103 (74 \
o C \
n ©
O =
n &
T R
107
=
O
O
O
8 10-5 I . I . I
N 10 12 14
o Frequency (GHz)
|

* Stettler et al, IMEMS, submitted
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cPFL#2.1-SHO resonators in XY36 - Next steps

= |ncrease Q factor
= Optimizing boundary conditions
= Minimizing fabrication residues
= Changing electrode material

= [ncrease frequency
= E-beam lithography allows it (also DUV)
= Thinner layer of LNO = might cause extra losses and reduce Q

B Piezoelectric MEMS resonators for 5G filters

G. Villanueva - EPFL-NEMS &3
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LINbO; Resonators (Al, XBAR)




=PFL#3 - LiINbO, XBAR

= Shear Al-like mode

= QOriginally in z-cut (see later)
= Resonant frequency is predominantly thickness defined

f =@= Eeq. 1
A N 2t

Si and oxide release

Si02 7

B Piezoelectric MEMS resonators for 5G filters

G. Villanueva - EPFL-NEMS 3




=PFL#3 - LiNbO, XBAR

= Fasily reaching 5GHz

= Few spurious modes (in z-cut)
= Coupling RaR of up 10 10.9%

(Good candida

S21 (dB)

5

5.5

Frequency (GHz)

te fo

rn/9

[ [ [ [ f
C)~fit-res=2()8

H int—areszl50
° i / C,=0.101pF
D R...=6.20
= | w ool ' ' o = _
5 N | - - = - e | Rares=8713CQ
LO & R-a-R=10.5%
L2 o 0.01F R,=8.4Q
0 O
S =
© 4
C +
D -
0 o
N <C 0.001}
=
LLJ
=
O
g Measured
D 1E-4+ — mBVD Fit
O i
qN) - | | | | |
a8 3000 4000 5000 6000 7000
= Freq (MHz)

* Yandrapalli et al, IMEMS, 2022
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=PFL#3 - LiNbO, XBAR

= Freguency controlled by pitch when approaching thickness
= Coupling affected by pitch

>Pitch (um)4 >Pitch (um)4

| T T T T | T | T T T | T | T |
D 6.0 : — R __o---Q---Q——Q———é--Q
O N ® Simulated o -9 i
) @ . 29 ©
t I B T —— B 0,”/’ -
= Measured NS

D o )
(5 v5.8— _ ~— //0
TolN) 8 10- = ]
2o | O -
O o \ © 1
y— 56+~ |
3 .|_J //
it O = [
O i 5 ,
+— L
g L 54+ _ q>)
@) Q I 5 gl Q ]
%) '8 © ,
g S 52 . D ’
o g .
= -% [ T 1 o , ® Simulated
% > >0 M / Measured
6L @ |

-L:) | | | i | i | i | | | | i | | I | L |
O 1 2 > 6 1 2 5 6
D
©
®)
N
)
2
||

* Yandrapalli et al, IMEMS, 2022
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=PFL#3 - LiNbO, XBAR

= Freguency controlled by pitch when approaching thickness
= Coupling affected by pitch
= Spurious mode can be suppressed with the right metallization ratio

| O*flt—res 136 | | A Q ffffff 113 |
ci) int-ares=171 \ int-ares=160
Q 0.1p C,=0.188pF [ 0.1p C,=0.256pF
T - R.=4.9Q |7 - R.=4.4Q |7
@) R,=4959Q |] [ / R,.=3431Q |]
LE n R,=2.5Q) (@) I /’ Rp=2.2Q
O 3 R-a-R=10.35% Y o R-a-R=10.53%
s Q 0.01F | Q 0.01F o [ miiiataabete
n (© - (© b —_—
§ E E B \ //
S £ £ \ /
- < <
@)
0 0.001F - 0.001F 4
L : ] : z
% —— mBVD Fit | | i Measured | |
LL] Measured | i — mBVD fit |
% 2000 | 5000 | 5000 | 7000 3500 4000 4500 5000 5500 6000 €500 7000
= Freq (MHz) Freq (MHz)
O
@
D 0 ' ' . . . .
e 15%0 metallization ratio 25% metallization ratio
()]
an
o

* Yandrapalli et al, IMEMS, 2022
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EPFL#3.1- LINbO3 XBAR - XY128

B Piezoelectric MEMS resonators for 5G filters

Increasing coupling going to XY128

RaR up to 14%

Bandwidth 1 GHz @ 6.3 GHz

\Vore spurious appear compared to z-cut

o4k

Admittance (S)
S
g8

—
=
[#5]

10'4 3

R =5
R, .. =1880052
R.__ /R __=3768

ares res

RaR%=14

Q res=125
Q ares=585

0.

1
6.5

Freq (GHz)

|
7.5 8

8.5
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©

G. Villanueva - EPFL-NEMS



=Ml

LINbO, Resonators (SH1, YBAR)




EPFL#4 - LINDO,; YBAR

LNO [~ 400 nm)|

= Shear SH1 mode

= Originally in Y-cut

= Resonant frequency is predominantly thickness defined

Va1 Eeqg 1

i il PYT

B Piezoelectric MEMS resonators for 5G filters

* Yandrapalli et al, JIMEMS, submitted

G. Villanueva - EPFL-NEMS <!



=PFL#4 - LiINbO, YBAR

= Simulations reveal many spurious modes in-band
= Travelling wave perpendicular to the electrodes

= With trenches the spurious are heavily suppressed
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=PFL#4 - LiNbO, YBAR

= Fabrication with floating metal

B Piezoelectric MEMS resonators for 5G filters

* Yandrapalli et al, JMEMS,

submitted
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EPFL#4 — LleO3 YBAR Filter Simulation (being produced)
a) -
= Experimental confirmation of simulation results r\
= Coupling RaRuptotr5% o= |
, e
= Compromised Q .
Good candidate for n/8
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Thank you for your
attention!!
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Any questions?
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