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Abstract

Modern day applications have led to extensive miniaturization of consumer electronics
along with incoporation of statef-the-art sensor devices and acceptance of flexible materials
within an electronic assembly. With the introduction of portable electronics, given the harsh
environments they can be exposed to, reliable and efficient operation is dft utnportance.

For harsh environment reliability data, consumer electronic assemblies need to be monitored
under conditions mimicking their areas of applications but not much attention has been paid to
the incremental shift and degradation in output patarseof the assemblies while under
operation. Present day consumer electronics is an amalgamation ofEN&cto>Mechanical
Systems (MEMS) and flexible electronics which allow for the development of thinféarors

with the ability to bend, stretch arfdld in electronics applications. The existing electronics
ecosystem and suppbthain is geared towards the manufacture of rigid eleicsomhe
manufacturing of thin electronic architecture requires the development of solutions for unique
challenges inading the integration of thichips, flexible encapsulation and compliant
interconnects.

Harsh environmental operating conditions have been known to have an impact ontiime |dé

a MEMS device. Therefore, reliable operation is a quintessential eewgmt for such devices
especially in the areas of military, automotive and space navigation applications. Primarily, the
major focus of the current MEMS studies encompasses novel fabrication techniques, effective
internal design in order to achieve highality factors, improved packaging techniques and harsh
environmental survivability but in very few works. This section encompasses development of
test protocols for MEMS sensors as per their areas of applications, harsh environment life

characterization ahconducting failure analysis. Harsh environment operating conditions which



the MEMS sensors have been exposed to are drop and shock (1500G), high vibration amplitudes
(14G), high relative humidity and temperature (85C/85%RH), low temperature steBa@ (
thermal cyclic stresses and long term aging. The survivability of class | and class Il MEMS
devices such as gyroscopes, oscillators, microphones, pressure sensors and accelerometers need
to be demonstrated as a function of change in their output paramet

On avery similar note harsh environmental operating conditions present in our daily routines
such as varying temperatures and bending loads can affect flexible/wearable electronics such as
Li-lon power sourced.he development of electric vehiclesf§ in the past few years has given

rise to the lithiumion battery technology from a standalone and flexible electronics standpoint.
This particular battery chemistry has been the@gyproduct of the battery community due to its

high energy density, longifetime and high power density but just as in other electronics
reliability and safety is still a concerrCombined effects of distinct bending load(s) and
operating temperaturg25°C and 50°Cxan significantly attenuate the life of flexible-lan

bateries in foldable wearable electronics. Present day technologies call for battery applications,
which require exposure to bending stresses, human body and varying ambient temperatures.
Current health monitoring techniques and test standards for flexiblergources are still in the
nascent stages. Flexible power sources such -é&@nlbatteries may undergo multiple charge
discharge cycles during operation, therefore development of a hardware testbed, which mimics

the operating conditions in their aredsapplications, is needed.

This work comprises of two reliability sections where the first focuses on damage progression in
MEMS whereas the other section provides insight into the overall behavior of flexibbe Li

power sources under harsh operatingr@emments.



Section |

Focuses on obtaining lifetime trend of class | and class || MEMS characteristics when operating
within the specified environmental conditions and reporting the evolution of damage progression
as a function of MEMS functionalities.his study also analyzes the behavioral trends over
multiple cyclic and long term stresses using statistical methods and identifies potential failure
sites, if any.

Section I

Shows the combined effects of dedmrge, shallowcharge, distinct bending load(s) and
operating temperatures have been characterized flamLbatteries. Thin flexible battery cells
were cycled through multiple chargiescharge cycles under simultaneous bending loads plus
thermal stresse®utput parameters such as efficiency, power, capacity and etisaygrge

time have been analyzed for battery state assessment. The sensitivity of capacity degradation to a

number of chargelischarge parameters has been quantified with regression models.
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Chapter 1

1.1Introduction

Sensors angower source regimes are deeply intertwined in many ways. Firstly, in order
to track theperformance and safety pbwer sourcea reliable sensmetwork is required3-7],
secondly both the components are an integral as walh sgeractive part of automotive, space
navigation and consumer electronics and finally with rtbeentdevelopment of lithiumon
micro batteries, fully batch fabricatedsing micrefluidic Micro-ElectreoMechanical Systems
(MEMS) packaging techniquggl], has opened up a whole new exploratory dimension where
micro-batteries with interdigitated electrodes can compete with the conventional battery
architecture comprised stacked electrode configuratiodiniaturization of sensors and sensor
based networks such as in wireless sensor grids, inertial measurement units (IMUs), and
membrane/diaphragm based sensors has led to widespread usage of sensor technology but the
effecive power sources still remain a big issue. The main roadblock is that the reduction in size
and cost of the sensors has surpassed the scaling of energy density in power sources, resulting in

batteries becoming tHeggestand the most expensive componetthin the assembl{5s].

1.1.1MEMS Overview

MEMS is a process technology used to fabricate micro level systems with both electrical and
mechanical components. These devices are fabricated using integratgdbeitch processing
techniques and havedhability to respond to external stimuli in order to generate effects on the
macro scale. MEMS, as an acronym, was originated in the United States and is also referred to as

Microsystems Technology (MST) in Europe and migrachines in Japan. The MEMS dewi



electronics/circuitry are fabricated using traditional IC technology while on the other hand the
mechanical components are fabricated using urbane surface and bulk micromachining
techniques. Micromachining processes such as-dsglectratio, surface am bulk selectively

add or remove silicon layers to form eleetn@chanical parts. Conventional ICs are designed in

a way that they can make use of the electrical properties of silicon but MEMS design engineers
have made it possible to exploit both the &leal and as well as the mechanical properties of

silicon.

Micro- Micro-
Sensors actuators

Micro- Micro-
electronics structures

The MEMS regime is comprised of four areas which are msersors, micractuators,
mechanical micretructures and microelectronics; where thiercmasensors have the ability to

ascertain changes within the local surroundings by gauging thermal, mechanical, magnetic or

2



chemical data. This data is processed by the ma@tcironics which in turn notify the micro
actuators to react to the local chaagand generate an electrical signal mostly in terms of a

voltage output.

MECHANICS
O*’I % ._ MEMS

OPTICS ELECTRONICS

samarapaido
R} SO

MEMS sensors as mentioned are fully integrated rsgsiems which comprise of both
electrical and mechanical parts in most cases while some other sensors as per their applications
might comprise of magnetic, fluidic or thermal components. These 1system components are
fabricated using the conventional semiconductor batch processing techniques and their

dimensions may vary fro a few nanometers to microfdfEMS Reliability 2015].

The MEMS vision was | aid out as early as in t
before this technology could be incorporated into consumer electronics. It was only during the

mid-1 9 9 that MEMS components could break through andesaappearing in commercial
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products such as airbags (accelerometers), inkjet printers and medical applications (pressure

Sensors)
Timeline MEMS Milestone Contributor(s)
1948 Invention of Germanium transistor BELL Labs (William Shockle
1954 Piezeresistiveeffect in Silicon and Germaniunc.S. Smith
1958 Firstintegrated Circuit Kilby and Noyce
1959 OThereod ploeom yat b ol|tRichamBeyimanct ur e
1959 First SibasedPressure sensor demonstration Kulite
1967 Anisotropicdeep Silicon Etching H.A. Waggener et.al
1968 GateTransistor (Surface Micromachining) | H.Nathansoret.al
1970 Bulk etched Si wafers used as Pressure se| Bulk Micromachining Proces
1971 Invention of Microprocessor (4004) Intel
1979 Micro-machined Inket Nozzle HP
1982 Silicon used as structursterial K.Petersen
1982 LIGA Process KFK
1983 Integrated Pressure Sensor Honeywell
1986 Atomic Force Microscope IBM
1986 Silicon Wafer Bonding M.Shimbo
1991 PolysilicorHinge Pisteret.al
1993 Digital MirrorDisplay Texas Instruments
1993 Firstsurface machined accelerometer Analog devices
1994 Deep Reactive lon Etching Bosch
1999 Optical networlswitch Lucent
2000s Opticaland Bio MEMS Many contributors
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Within the last two decades, research and developmeMEMS and surfacing of portable
products utilizing MEMS sensors have made exponential strides while realizing the goal of
inexpensive, low cost, efficient and complex devices. With the recerglagenents in
automotive, 10T (Internet of things), industrial, military and medical applications MEMS
technology has garnered ubiquitous acceptance within multiple regimes. Total value of the
curent MEMS market stands around $12.5 billion up fi®mbillion from 2009 when MEMS
market was dominated by pressure sensors, accelerometers, microfluidic sensors and optical
devices. One of the current issues faced by the MEMS community is saturation of sensor market
due to stagnation in existing motion sensor aadventional end product technologies. Novel
technologies and products such as in 10T is helping MEMS market to gain back traction with
units deployed in drones, digital economy, sklen cars and smart things.

