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Goals:

» To develop test methods for characterizing the behavior and
reliability of performance-limiting MEMS materials.
* To suggest improvements in device and/or materials design.
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Project Title: Robust Micro-Electro-Mechanical Systems Phase |l

Term: 20 April 2004 - 19 April 2005

Project Objective: To investigate innovative approaches that enable revolutionary
advances in science and devices of MEMS of interest to
ARL/ARO, with the ultimate objective being the realization of
micromechanical devices with unprecedented performance,
stability, and lifetime.

Project Tasks: Test Procedure Development and Refinement
Development of Novel Metal Alloys and Dielectrics
Accelerated Life Tests

Project Status: Concluding
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Program Overview

SUtilsis i s L Development of reliable
Characterization and modeling of time- contact metallization for

dependent metallization behavior Contact RE-MEMS Switches
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Development of low stress PZT- Characterization of degradation in

compatible Electrode Materials Capacitive RF-MEMS Switches
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Time-dependent mechanical behavior of thin
metal films

MARS (mechanical antireflection switch) MEMS modulator

Membrane mechanical
movements changes reflection.
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Bulge system (capacitance method)

substrate ::j Al

&
CL\IJ SINX window :
2" 120r3° 12mm
SINX : 210nm
Si :730mMm Metal plate
K OH etch SINX : 210nm
N, gas
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Test Conditions



Al stress & strain vs. time
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Metallurgical effects on mechanical behavior of
thin metal films

 Topics:
— Residual stress control Top electrode
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 Techniques

— Sputter deposition

— Membrane resonance \ > !
— Nanoindentation /

— Microtribology test

— Lifetime testing

Bottom electrode

Device provided by SandiaNationd Laboratory









Contact Switch Fact Sheet

e Radant RMSW100 SPST RF MEMS Switches

e Mounted on an RMSW100-
EV4 evaluation test board

— With a through line for
calibration

— Specified bandwidth from DC
to 4GHz



Hot Switching Lifetime Test Conditions

Actuation voltage

— 10KHz, -100V, 50% duty cycle
— Ramp time: 10us
— Overshoot: less than 5%

RF input
— Frequency: 2GHz CW
— Power: 0to 20dBm

-110

-10 T

-30

-50 A

70 A

ACTUATION (V)

00 A

Data sampling 0 002
— Every 3x10%cycles (3s)

0.04 006
TIME (ms)

0.08

0.1

Results

— Tested hot-switching lifetime to more than 100 million cycles

— Failed switch sent to Radant for failure analysis




Factors affecting contact switches

are

QuickTime™ and a

TIFF (LZW) decompressor
e needed to see this picture.

Asperities increase contact
resistance

Plastic deformation lowers
resistance

Surface adhesion (welding)
Material transfer
Arcing



Piezoelectric actuator
Low force load cell
Mounted on air table

Four point resistance
measurement

Experimental Setup



Research Plan

Alternative materials optimized for hot switching conditions:

1.

L e

Improve and optimize current testing setup

Gold-to-gold contact testing (establish baseline)
Determine failure modes for Au-Au contacts

Select candidate metal systems (e.g., Au/Ru, Au/Au-IrO2)
Candidate metal contact testing

Determine failure modes for candidate metal contacts

(pursuing active funding)



RF MEMS Capacitive Switch Overview

Advantages

 High linearity

» Low loss and good isolation
» High frequency operation

* Low power consumption

Disadvantages

» Packaging cost

e Limited reliability (number
of cycles limited by
dielectric charging)

Objective
» Understand charging physics

» Characterization and modeling
» Develop accelerated life test

Equivalent Circuit
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Test Setups

- F - RF Test Setup
« 50 GHz VNA

Blas | MEMS BiaS'TJ « +100 V DC Source
' e Arbitrary waveform
generator

Transient Current Test Setup

 Microchamber with temperature
and humidity control

« Precision semiconductor
parameter analy zer

» Triaxial DC probes




Real and Faux Switches

Real Switch Faux Switch (MIM Cap)
Al membrane (GND) Al membrane (GND)
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e Transient current measurements taken on Faux switches and used to
construct charging model with charge location as an adjustment factor

 This charging model can accurately predict actuation-voltage shift of real
switch in spite of possible surface irregularity



Model Construction

DQ= DQ exp(V /V,)[1- exp(-ty, /£2)]exp(-ty /£ ;)

J=1,2
Extracted Model Parameters e Current induced by
charging and discharging
of traps

* Voltage dependence of
steady-state charge
density, charging and
discharging time constants
extracted

 Model used to predict
current transients and
charge injection under
accelerated test conditions




CURRENT (A)

Modeled vs. Measured Transient Currents
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 Model constructed for charging under both positive and negative
actuation voltages

» Good fit between modeled and measured transient currents



Charge Acceleration under Square-Wave Drive

@
>
L
Q
=
Q

ah Discharging >

On Time

Off Time

CHARGE DENSITY (g/cm?)

orr

TIME (s)

Net charge accumulation per switching cycle depends on
ratchet action of charging/discharging



Duty Factor Acceleration

*Vpp =-30V, duty factor = 75%, 50% and 25% top down
* Charging (failure) accelerated by increasing duty factor

* Charge injection depends on total stress time, not number of
operating cycles



Voltage Acceleration & Frequency Independence

* Charging (failure) accelerated by increasing peak voltage
* Frequency is not an acceleration factor



Conclusions

Capacitive Switches
 Characterized charging behavior on both nitride and oxide switches

* Measured charging and discharging current transients; extracted
charging model

» Predicted actuation-voltage shift under square-wave drive with
different voltages and duty factors

 The model can be used to design control waveforms that can either
prolong lifetime or accelerate failure

Program

« Several new techniques for characterizing MEMS material behavior
e Membrane resonance
 Capacitive-sensing gas bulge
 Microtribometer with contact resistance measurement

* New metallization for low residual stress noble metal electrodes

e New models for anelastic mechanical behavior
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