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YZ% Motivation of this work

« RF MEMS capacitive switches are very promising for microwave communications

— Low loss performance

— Low power consumption

— Superior linearity

« But switching speed are limited to few ps to few ms:

* Moving a mechanical element required some delay
« Switching speed firstly relies on the actuator
« Switching speed also relies on the design
Radant MEMS Memtronic (Ravtheon ) Magfusion
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« Obijective of this work: Study new concepts to achieve
switching time below 100 ns 2




\%@ Design rules

Type of Actuator
v'Parallel plate vertical electrostatic actuator

= Easy to implement : Capacitive actuator can also be used as a RF tunable capacitor
+ = Small power consumption (NW-uW): Current flow only during moving period
» Relatively fast: At least in the us range

= Quite high biasing voltage (tens of V): Can be reduced using nanogaps actuators

= Actuator reliability issues : Drift of actuation voltages as function of biasing
- & temperature

= Sensitivity to RF signal power

Proposed mechanical design approach

v'Miniature beam:
10 factor compared to conventional components

v"Nanometrics air gaps:
10 factor compared to conventional components

v’ Appropriated structural materials for beams

AccV  Spot Magn WD
1250 kv 4.0 _3564x __23.2 XLIM_PLATINOM




Y@ How improve switching speed?

Switching speed for an electrostatic actuator

Intrinsic Pull-in voltage
/ g

t ~3.67 pull-in Mechanical resonance frequency
. :

2V, fo/ (fundamental mode)

1 Applied biasing Voltage

Valid if Vact > 1.2Vp a 2Vp

Mechanical resonance frequency has to be high

Beam spring

1 k < constant

f, =
27 \m -
S~ Moving structure
mass

mp Stiff and light movable beams




Yé; Some representative components

Radant MEMS

Thick gold alloy cantilever

* Spring constant: 100 N/m

» Mechanical resonant frequency :50-100 kHz
* Gap distance: 0.8-1.2um

« Switching time : 3-5 us

Tensile aluminum membrane
Dielectric * Spring constant: 6 to 20 N/m
- Down « Mechanical resonant frequency :70 —200kHz
* Gap distance: 2-5um
Al Membrane  * Switching time : 1-3 s

Tensile silicon nitride membrane

» Mechanical resonant frequency :160 —400kHz
» Gap distance: 0.5-0.9um

« Switching time : 0.5-1 ps



Membrane design: Fixed-fixed beam with a slight
tensile stress

Spring constant:

| [ 1
k= 32@‘() 8(x/1)" = 20(x/1)* + 14(x/)) -1+ .1_v”(?>3— 2(x/1)

/\ g
—

Structural k 1 k2
material Geometry induced stiffness Stress induced stiffness
properties

As short the beam will be as high will be its stiffness



YZ’@ Why is it interesting to miniaturize?

Aluminum membrane (low density material) with o = 10 Mpa stress

With w=10 pm, t=0,35pm except *

*Raytheon (w=100pum, t=0,5um)

10
18

B % =20 pm

- w=8 um
D. Mercier, et al, “Miniature RF MEMS switched V,=25-335V
capacitors,” T, =200 ns
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YZ@ Choice of appropriated structural material

The structural material can also be influent
L Beam spring constant(E, v)

c_ 1k
0=
27 VM «— Beam Mass (p)
i i (2.6)* (~2)*
Materials properties: :
a7 W a7 W
Gold Aluminum @umi@
Young's modulus (GPa) 78 70 380
Poisson’s ratio 0.42 0.345 0.25
Density (g/cm?) 19.3 2.7 3.9

Slight and stiff materials can be combined to form the beam



Y@ Impact on the mechanical resonance frequency

Mechanical resonance frequency (kHz)

8000
6000 | Multilayer ,
Multilayer beam =
Al203 (100 nm) |
ﬁ: (8( n(lrlno)O ) 4000 Aluminum
203 nm
- s
000 Gold
0 | | |
300 400 500 600 700
30 pm Beam thickness (nm)

) umB



Y&{/& Impact on the switching time

Switching time (ns) @ 1.5 Vp

600
500
Multilayer beam = 400 -
Al203 (100 nm)
Al (x nm) 300

Al203 (100 nm)

100 8

Multilayer
0 ! | }
300 400 500 600 700
30 Beam thickness (nm)
pum

I

) umB




Yé; Master required actuation voltages

V B 8@ e Sp:r))ing constant
pull—in — gO N Initial ga
21, Ww gap

W

High stiffness =» pull-in voltage increases

Compensated by \y the gap (= few 100 nm)