As opposed to traditional semiconductoicraelectronics, MEMS devices pose a much more
difficult as well as challenging problem due to the presence of moving and contact parts. In
comparison, MEMS design engineers fabricate 3D structures and complex topologies using
different materials. Also thénal product functionality is highly dependent on the application

therefore fabrication process steps differ resulting in "one process, one product".
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MEMS fabrication technology has seen exponential growth in the past years in order to fabricate
at mass levels with different assortment of materials which made it possible for transition into
the largescale volume production from the prototype barrier. Some of the most successful
MEMS products are the Freescale pressure sensors (MPX series), msxaménts (DLP

mirrors) and Analog Devices accelerometers (ADXL series); these products were able to

displace rival technologies in terms of successful execution and cost efficiency.

1.1.2Battery Overview

G.N. Lewis was the frontiersman who began vimgkon the lithium batteryn 1912but it was

not until 1970s that the first commercial rechargeable lithium ion battery became available. The
idea of lithium ions moving reversibly between the two electrodes was first proposed by Armand
in the late 1970sising intercalation materials. This idea was quickly taken over by Scrosati and
Lazzari who implemented a tungsten dioxide based electrode packed with a titanium disulfide
electrode. The output voltage recorded was a maximum of 2.1 volts and the cejicleasfar

60 cycles.lt took some years before Sony in 1991 announced a new product called lithium ion
battery, the interest in lithium metal technology was due to its high specific energy and energy
density. Corporations such as Exxon and Bell labsasmbeen working withdifferent lithium

battery chemistries but their test samples were plagued with safety issues and were prone to
explosion under strong shock conditions. Many studies also utilized large amounts of lithium
metal in order to improve thdfigiency but when the excess amount of lithium was eaten up the
battery capacity dropped drastically. All these works led to considerable amounts of learning

about the process and the material requirements.



Timeline Battery Milestone Contributor(s)

1600 Establishment of ElectrochemiSalidy William Gilbert

1745 Invention of Leydefar Ewald vorKliest

1800 Invention of Voltaic cell Alessandrdolta

1820 AndreAmpere Electricitythrough Magnetism
1833 Michael Faraday Faradayod6s Law
1836 Invention of Daniellcell JohnDaniell

1839 Fuelcell William Grove

1859 Lead acidbattery GastonPlante

1899 Inventionof Nickel Cadmium battery Waldemadunger

1901 Invention of Nickelron battery Thomas Edison

1932 Sinteregole plate Schlechand Ackermann
1947 Successful sealing of Niekaldmiunbattery Georg Neumann

1949 Alkaline NickeManganeskeattery Eveready Battery, Urry

1970 Valveregulated lead acid battery Many Contributors

1991 Lithiumion battery Sony

1994 Commercializatioof Li-ion polymer Bellcore

1995 Pouch cell using-ion polymer Many Contributors

1995 Industry Standard f@MBus Duracell and Intel

1996 Li-phosphate University of Texas

2002 Improvements of LiFePQcommercialization | MIT, Quebec Hydro, UM

One lithium ion technology which has gaineagb popularity is the rechargeableidn power
source chemistry specifically the Lithium Cobalt Oxide (LiGp€athode with a Carbon based
anode and an electrolyte with additive/lithium based salts. From all the metals which fall into the
battery chemisyr bucket, lithium is regarded as the most effective and promising. Lithium is
widely available, light and netoxic in nature, and chemically electropositive all of which result

in higher energy storageZiibi 2015 The main components of a-lon power sarce are the

electrodes (cathode and anode), the electrolyte and separator.
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In Lithium-lon batteries both the electrodes have the capability to intercalate (absoid)sLi

During the charging phase of flexible power source Ligofidizes i.e. loseglectrons and in

order to maintain the charge balance same number*abris are released into the electrolyte.

The electrolyte solution which is a mixture of solvents and Lithium salts is already rich in Li
ions; therefore the arriving Lions from thecathode replace the existing'idns which travel to

the anode. The graphite based anode of the flexible power source intercalates the incoming Li
ions where are they are attached to the electrons lost by the cathode. This electrochemical
reaction is reersible and the direction of Lions and electrons reverses during the discharging
phase Battery University 2013. Present day commercial power source nomenclature arises
from the lithiumion donator incorporated within the cathode, this is becausbeobattery
properties are determined from theicn donor. The variety of donor materials such lithium iron
phosphate (LFP), lithium cobalt oxide (LCO), lithium manganese oxide (LMO) and many more
result in significantly distinct battery propertie®aftery Projections 2014, Battery State of

the art 2019. Another important aspect of the lithidion battery is the anode; graphite has been
used as the premium anode material for some time now. Graphite as a material has been

undisputedly accepted due tolisv volume expansion during repeated chadgeharge phase,
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low cost and electrochemical characterist®3, [35,36).
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Another material used as anode, only in specific cases, is Lithium Titanium Oxide (LTO) but
higher cost and reduced output cetlitage have limited its areas of application&ngde
materials 2014. Siliconral | oy based anode is being consi del
future battery market leading up to 2030 because of theoretical capacity of silicon itself.
[Battery Cost Projection 201(Q

The effective cost and performance characteristics of a battery are directly linked with the
acclimatization of battery operated vehicles
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el ectronicso whet her erreleckdniesdargely resides emthecfdctete o r
willingly pay extra cost for the advanced technoloBwtfery cost projection of li-ion battery

2014. For a battery operated vehicle, the power source itself accounts for a total of 75% of the
EVs powertrain ost [6] therefore incorporating a bigger battery will increase the overall cost.
Lithium-ion batteries have known to be established power source component within the
electronic assemblies such as modern day smart phones, laptops and EVs, with immense
potentialinoffgr i d power sazulp2015yBatsery Yriversity 2)16] The demand

for better and more advanced battery technology is ever increasing and is thrusted by many
industries such as consumer electronics, power gaatemotive,energy havesting units and

many maore.

1.1.3Reliability Section

Developing a product on an average dastveral years starting from the initial concept and
finally tapering off at the final volume production stage; where the time dwelling factor in each
cae has been endured usage of conventional manufacturing approdbkesovelty and
nuances of the MEMS technology, complex processed, reliabilityissues are some of the
challenges that fetter the time to market. In the early days of MEMS industiicaipp of
strategies such as Design for Manufacturing (DFM) Total Quality Management (TQM) were not
able to fully capture the comprehensive design methodo[Mfi#dS Reliability 2015, 2017

for MEMS devices therefore there was a need for synchronout#pateategies for a faster

design to volume manufacture cydReliability Analysis 2014]
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Exponential growth in many electronic sectors such as MEMS, power sources and portable
electronics has led to an increase in development of criticadystbmswhere reliability is one

of the critical drivers for their acceptance and overall growth. Novel technologies yearn for
market approval in order to leapfrog from the prototype phase to high volume production.
Therefore the pr odudltydnsst beevaluated ghle mostelemeenmtady s ur vi
level when predicting/diagnosirie lifetime of such electronic producBesign and production

are two major events during which potential failures can be incorporated into the product; these
defects are iddified by shortening the time to failure. Reliability testing is performed to
accelerate the lifetime of electronic components by applying elevated levels of stresses than what
is observed in product use; this impels the failures to occur in significeesther time as
compared to the average conditidine reliability function is defined as the probability that a
product will perform as it is required to under typical operating conditions for its lifetime, and
the function can be defineasR(t) =1 -F(t). Here F (t) can be defined as the cumulative
distribution function (CDF) i.e. the probability that any randomly chosen part will fail in time t.
Testing techniques such as highly accelerated life testing (HALT) and highly accelerated stress
screening (HASS) can help identify issues on the design and productioff Hméasic idea
behind such techniques is that if the manufacturing processes of a product are designed properly
then the output units will turn out reliable. Generally, the progepulation is defined and
characterized by the bathtub curve which displays failure rate vsTimeebathtub curve is the
distribution of failures over the lifetime of a product where the first region is the infant mortality
portion. This section is agsiated with a decreasing failure rate and is comprised ofihuilt

defects which can be diagnosed by the HALT tests. The width of the infant mortality section

13



determines the time required for the HASS tests which means that the more extreme the stresses
are the faster will be the failures and the width of infant mortality region will be smaller.

This dissertation focuses on consuralactronicdevices such as MEM&ensorsflexible power
sourcesand optimization of the respective harsh environmental testsl for testing their
survivability. The fundamental behind this study is to observe the behavior of randomly chosen
volume production parts and study thessponse to harsh operating conditieviich are not
accounted for during the manufacturing amdign processes. Exposure to-poaditioning and

harsh operating environments which mimic the actual working surroundings of automotive,
space navigation and military, can introduadectrical defects distortion, drift and

thermomechanical nois@and mehanical defects (stiction, fracture, phase change).
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Chapter 2

Effect of Simultaneous Vibration and Temperature on MEMS Vibratory Gyroscope

Combined effects of high temperature and vibration can significantly attenuate the life of
electroncs used in automotive, military and navigation applicationspiidn studies exist which
examinethe simultaneous effects of high temperature plus vibration and analyze failure modes
and failure criterion for MEMS based gyros and accelerometers. Accetn@and gyroscopes
make a great complement to one another as the latter is not affected by gravity. Both are used
alongside each other in moti@apture, vehicle navigation, missitentrol and flight guidance
applications. In order to have a reliablerdfmaenvironmental reliability data set these MEMS
devices need to be monitored under conditions mimicking their areas of applications. In this
sectiona test vehicle with a, MEMS gyroscope, LPY510AL, has been tested under: high
temperature exposure at’&combined with vibration profile(s) set at 14G. The test boards with
gyroscopes were later subjected to rotations betwéenahd 100s. Scale Factor(s) were
computed for both the pristine and vibration conditions. $aiionalso showcases the effexft

thermal cycling on zero bias stability of LPY510AL. The test boards were subjected to a
standard thermal cycling profile4°C to 85C for 250 loops. Shift in output parameters for the
gyro has been examined incrementally till failure. The survivgbdit LPY510AL has been
demonstrated as a function of change in the output paran@tedses conducted previously as

in [Szucs 2007] show the effect of vibration and thermal cycling on capacitive MEMS
accelerometers. The authors used vibration amplitafié& and temperature cycles from°60

to 150C and recorded degradation in 3 of the 5 tested samples. Other studies conducted

previously emphasis more on effective internal design and shape optimization such as [Yilmaz
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2016] analyzed the change in angujain, vibration frequency and sensitivity of a solid state

wave gyroscope whereas [Chen 2005] used a novel piezo resistive sensing method for Coriolis
acceleration detection and stabilization of driving mode vibration amplitude. [Hou 2011] studied

the efect of parasitic resistance on a MEMS vibratory gyroscope due to temperature
fluctuations. The authors show a 20% dB change in the gain of frequency responsé®@ver 30

60°C. Our work is primarily focused on providing harsh environmental reliabilitywhieh the
previous studies dondét | ook into. Survivabili
amplitudes up to 14G combined with elevated temperatures is unknown. Presence of harsh
environmental operating conditions affects the quality, réligand performance of a product

thus creating the importance of reliability data for MEMS engineers and designers. MEMS based
vibratory gyroscopes make use of a spinning mass and principle of conservation of angular
momentum in order to measure angulay mi on but not translational
second law an object in rotational motion continues in that motion unless it is altered by an
external torque thereby maintaining conservation of momentum both linear and angular. Similar

to a PPA the spning or the vibrating mass in gyroscope brings back the MEMS device to its
original frame of reference by producing an electrostatic force when acted upon by an external
force. The virtual force produced by the gyro is known as Coriolis force and conseque
acceleration produced is known as Coriolis acceleration. For a standard coordinate system
rotating about z axis @ = 6.k the mass will experience a virtual force in thg glane due to

the rotation which results in Coriolis acceleration in xhg plane. Equation 1 is a simplified

representation for the Coriolis acceleratios 21,V — 22,V..i; Where, is the angular rate

i)
produced about the yaw axis,iiz, and¥, are the velocities along the pitch axis, y, and i, a

x respectively. Commercially there are many different types of gyroscopes available namely
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vibratory gyros, levitated proof mass gyros, Saw based gyros, optical gyros, ring laser gyros and
fiber optic gyros. Standalone gyros have been used for s@acgation, flight simulation,
missile technology and under water navigation but combined with accelerometers they are also
used for motion capture and vehicle navigation as Inertial measurement unit (IMU). An IMU is
capable of providing 6 DOF which a gyoope and an accelerometer cannot generate alone.
Inertial measurement units can precisely calculate orientation, position and velocity thus making
them a viable commercial product. Products such as vibratory gyros are unknowingly subjected
to harsh enviromental conditions in their fields of applications. Apart from the design and
manufacturing issues harsh environments such asdhigjtock, vibration, temperature, noise
sources and intermode coupling can lead up to a number of error sources in a gyroscope
resulting in a bad consumer product thus the importance of reliability data. MEMS technology in
commercial gyroscopes is complex and therefore there is a significant lack of reliability data that
looks into the impact of simultaneous harsh environmentatipg conditions. The underlying
principle behind this investigation is to analyze the output parameters of a commercial MEMS
based vibratory gyroscope and assess the accrued damage. MEMS gyroscope used in this
investigation was LPY510AL, a dual axis pitand yaw analog rate gyroscope, ideal for GPS
navigation systems, motion tracking, industrial and robotics. It is manufactured by ST
microelectronics. The gyroscope is a combination of one actuator and one accelerometer
integrated in a single micro machkih structure and has a full scale range &i00%s. It
comprises of a sensing element and a sensing mass which is kept in continuous oscillating
movement. The sensing mass is able to react when an angular rate is applied based on the above
explaned Coriolis principle. A CMOS IC outputs the measured angular rate to the external user

through an analog output voltage. This piece of study is categorized into two different sets of
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experiments where in the first set the MEMS test board assemblies subjected to
simultaneous high temperature and vibration, 14G 4 59he MEMS test boards were
subjected to a sine sweep 14 G profile ranging from 300 Hz to 330Hz where 323Hz being the
natural frequency of the MEMS test board. A total of 20 boards, eich.PY510AL vibratory
gyroscope, were selected for the first part of the study.10 boards represent pristine case and the
other 10 were subjected to simultaneous high temperature and vibration. The objective of this
experiment was to compute and compaeedcale factors for both the pristine and 14G samples
thereby assessing the accrued damage in the gyroscope. A basic position and rate table was
designed using a 12V stepper motor in order to test the gyro samples with specific angular rates
betweent0°s and+100%s. The analog output voltage of the gyro samples for both pristine and
vibration (14G) cases was recorded using a high speed data acquisition system. Another
objective of this experiment was to see the effect of vibratiorthenzero bias stability of
LPY510AL. Damage progression was studied until the response of the gyroscope samples had
significantly drifted away from the ideal output. For the second set of experimentation the
MEMS test board assemblies were subjected teweartal cycling profile ranging fromd0°C to

85°C for 250 loops. The motive of this experiment was to observe the effect of extreme
temperature change on the zero bias stability of the gyroscope. A total of 5 MEMS test board
assemblies were subjected te thbove mentioned thermal cycling profile. Zero bias stability
spec is of utmost importance to the MEMS design engineers as it best describes the resolution
floor of the gyro. Degradation of MEMS gyroscope parameters such as, Zero bias stability, Scale
factor and output reference voltage under the influence of high vibration and extreme

temperature changes have been observed and documented.
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2.1TEST VEHICLE

The test boards were fabricated and then assembled using the surface mount technology line
preseh at CAVES3 electronics research center. Initially, open source softwarePBEf@evas

used to design the MEMS test board. The dimensions of the test board are 132mm x 77mm. It is
a JEDEC standard double sided FR4 material PCB. PCB pads are solder mas# deéf

immersion finish.