Due to membrane miniaturisation, air gaps must also to be
reduced
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X

Multilayer beam =
Al203 (100 nm)

Simulated pull-in voltages

Pull-in voltage (V)

60

50 +

Multilayer
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Al (x nm) 30
Al203 (100 nm)
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\Z& Fabricated devices

AccV  Spot Magn WD
25.0kV 5.0 8200x 235 XLIM - PLATINOM

: Spot Magn WD 1 100 um
250kv 5.0 200x 23.5 XLIM - PLATINOM
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Y@ Fabricated devices

3 Contact
Suspended

) | - electrode -
membrané‘\ - ' /
= Multilayer -

membrane secltion o=

?

all due to Lift
- off

Alumina top layer

300nm air
gap

Alumina bottom
Aluminum layer

intermediate layer = =

CHES NOUVAMEMS
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Mechanical resonance frequency measurement

Modulation detection on RF signal due to MEMS beam motion

HP 8722ES R&S FSEK 20-40
RF source Spectrum
@ 10GH:z analyzer Py
S i Carrier
. 2 -30 ~a Mechanical resonance
oA " . 3 T frequency
RF signal (GHz) 5 3
' ! ; o = -50 -
: ! Vacuum probe ! = c
S / i station ! iy ()]
'—5 ™ v | BiasT : 1 2 : BiasT . g
5N\ RF probaTs DUT R probi | g 0] insing si
! prone hre ? Modulatled signal a 8 Biasing signal
: ! | g 2
- i l ] -90 -
31 A AR S [l | g o
Actuation signal
{kHz) ====9 Agilent 332204 Agilert 54622 - / ey , gl , AT PAT YT K WA VSISV
LE Amplifier LF function | | -6 -4 -2 0 2 4 6
P generator scope .
Mechanical resonance frequency (MHz)
A
Beam lenght (um) f, mesured (MHz) | f,predicted (MHz)
35 3,2-4 3,5
30 4,2 -5,6 4.8
25 51-7,2 6,5
20 9,2-11,5 10,5

Measurements in good agreement
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Y@ Mechanical resonance frequency measurement

Laser Doppler viborometry measurement

] Fundamental resonant mode

Magnitude [ prm |

second mode

0 - ‘ 4.1 MHZ 5 | 7.‘5 MHZ F.requengl-lh'll-lz-l
35 um

25 pm - 2
/%300 nm_/ A )
> «

15 pm CNES ovamems 16

simulated f,= 3.5 MHz




Y@ Mechanical resonance frequency measurement

£30] - e | Mt
] Fundamentalresonantmode
S o Tee———— e e
-
104
o -L_ g WA : :
’ | é Frequeng[MHz.] lllj —18'9 MHZE“
15 pm ‘
S > g .
H simulated f,= 18.7 MHz
73300 nm_/ ‘k A
« > <
4 pm cnes

novamems '



Y : Switching speed test bench

RF signal amplitude modulation when MEMS component is actuated

RF source _ RF~I5i5ﬂ3| (GHz) Actuation signal {kHs}rEE'VJ-I_U_
Bias T | Agilent Ar-mmr—=mmmrmmmmemmmemmmmmne e | 5oy
@ 18GHz I 116124 ‘LI Vacuum prDbE JI Falco WMA-300
HP 8722ES (:\\ = station &
. ' — 1 2 LF Amplifier
i - i — —— /
irculator RE DUT RF | y |
/\ probe probe! /| LF function
- i ) enerator
= 1 e ; 2
Wideband peak /I AQ’JIIIE’J'TI‘ 332504
power meter RF detector Scope /I’
Anritsu ML2496A | agilent 8474C Hameg HM507 v
60
S50, |
. O —Pp! [l ¢—
8ns resolution 8ol
s |'* 100ns
Sl
S i
Sl !
s |
g |
< : 1
0 +—L T T "
0 1 2 3
Time (us)




e

Switching speed measurement

Mechanical Measured _Computc_ed Measured
Beam resonance oull-in switching time | switching time
length (um) frequency voltage (V) (ns) (ns)
(MHz) @ 1.5xV, @ 1.5xV,
15 18.9 76 26 * 40 *
20 10.5 54 44 65
25 6.5 30 72 75
30 4.7 40 99 110
35 3.5 42 111 130