Figure 2:- Test Board Design
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The printed circuit board used in this investigation has been fabricated for the testing of
Accelerameters, Oscillators, Gyroscopes and Pressure sensors. However this particular study

only focusses on LPY510AL, MEMS based vibratory gyroscope.
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Figure 4:- LPY510AL mounted on MEMS test board

LPY510AL requires a total of 11 passive components, 6 capacitors and 5 resistors, connected to
it as seenn Figure 4. The LPY510AL IC incudes a PLL (phase locked loop) circuit to
synchronize driving and sensing interfaces. depicts the different passive components used and

their values.
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Table 1:- Passive Componentand their values

Type Value Pin No.

Ceramic Capacitor|0 . 01 ¢ F |2

Ceramic Capacitor|0 . 4 7e¢ F |2

Ceramic Capacitor| 1 0 € F 1
Ceramic Capacitor|0 . 1 ¢ F 1,95
S. Mount Resistor | 0 ohm 4,10
S. Mount Resistor | 10kohm 3

iC

.Mq@lzunk layer depasition)
P

| Miasurvasemt Unit)

Figure 5:- LPY510AL Gyroscope layer wise structure

The MEMS IMU within the device is fully encapsulated in and boxed within a micro vacuum
chamber.The mass and dimensions of the IMU are unknown since it is proprietary to ST
microelectronics. LPY518L package is comprised of a stacked configuration, the top is the
CMOS IC die and the bottom die corresponds to the Inertial Measurement Unit die as shown

below inFigure 6, the x ray images were taken at CAVES3 eeratt Auburn University.
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Figure 7:- SEM image of the IMU

Both the drive and the sense mass move out of phase in the x dir@etionove in phase in the

z axis direction. The driving mass is set into motion in direction of the dashed arrow as shown in
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Figure 7.Now this puts the sensing mass into motion which is allowed to move freely in the
direction of the single line arrow as showrFigure 7. Any movements in the single line arrow
direction caused by Coriolis force adetected by the capacitive plates of the accelerometer
shown inFigure 8. An inertial measurement unit is generally comprised of an actuator and an
accelerometer in order to get exact position, orientation andityebycusing maximum degrees

of freedom; in this case a comb drive actuator works in tandem with a capacitive accelerometer

shown inFigure 9.

Figure 8:- Capacitive plates of the accelerometer ithin the IMU

The comb drive actuator (CDA) senses the motion along x axis and the capacitive plates sense

the motion along the z axis; assuming a frame of reference where y axis is out of plane.
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Figure 9:- Comb drive actuator and capacitive plates

2.1.1De-capping Process

LPY510AL samples were deapped in order to visualize the internal structure of the MEMS
based vibratory gyroscope. The samples wereagged by placing them on a hot plate set at
10C°C and the adding a small drop of red fuming Nitric acid (HR@t the center of package.
Then they were cleaned with a spray of acetone and later dried with compressed air.

As mentioned before the IMU and ASIC IC blocks are stacked on top of each other. The latte
consists of Reference block, Low pass and High pass filters, Trimming circuits, clock, amplified
and noramplified output lines, phase generator block, charge amplifiers, demodulators as shown

in Figure 10.
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Figure 10:- LPY510AL block diagram as specified in STMicroelectronics Data Sheet

LPY510AL operates anywhere between-2.3V, for this study it was connected to a 3.3V
power supply and 11 other passive comgnts as shown inFigure 10 and

.The 0.1uF capacitor connected between the package and ground acts as the decoupling
capacitor, which reaces the noise from power supply line. There are two separate output lines
for the yaw/z axis i.e. 1x and 4x, for this investigation we have used 4x amplified output line.
The MEMS gyro produces an absolute analog rate output with a zero bias/ DC aftsttgir
1.20V.Table 1 Table 2 provides a list of all the pin connections and pin

layout for LPY510AL.

Pin No. | Mnemonic | Description

1 GND Ground

2 FILTVDD PLL filter pin

3 VCONT PLL filter pin

4 OUTX Non amplified out
5 AXINX Input of 4x amp
6 4AxOUTX Amplified out
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7 V-ref Reference Volt

8 4xOUTZ Amplified out

9 4xINZ Input of 4x amp
10 OouUTZ Not amplified out
11 ST Self-Test

12 PD PowerDown

13 HP High Pass Filter

14,15 Reserved Reserved

16 vdd Power Supply

Table 2:- LPY510AL Pin Configuration

2.2RELIABLITY TEST MATRIX

A total of 20 LPY510AL MEMS vilbatory gyroscopes were put to test and were divided into two
sets of 10 each, Pristine and simultaneous high temperature and vibration. Ten samples of
LPY510AL gyroscopes were subjected to 14G aXC5tor 96hrs with gyro zero bias stability

data being momndred for the entire length of the test. Each of the 10 MEMS test board
assemblies were mounted off the vibration platform every 48hrs and anguldretatesnt+0°%/s

and +100°%s were used as input on the gyros in order to record thlgmate outputs. On the

other hand the remaining ten samples, Pristine, were tested on angular rates botsemmd
+1009%s, all this was done in order to compute and compare the scale factors for the two different
sets of preconditions. Table 3 shows the different test parameters applied for the vibration study

on LPY510AL gyroscopes.
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Test Parameters | LPY510AL Pre-Condition
Testing Temp. 55°C Vibration

Stress Level 14G

Test Conditio 0%s-100%s Vibration, Pristine
Test Duration Till Failure Vibration

Table 3:- Reliability test matrix for vibration study

DAQ Vibration Table

Rate Table
- Gyro
gl T I4G/35°C  [rrsermasnsnisasasases 0
Outpat

Figure 11:- LPY510AL test flowchart

Figure 11 shows the test flowchart for the vibration study on
LPY510AL gyros. Gyroscope analog output voltage has been monitadeg#@rded using a
high speed data acquisition system, Wawener Xi seriesrigure 12 shows the data acquisition

system used for the experiment.

Figure 12:- Wave-runner Xi series oscilloscope
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As mentioned above this piece of study is categorized into two different sets of experiments
where one part focusses on analyzing the effect of simultaneous high temperature and vibration
on MEMS vibratory gyroscopes;dtother part of the investigation analyses the effect of thermal
cycling on zero bias stability of LPY510AIA total of 5 MEMS test board assemblies were

selected for this testable 4shows the reliability test matrix for the thermal cycling experiment.

Table 4:- Reliability test matrix for thermal cycling study

Test Parameters | LPY510AL Pre-Condition

Testing Temp. -40°C to 8%C | Pristine

Stress Level -40°C to 85C

Cycling Loops 250

85°C 85°C

10 min \
10 min /7180 min 180 min’ 10 min

40°C 40°C -40°C -40°C

Figure 13:- Thermal cycling profile

Figure 13 shows the thermal cycling profile to which the gyroscegaples were subjected to;

the profile temperature ranges fred°C to 8%C with a 10 min dwell and 180 min ramp time.
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2.3EXPERIMENTAL TEST SETUP

LPY510AL MEMS vibratory gyroscope board assemblies were assembled at the Surface Mount
Technology lingpresent on CAVES3 facility. The Surface Mount technology (SMT) line consists

of three stages, the Stencil printer, Pick and Place machine and reflow oven as shown in
Figure 14. SAC305 solder alloy was @d for this study and was evenly distributed on MEMS
test board assemblies through the Stencil printer. LPY510AL gyroscope and 11 other passive
components were placed on the MEMS test board using the Pick and Place machine. Finally, the
test boards were kad in the reflow oven. As mentioned beforeMBMS test board assemblies
weresubjected to simultaneous high temperature and vibration.

Figure 16 shows the vibration equipment used for testing the MEMS samples. A standard air
cooled shaker is used for the vibrating platform. LDS V722 is a lightweight, high performance
air cooled vibrator with both vertical and horizontal operation capable of producing a maximum

system sine force of 652Ibf and a maximum acceleration sine peak of 70G

29



Figure 14:- SMT Line at CAVES3; Stencil Printer (Top), Pick and Place (Middle), Reflow Oven
(Bottom)

The vibration platform/shaker system is operated through COMET vibration cogsteins
software which provides the flexibility to do random, swept sine and shock testing of

electrodynamic shakers.

Figure 15:- COMET -usb vibration control system
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Figure 16:- LDS V722 air cooled shaker

The LDS V722 is connected to a DAQ system which records the data from the MEMS test board
assembly every 30 seconds for the entire length of the test period, sh@mmorinReference
source not foundFor a single MEMS test board assembly with LPY510AL gyroscope the zero
bias is monitored on the vibration platform system and it is mounted off from the system every
48 hours in order to take miags from the gyro off the rate table. An aging oven is mounted on
top of the shaker in order to have simultaneous high temperature and vibration as shown in

Figure 17.
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Figure 18- MEMS test board on Vibration platform

For the vibrdon analysis the second set comprising of 10 samples which were pristine, did not
undergo any aging or high/low temperature or vibration exposure. The methodology applied for

this investigation allows us to conduct a constructive comparison among teetsvaf samples.
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Gyroscope gauge parameters such as scale factor, zero bias stability and reference voltage can
demonstrate whether LPY510AL is sensitive to simultaneous high temperature and vibration or
not, Figure 18 shows MEMS test board assembly with the gyroscope mounted on. The testing
methodology used in thisectionfollows an incremental approach that allows us to keep a tab
whether or not the gyroscope parameters are drifting significantly with respéce toleal

output(s) and by how much; when exposed to harsh environmental conditions.

Figure 19:- Thermal Cycling Chamber

For the thermal cycling portion of the study, zerasbétability was monitored for the MEMS test
board assemblies which were kept in a thermal cycling chamber shown in
Figure 19 for 250 loops with the following profile40°C to 85C. LPY510AL gyroscope samples

were connected to a standard Agilent multiplexer to record the data every minute for the entire

duration of the test.
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2.3.1Rate/Position Table Setup

Figure 20:- Rate/Position Table using stepper motor

A standard 12V bipolar stepper motor was used in designing the rate/position table. Since the
stepper motor does not have a feedback loop, angular rates were computed fiflStjuairan

1

N = (Vout — Zero rate level) [Sensitivity (1)

; Where sensitivity of LPY510AL is 10m¥é and zero rate level is 1.20V. The obtained angular
rates were then applied as a part of experimentation. Different angular rates are obtained by
controlling the speed of the motor for which time stemlelay is added between the high state
and low state of the motor. A delay of 6ms outputs an analog voltage from the gyroscope which
corresponds to an angular rate of 480rable 5 shows the time steps established for achieving

different angular rates. Every voltage output from the gyro was puEguation 1 to verify the
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angular rates. By changing the state of the direction pin from high to low or vice versa the

direction of rotation can be switched for the stepper motor.

CW Rotation | CCW Rotation | Time step(ms)
-100°/s 100/s 6

-90°/s 90°/s 8

-80°/s 8(°/s 10

S 7Cls 12

-60°/s 60(°/s 14

-50°/s 50°/s 16

-40°/s 40°/s 18

-30°/s 3¢°/s 20

-20°/s 20°/s 22

-10°/s 10°/s 24

0°/s 0°/s No rotation

Table 5:- Time step/Delay values in milliseconds for different angular rates

The stepper motor is controlled via a standard commercially available motor driver. The driver is
connected to a standard microcontroller, ATMEL Mega8R2 The microcontroller is
programmed over a USB mini cable through C/C++ functions. The MEMS test board assemblies
are mounted on the stepper motor and are connected to a high speed data acquisition system

shown inFigure 20.
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2. 4EXPERIMENTAL RESULTS

MEMS test board assemblies were put to test under conditions mimicking their areas of
applications in order to observe and document the incremental damage progression caused by the
harsh environments. In this study the term failuwesdnot actually mean that the device is not
working at all but is a coined term used to describe the progress of damage i.e. until the
gyroscope output parameters go permanently out of the stable operating range or drift
significantly with respect to theleal output(s). The main aim behind exposure of LPY510AL
samples to 14G at 86 environment and also subjecting them td@&C to 85C thermal cyclic

stress environment, is to standardize the survivability of LPY510AL, MEMS vibratory
gyroscope, for usien automotive, military and navigation applicatiob®Y510AL gyro samples

have been gauged on standard gyroscope metrics such as Scale Factor, Zero Bias, and Reference

output voltage.
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Figure 21:- Sample CW 15, 43 and 9C° (a, b, c) rotation outputs at 90/s
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Figure 24:- Sample 720 CCW rotation output at 90%s

241Scal e Factor (S) and variation in output vol
The ratio of change in output to a change in input, units areify/s. It is evaluated as the slope

of the least squares straight line fit to the irputput data. LPY510AL, angular rate gyroscope
produces a positivgoing output voltage for counterclockwise rotation and negajbieg

output voltage for clockwise tation. LPY510AL samples show a nonlinearity error i.e.
nonlinear deviation from the least squares straight line fit. The MEMS test board assemblies
were mounted on the rate/position table and were subjected to angular rates bétsvéen 0

10C°/s; where 10%s is the full scale output of LPY510AL. Figure 25
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Figure 25 demonstrates the output voltages at different angular rates for the ten testiee pri

samples. The dotted line is the ideal output of the gyro, which is considered as a reference.
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Figure 25:- Output voltages vs Angular rates (Pristine)
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Figure 26:-Output voltages vs Angular rates (14G/5% after 48hrs)

In the above plotFigure 26, voltage outputs from the ten tested vibration samples have been
shown. As mentioned before after evet8 hours the MEMS test board assemblies were
mounted off from the shaker platform and were subjected to rotations be®¥eé&nl100d/s.

Figure 27 demonstrates the voltage outputs from the ten tested vibration samples.
Figure 28 shows the voltage output(s) comparison between pristine and the vibration samples. It
can be clearly seen that the output voltages drift from the ideal output with increase in vibration
exposurdime. InFigure 28 P1 to P10 legends represent the pristine samples and legends 14G_1

to 14G_10 represent the vibration samples at 14G/5& 96hrs.
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Figure 27:- Output voltages vs Angular rates (14G/5% after 96hrs)
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Figure 28:- Output voltages vs Angular rates (Pristine and 14G/5% after 96hrs)

From Figure 25, Figure 26 andFigure 27 for each LPY510AL gyroscope sample the corresponding
output voltage response vs angular rate data was fitted with a least square straight line fit in order
to obtain the Scale factors. The relation between the inguthenoutput is a Scale factor error

i.e. for a 100% input the output should also be 100%. Generally in MEMS based gyroscopes the
ideal output which is the result of a linear effect is proportional to the input but is scaled. So
ideally it is the slope ofhe sensor signal. In thgartthe Scale factors were computed for the
following cases Pristine, Vibration at 14Gf&5for O hours, Vibration at 14G/%5 for 48 hours,
Vibration at 14G/5%C for 96 hours.Table 6 below shows the st factors for pristine and

vibration samples. The computed scale factors show significant reduction when exposed to harsh
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environmental operating conditions in comparison to the pristine samples. From the results
documented in this section dfssertationt can be clearly established that the scale factor of a
MEMS vibratory gyroscope is very sensitive to simultaneous high temperature and vibration.
FromTable 6 it can be seen that no scale factors were computed for the fourdtiaubsample,

as it stopped responding before thé #8ur mark and had continuous flat zero bias at 3.26V as

opposed to 1.20V which can be seen in the next section oh#mter

Pristine Computed SF Vibration Computed SF
14G/5%C Ohrs 4shrs 96hrs

| 7.35mVP/s | 7.21mVPIs | 6.94mVPis | 6.80mVFIs
1] 7.58mVP/s 1l 7.55mVPls | 6.96mVPIs | 6.51mVPIs
I 7.73mVP/s m 7.62mVPIs | 7.02mVPs | 6.19mVPIs
[\ 7.20mVP/s [\ 7:44mVEls

V 7.47mVPIs V2 7.50mVPIs | 6.89mVPIs | 6.28mVPIs
VI 7.77mVP/s il 7.74mVPIs | 6.99mVPIs | 6.57mVPIs
VIl 7.79mVP/s VI 7.27mVPIs | 6.55mVPIs | 6.83mVFIs
Vil 7.55mVP/s VI 7.67mVPIs | 6.89mVPIs | 6.53mVPIs
IX 7.82mVPF/s IX 7.53mVPIs 6.66mVPIs 6.60mVP/s
X 7.50mVP/s X 7.66mVPIs 7.11mVPis 6.89mVP/s

Table 6:- Computed Scale Factors for Pristine and Vibration samples
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Figure 29:- Scale facto(s) vs Vibration time
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Scale factors were computed at Ohours, 48 hours and 96hours for the vibration samples,
Figure 29 shows the decreasinggend in scale factors with increase in exposure time to

simultaneous high temperature and vibration.