* @ 1.2xV,




Input Reflected RF Power (uW)

Switching time vs biasing voltage (1)

126
124 1
90% A
122{ """ T T ======= J’ '
— 60V “
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118 1 —100v

116 -

114 (== == o= o = o = =

112 -
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110 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 114 |
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Time (ns) 112 1
Vacuum measurement conditions 110

30 pm

<& n

&
<

“MM"M‘W Wlﬁm : 75500 m /

15 pm

Predicted switching time
@ 2Vp : 75 ns

124 -

122

120

118

116

Release time

~250 ns = 4 MHz

%.—.(— ~100 ns

0

250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Time (ns)

Measurements in good agreement
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Input Reflected RF Power (UW)

X

116 -
115 -
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Switching time vs biasing voltage (2)

~ 25pm R
15 pm 2gp= 7
VAR

—

Predicted switching time
@ 2Vp : 54 ns

114
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111 4

/ | Bounces due to vaccum

N\ ) 110 + i\
106 A ‘ ‘ ‘ “1 [AS 50 ns_
200 150  -100  -50 0 50 100 150 109 1 o
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106
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Time (ns)
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| Anchor

Multilayer MEMS Bridge
Lower pull down electrode

Isolation (dB)
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Switched capacitor RF performance
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Yé; Reliability potential superior capabilities

Intrinsic beam release pressure:

Pl. = Fl. /'S (S: contact surface on lower electrode)

with F, = k (20-g) +ks(£0-2)3~ k.20
n*Ewt

(g0:initial gap, g steady state gap and ks torque constant ™ g3

(1) w=1/2, welectrode =1/2 g,=1pm, t=0,35 pm except*

I (um) 80 60 10
F, (uN) ® 10,7 | 14,2 297,4
P, (kPa) 6,7 | 158 11 900

*Raytheon (gy)=4pm, w=100pm, t=0,Spum)

Miniature design will be less sensible to dielectric charging issues in the

electrostatic actuator
23



Y{ W Reliability tests and used test bench

Applied biasing stress:

Monopolar stress

A—

/\

stress N

V

C(V)
recording
signal

<> ------ —>

20 ms
Bipolar (10Hz) stress

A

/\

v

v

Arbitrary waveform

Automatic acquisition

External treatment

1T

|I ” Oscilloscope

[0
[

generator
Amplifier
—p <=
r-r—-———- |
I 1
| .3; . _____
Teen 1 1 I
1 1 i 1
I “_ 1 1 ]
I ‘| : N\ /7 | :
=TT " ] : "
1 DUT I 1
| 1 1
Microwave source e — I_) - _'t_ ——————
. ry nitrogen
% E
@ 13GHz chamber
HP 8722ES

Detector
r ———— -1

1
ITee

Continuous applied stress with periodic
C(V) recording (every second):
MEMS components are 98% of the

time actuated down
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YQ Reliability performance (1)

Monopolar stress effect:

stress
— == -) 0,021
/\ 0,019 |
il > —ini
——1000s
0,017 |
\/ ——6000s
(<)
@R ‘ 83000s
C(V) g 0,015 - -4 - -1
recordin | |
’ 2
L 0,013
S
'S 1 |
Qoo e | SRR
E
@ 0,009 -
0,007 1
0,005 T T T T T
-60 -40 -20 0 20 40 60

Applied voltage (V)



Reliability performance (2)
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Very small recorded drift :4.5V after 23hours let down
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Yg,}%% / Reliability performance (3)

stress _
Bipolar stress effect: 1 /\
40 i >
= | |
z _V + N
§ 20 "-_.._..____. AR 'i‘l . .m.,.',;,. — ."e'“m”\
QD o~ - V.+
& | |
;c; % 10 - : r
S8 ol
e
=) -10 +
s » ; ;
=S g N — Pull-in voltage shift (V)
= 1 1
8 -30 M
P
-40 :
0 10 20 30 40 50
Stress time (h)

Recorded drift of 3V

after 60hours let down

Stress time (h) 21



Length
Width
Thickness
Gap

Mechanical resonance
frequency

Switching time

Capacitance ratio

Raytheon
270 - 350 um
50 - 200 pm
0.5 pum
3-5um
55 - 150 kHz
3-5us
100

Conclusion and Prospects

Miniature
multilayer MEMS

15-35 um
5-25um
0.4 pm
0.3 um

3500 - 18000 kHz

50 -100ns
5-6
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