2.4.2Effect of simultaneous High temperature and Vibration on ZereBias

The average gyroscope output voltage with zero input angular rate, the iakeal lzero rate
level, for LPY510AL MEMS vibratory gyroscope is 1.20V. Although the data sheet promises a
zero rate level or zero bias of 1.23V but for all the samples put to test sethisnthe zero rate
output was 1.20V before any harsh environment t est s were conducted.
perturbed by zermean thermomechanical noise, which has an effect on the output signal.
Generally for MEMS sensors the zero rate level, to some extent, is a result of stress to the sensor.
It is believed thathis value changes very little over temperature and time [ST microelectronics,
2009], but later in thishaptey in thermal cycling section, we show that zbras changes by at

least 9% to 11% when exposed to thermal cyclic stress environment.
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From the zerdias plots it can be clearly observed that simultaneous high temperature and
vibration has a damaging effect on the zero bias. These plots demonstrate that strong vibration(s)
generate a poor solution due to the sensor signal getting saturated and it gets difficult to separate
the noise, caused by vibration, from the actual sidfigure 30 shows the variation on the zero

bias, for entire test duration, when exposed to 14G°&.55

As mentioned before after every 48 hours the MEMS test board assemblies were mounted off
from the shaker pl&drm and were subjected to rotations betw8¥ai 100°/s. After 48 hours

the 14G profile on vibration platform was stopped and before mounting off the MEMS test board
assemblies from the vibration platform the zbras values were recorded for 15 mirsuia

order to see whether the zero bias returns back to the original value of 1.20V or not.
Figure 31 shows the zero bias data values &Co®ith no vibration after period of 48 hours. It

can be observed that the zero bias does come back to almost the ideal bias value, apart from
sample four which disagrees from the sample set, after completing 48 hours under@4G/55

The dotted line iFigure 31 andFigure 32 is representing the ideal bias.
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Figure 31:- Zero Bias with no vibration after 48hours
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Although this trend of zero bias coming close to its original value is not backed by the plot
shownin Figure 32 which suggests that after completion of le@urs under 14G/3& the zere
bias permanently goes awry and does not stay fairly close to its original value of 1.20V.

Mean 1.223V Mean 1.471V
Error .0011 Error .0741
STD.Dev |.0126 STD.Dev |.8386
95%Int .0023 95%Int .1466
Max. Vol 1.266V Max.Vol 2.501V
Min.Vol 1.203V Min. Vol 0.024v

Table 7:-Statistical Data for Zero Bias after 48hrs (Table I) and 96hrs (Table II)

As demonstrated imable 7 the zero bias mean after 48hrs is close endoghe ideal bias value

of 1.20V but not so after the MEMS gyros have experienced 96hrs under the same harsh
operating conditions. From the above two tables it can be clearly seen that the statistical mean,
standard deviation and standard error for theesgaamples increase as the exposure time to

14G/5%C increases. The statistical data provided in the two tables withime 7

Table 7 is based on the zero bias dataowh in Figure 31 and Figure 32

Figure 31. The plot below irFigure 33 helps to better visualizthe zero bias but on a single graph
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by combining Figure 31 andFigure 32. The zero bias data was
recorded for 15 minutes after the 48hr markl &#imen again for 15minutes after the 96hr mark,
note that the data being represented in Figure 31,
Figure 32Figure 32 and Figure 33 for zero bias was taken with no vibration but temperature still

being at 53C.
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Figure 33:- Zero Bias after 48hrs and 96hrs

Analog Devices [Technical article 2011] show that having g sensitivity compensation cannot
entirely be successful as some gyros installed with a compensation scheme vary over a ratio of
12 to 1 fromdc to 100Hz when subjected to random vibration. They also show that thé’fsiror (

due to vibration(s) reduces by half an order of magnitude for some gyros by addition of a g
sensitivity compensation scheme. Some gyros which may or may not be optiorizéurdtion
rejection always have unspecified vibration rectification as it is embarrassingly poor or varies

greatly from device to device.

2.4.3Effect of Thermal Cycling on Zero-Bias of a vibratory gyroscope
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The effect of thermal cyclic stress envine@nt on the zero rate level of a MEMS gyroscope has
been not been studied extensively before and almost no reliability data exists which perfectly
describes behavior of MEMS vibratory gyroscope. Although [Wu 2011] describes the sensitivity
of a vibratory glinder gyroscope to temperature changes but the device put to test cannot be
deemed as a MEMS gyroscope since its dimensions lie within the macro and meso range. The
authors show that varying temperature makes the vibration mode axes unstable which has a
significant influence on ze bias stability. In this sectiowe show the incremental drift in the

zero bias when exposed-#0°C to 85C for 250 loops.

Time(min)

Figure 34:- Zero Bias whenprofile is dwelling at -40°C
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Figure 35:-Zero Bias when profile is ramping up from-40°C to 85°C
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Figure 37:- Zero Bias when profile is ramping down from-40°C to 85°C

Shown above are sample plots in Figure 34Figure 35, Figure 36, Figure 37

and Figure 34 which demonstrate the behavior of zero bias for LPY510AL for one complete

cycleunder-40°C to 85C.
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Figure 38:- Zero Bias for Sample one to five (a, b, ¢, d and e) respectively

The plots shown above represent the behavior of LPY510AL saraplier-40°C to 85C for a

period of 8000 minutes. The samples tend to show the same behavior and trend as shown in
Figure 38 (all the sub plots) for the entire 250 thermal cy&digps. It can be clearly seen from
Figure 34, Figure 35Figure 35, Figure 36, Figure 37 and Figure 38 (all the sub plots)

that the zero bias for LPY510AL is directly proportional to the change in temperature i.e. for an
increasing temperature the zdras increases and for an decreasing temperature the zero bias
goes down. So the minimum recorded voltage or the zero bias value occurs at the lowest

temperature-g0°C) and the maximum voltage occurs at the highest temperatd(@) (8som all
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the plots epresented byigure 38 it should be noted that there in a sudden plummeting of zero
bias values as the temperature ned@®C. This trend of values dropping down abruptly at
minimum temperatures is seen for the entire test leagth for all the samples. Descriptive
statistics were carried out for all the LPY510AL samples which had been exposEiGao

85°C for 250 cycling loopsTable 8 shows the statistics such as mean, standard deviation, sample
variance, maximum and minimum voltage for the five samples. Zero Bias difference was
computed for all the samples which is the percentage difference between the lowest or highest,
recorded zero bias value and the ideal zero bias value for LPY510AL which \&dt.Both the
minimum and the maximum temperature. For examplel@C the lowest recorded zero bias
voltage, fromfor sample Il is 1.064V; so the percentage difference is

1.20 — 1.064 ()
————+100 = 11.33%
1.20

Similarly zerebias difference is calculated for all the samples atviloeeixtremes of the thermal
cycling profile. Frontrable 9 it can be observed that the zdyias difference is significantly more

at -40°C as compared to 85 which states that the zero bias for LPY510AL MEMS vibratory
gyroscopes is ore sensitive to lower or subzero temperatures as compared to higher

temperatures.
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Stats Samplel Sample Il Sample Il SamplelV SampleV

Mean 1.201V 1.202Vv 1.219Vv 1.217Vv 1.224Vv
Std.Deviation | .019 .017 .013 .008 .007
Sample .00036 .00029 .00019 .00039 .00054
Variance

Maximum 1.228Vv 1.233Vv 1.243Vv 1.231Vv 1.246V
Voltage

Minimum 1.059V 1.064V 1.089V 1.080V 1.094V
Voltage

Table 8:- Descriptive statistics for the 5 LPY510AL samples

Zero-Bias Samplel Sample Il Sample 1l SamplelV SampleV
Difference(%)

@ -40°C 11.75% 11.33% 9.25% 10% 8.8%

@ 83C -2.3% -2.7% -3.5% -2.5% -3.8%

Table 9:- Zero-Bias difference for all the samples at the two extremes

2.4 .4Effect of simultaneous High temperature and Vibration on Reference Voltage

Reference voltage is a constant DC output voltage produced by the MENEELORL sensor

and its value is 1.23V. This voltage should remain constant irrespective of any loading on the
MEMS device, variations in temperature and power supply. Temperature drift or drift due to
aging is considered a far more difficult problem thasollite accuracy for reference voltage
[Analog Devices, 2009]. Noise is often overlooked in reference voltage but causes an
instantaneous change [Analog Devices, 2009]. Therefore vibration induced noise can have a

damaging effect on the LPY510AL referenasdtage.
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Figure 39:- Reference Voltage for samples after 96hrs of 14G/35 and Pristine samples

In Figure 39 the reference voltages for the LPY510AL sdesdor both the pristine and

the high temperatureibration cases have been plotted. The red squares represent the high temp
vibration samples and the blue circles represent the pristine voltage samples. The information
provided inFigure 39 agrees with the aforementioned fact that temperature drift and noise can
have a damaging effect on the reference voltage for a MEMS vibratory gyroscope.
Table 10 shows thathe statistical mean, standard deviation and error of reference voltage(s) for

LPY510AL high tempvibration samples is more than that of pristine samples.

Table 10:- Descriptive Statistics for Reference Voltage data for LPY510AL samples

Stats Pristine 55°C/14G
Mean 1.231 1.291
Error .00061 .02321
STD.Dev .0017 .0656
95%Int .0014 .0548
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2.5SUMMARY AND CONCLUSIONS

For thischapterwe present a framework to analyze the behavior of a commercially available
MEMS vibratory gyroscope on exposure tr$h environmental operating conditions. The dual
axis analog rate gyroscope, LPY510AL, was tested under simultaneous high temperature and
vibration. The analog rate gyro was also subjected to thermal cyclic stress environment. This
methodology investigate and documented incremental damage progression in LPY510AL
MEMS vibratory gyroscope and was successful in characterizing the overall behavior of the
MEMS device. The evolution of damage was reported in terms of Scale FactoBiZsrand
Reference voltagy Drift in the output voltage(s) was observed for samples exposed to a vibration
profile of 14G at 58C. The output voltages drifted more with the increase in exposure time to
simultaneous high temyibration. Scale factors were computed for both thetipasand high
tempvibration case; a decreasing trend was observed in Scale factors of highvierapon
samples with the increase in exposure time to simultaneous highvierapon. The computed

scale factors show significant reduction when exposechdrsh environmental operating
conditions in comparison to the pristine samples. From the results documented for Scale factors
and variation in output voltage with respect to different angular rates it can be clearly established
that the scale factor of IEMS vibratory gyroscope is very sensitive to simultaneous high
temperature and vibration. The effect of simultaneous high temperature and vibration on zero
bias was studied and it should be duly noted that the zero bias is greatly affected by the above
mentioned harsh operating conditions. With the increase in exposure time to 14% ah&5

zero bias goes awry and loses its tendency to come back to the original bias value even when
there is no vibration present. Plots shown in section Il of experimesgialts demonstrate that

strong vibration(s) generate a poor solution due to the sensor signal getting saturated and it gets
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difficult to separate the noise, caused by vibration, from the actual signal. A MEMS vibratory
gyro whether optimized for vibratio rejection or not should always have g sensitivity
compensation scheme in order to reduce estimated error due to random vibratiorchatieis

also looked into the effect of thermal cycling on the zero bias of LPY510AL; a thermal cyclic
stress environent of -40°C to 85C for 250 loops was subjected to the samples and it was
observed that the zero bias or the zero rate level for the MEMS gyro is more sensitive to lower
temperatures as compared to higher temperatures. Another key observation repoiteat was
there in a sudden plummeting of zero bias values as the temperature4f®arghis trend of

zero bias values dropping down abruptly at minimum temperatures is seen for the entire test
length and for all the samples. It was also noted that thelzasofor LPY510AL is directly
proportional to the change in temperature. Varying temperature, because of thermal cycling,
between-40°C to 8%C for 250 loops cause thermal stresses on drive and sense axes of gyro
thereby affecting the stability of zeroasi Gyros should be temperature compensated and have
an integrated temperature sensor in order to have minimal zero bias variation; Whether the
LPY510AL MEMS vibratory gyroscope contains a temperature sensor or is temperature
compensated is unknown, sinttere is no mention of that in the data sheet. A correction factor
needs to be added to the gyro when it is subjected to thermal cyclic environment. Simultaneous
high temperature and vibration also seem to have an effect on the DC reference voltage of
LPY510AL gyro; the reference voltages recorded for high teibpation samples were greater

than that of the ideal reference voltage value. High temperature aging and noise induced by
random vibrations have a deteriorating effect on the DC reference vidtayi=MS vibratory

gyroscope.
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Chapter 3

Damage Evolution in MEMS Pressure Sensors during High Temperature Operating Life
and Prolonged at SubZero Temperature

Harsh environmental operating conditions have been known to have an impact ontiime lifie

a MEMS device. Therefore, reliable operation is an essential requirement for such devices
especially in the areas of military, automotive and space navigation applications. Primarily, the
major focus of the current MEMS studies encompasses novel fami¢achniqueseffective

internal design in order to achieve high quality fagtomproved packaging techniques and harsh
environmental survivability but in very few worksor harsh environment reliability data MEMS
devicesneed to benonitoredunder onditions mimicking their areas of applicatioldot much

attention has been paid the incremental shift and degradation in output parameteviEMS

devices while under operatioRailure mechanisms and reliability of different classes of MEMS
devices ee well documented [Fonseca 2011] [Huang 2012] but all together not much effort has
been made in assessing the effect of extreme operating environmental stresses on characteristics
of MEMS pressure sensor8#IEMS pressure sensors are extensivelyduse high accuracy
applications such dsarometry, altimetry, wearable technology and weather station equipment.
Harsh environment reliability data for such sensors is of utmost importance to MEMS reliability
and design engineerStudies conducted previously ias{Marsi 2019 show the effedteness of

a Silicon Carbide based pressure sensor diaphragm and its ability to sustain and support device
operation at temperatures of up to 500°C. Silicon Carbide has stellar material properties which
can make it frortunrer in harsh environmental applications [Chang 2013]. Due to the material
properties possessed by Silicon, electronics based on Si are not able to operate at temperatures

beyond 150°C [Yang 2013pDverall not much effort has been madestody and observéne
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incremental evolution of damag®wogression in MEMS pressure sensors. Reliability data for
analyzingthe chaacteristics of MEMS pressure sensargler low temperature storage (DTS
andhigh temperature operating life (HTOtpnditions is not availablespecially LTS data sets.

In the past [Lall 2017] has shown that diaphragm based devices operating at harsh temperatures
lose their ability to respond to the external stimuli with increasing aging Tihne authorsalso

show that how oxide formation and takdegradation can cause overall IC instabil@yality,

grade, reliability and performance of a MEMS device get affected due to the presence of harsh
environmental operating conditiarSurvivability ofcommerciaMEMS pressure sensors at high
operatingtemperaturesand prolonged storage at sméro temperatures is unknown. MEMS
pressure sensormake use of a capacitive sensing technique to measure the préssunad

either have a diaphragm or a membrane as per the requirement of the real woddt tasas

the digghragm or the membrane is constructed usirigpssed structure in order to generate a
linear capacitance chandauring microfabrication of the pressure sensor, the reference cavity is
sealed at a certain pressure relative to which thEhdsgm/membrane which deflects and creates

a change in capacitance. There is another set of pressure sensors which make use of the piezo
resistive technique to measure the change in resistance. To maintain the linearity of the system,
when the diaphragm/mabrane is bent due to change in pressure, a-fesdback loop or a

PPA brings the diaphragm back to its original rest position. As mentioned pressure sensors are
categorized in two groups when defining the techniques used to measure the change in
capaciance or resistance bubrmamercially there are mg different types of MEMS pressure
sensorsavailable namelyAbsolute pressure sensors which measure pressure with respect to full
vacuum , Vacuum pressure sensors which measure pressure with respect icelregative

output for pressure above 1 atm and positive output for pressure less than 1 atm, Gauge pressure
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sensors which respond exactly the opposite of Vacuum pressure sensors and finally Differential
pressure sensors which measure pressure witeaegpthe difference in pressure at two points
(mostly in fluids). Modern day portable electronics which mostly comprised of pressure sensors
are unknowingly subjected to harsh environmental conditions in their fields of applications.
Harsh environmentsush assubzero storage temperatures, high operating temperatigbhs

shock, noise sources and inteode couplingesult in a significanbumber of error sources in a
pressure sensor, let alone the design and manufacturing iseegsdfing in a bacdtconsumer
product thus the importance of reliability datdis investigatiorhas been carried otd analyze

the output parameters of a commerdEMS based pressure sensamd assess the accrued
damage.In this chapter a commercially available piezegstive, absolute MEMS pressure
sensor, MPL3115A2, has been used and the effects of prolonged storage at subzero temperatures
and high temperature operating life has been studiedis manufactured byNXP
semiconductors. It has a wide operating range kmiweOkPa to 110kPa and for this
investigation the pressure sensor samples were tested at 85.32kPa or 640mmhg relative to
atmospheric pressure. MPL3115A2 makes use of@uligital output interface to communicate

with the user. The digital interface hasotwerial interface communication pins namely serial
clock, SCL, and serial data, SDA. Advantage of usingg@rdigital output interface is that it can
support large number of slave devices and allows for more than one master device to
communicate with thether devices on the bus. MEMS pressure sensors test samples measure
external pressure relative to a zero pressure reference (vacuum) sealed inside the reference
chamber. This allows for comparison to a standard value of 101325 Pa. The MEMS pressure
senso test samples also utilize an-ohip temperature sensor. The pressure and temperature data

is converted to the digital form using a high resolution ADC and the output is in terms of pascals
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and °C respectively. For this stuthe investigation was categzed into three different sets.

Each category was comprised of 5 test sampib®re in the first set the MEMS test board
assemblies were subject to prolonged storage &85°C for 120 days. The test samples were
taken out from the low temperature sggachamber at a regular interval of 30 days and tested in

a vacuum desiccator at 640mmhg. The second set comprised of other 5 test samples which were
subjected to 125°C for 120 days, the test samples were powered on at 3.3V during the entire
duration of 1P days. Similar to the first test group these test samples were also taken out from
the high temperature aging oven at a regular interval of 30 days and tested in a vacuum
desiccator at 640mmhgd.he remaining 5 MEMS test board assemblies were alsedt@sta
vacuum desiccator at 64nhg but without any preonditioning/aging, this set was considered

as pristine A hardware tesbed was designed to test the MEMS pressure sensors which
comprised of a microcontroller unit, a RI® based Bluetooth module, 9\atkery, vacuum
desiccator, vacuum pump, Bluetooth dongle, data acquisition system and passive circuit
componentsThe microcontroller was programmed in a whgt it was recording the pressure

and temperature readings and sending it to the Bluetooth maduiee TX and RX ports. The
Bluetooth module was paired with a dongle connected to a data acquisition systdmwvas

outside the vacuum desiccator. The data acquisition port was paired with the dongle and a baud
rate of 9600 bits was sddamageevoluion in terms of pressure and temperature recovees

studied unt the response of the pressure serssonples had significantly drifted away from the

ideal output. Degradation of MEMfessure sensqrarameters such aabsolute pressure and

offset undethe influence oéxtreme temperature changes have been observed and documented.
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3.1 TEST VEHICLE

MEMS test board assemblies were fabricated and assembled using the surface mount technology
line at CAVES electronics research center. The test boardhblss have been designed using
FreePCB software. It is a 132mm x 77mm JEDEC standard double sided FR4 material printed

circuit board. PCB pads are solder mask defined with immersion.finish

Figure 40:- Test Board Layout
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Figure 41:- Test Board Design

The printed circuit board used in this investigation has been fabricated for the testing of
Accelerometers, Oscillators, Gyroscopes and Pressure sensors. However this particular study
only focusses on MPL3115A2, MEMS piepesstive pressure sensdrigure 42, courtesy of

NXP semiconductors, shows the test sample inner and outer view.

. = U1 i
Figure 43:- MPL3115A2 mounted on MEMS test board
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MPL3115A2 requires a total of 5 passive components, 3 capacitors and 2 resistors, connected to

it. The VDD line supplies the power; decoupling capacitors are psedo pin 1 in order to

reduce the noise on the power supply line as seéigure 44 Another 100nF capacitor is used

to bypass the internal regul at ofC.communicati@3 0 q r ¢
ports on the MCU and SCL and SDA pins of the MEMS device. This was done since the
pressure sensor was operating at 3.3V and the MCU was atdie 11 demonstrates the

different passiveamponents used and their vadue

Type Value Pin No.

Ceramic Capacitor| 100nF 1,3

Ceramic Capacitor| 1 0 ¢ F 1,3

Ceramic Capacitor| 100nF 2,3

Resistor 330 ohm SDA, SDA(MCU)
Resistor 3300hm SCL, SCL (MCU)

Table 11:- Passive Components and their values

O Ve
1 8} scL
100nF 5 J"ﬂmF
2 7| SDL
100aF
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MPL3115A2
V, Kl 5] INT2
B Y B e

Figure 44:- MPL3115A2 Schematic and pin connections

The MEMS piezeresistive pressure sgsor comprises of a cavity which is filled at a certain
pressure and the membrane deflects with respect to that reference pressure. Since # is piezo
resistive in nature it has four micfabricated piezo resistors/strain gauges two of which are

responsiké for measuring compressive strain and the other two measure tensile Btin.
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spring constant, k, mass and precise dimensions of the sensing element are unknown since it is
proprietary to NXP semiconductors.ST microelectronics. The CMOS IC die siteatja the

sensing element and is comprised of the following elements, MUX, ADC, Digital Signal
Processing unit, Clock generators, Output data register€@rtigital interface unit as shown in

Figure 45.

Pressure and Temperature Sensor

Dighal
\rtortace

GND CA VYoo Yooo

Figure 45:— Block diagram of MPL3115A2 MEMS sensor

Figure 46:- Microscopic image of the IC die and Sensing ement

Figure 46 shows a high resolution microscopic image of the IC control unit along with the

sensing elemenEigure47 demonstrates the internal structure of the sensing eleatwrgwith
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the piezeresistors Figure 48 portrays the xay image of the MEMS pressure sensor where the
membrane and the IC die can be clearly seerayXimages were captures using the YXLON

CT/X-ray scanner at CAVES3.

Figure 48:- X-ray image of the piezeresistive test sample

3.1.1De-capping Process
A De-capping process which had been applied to MEMS devices in the past [Lall 2017],
developed at CAVE3 center, was undertaken in order to view the internal structure of ttt& MEM

pressure sensor. The test board assemblies wesapged by placing them at P@on a hot
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plate and adding a small drop of red fuming Nitric acid (HN& the center of package. Then
they were cleaned with a spray of acetone and later dried with essagr air.

MPL3115A2 operates anywhere between 4362/, for this investigation it was powered up
using the MCU which was operating at 5V;
since both devices operate at different voltagesble 12 provides a list of all the pin

connections and pin configurations for MPL3115A2.

Pin No. Mnemonic Description

1 vdd Power Supply

2 CAP Ex. Capacitor

3 GND Ground

4 Vvdd-10 Interface Supply
5 INT2 Pressure Interrupt
6 INT1 Pressure Interrupt
7 SDL 1°C serial data

8 SCL 1°C serial clock

Table 12:-MPL3115a2 Pin Configuration

Figure 49:- SEM Image of the MEMS Pressure Sensor
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3.2RELIABLITY TEST MATRIX

A total of 10 MPL3115A2 MEMS piezeesistive pressure sensors were put to test.this

study the investigation was categorized into three different sets. Each category was carhprised

5 test samples, where in the first set the MEMS test board assemblies were subjected to
prolonged storag at -35°C for 120 days. The tesamples were taken out from the low
temperature storage chamber at a regular interval of 30 days and testedum desiccator at
640mmhg. The second set comprised of other 5 test samples which were subjected to 125°C for
120 days, the test samples were powered on at 3.3V during the entire duration of 120 days.
Similar to the first test group these test samplesevaéso taken out from the high temperature
aging oven at a regular interval of 30 days and tested in a vacuum desiccator at 640mmhg. The
remaining 5 MEMS test board assemblies were also tested in a vacuum desiccator at 640mmhg
but without any preonditioning/aging, this set was considered as pristine.
Table 13 shows the different test conditions and test parameters applied for this study on

MPL3115A2 pressre sensors.

Test Group | Test Condition | Test Parameters | Data Acquisition
1 HTOL 3.3V, 125°C 30,60, 90,
2 LTS -35°C 30,60, 90,
3 Pristine 3.3V Start of the test

Table 13:- Reliability test matrix for vibration study

Figure 50 shows the test flowchart used for this investigation The SDL and SCL lines from the
pressure sensor ar e reastorsdhe MEMS seénsor idviOwkred upand3 3 0 q

grounded from the respective ports on the MCU.
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Figure 50:- MPL3115A2 test flowchart

A portable 9V battery is used to power up the AT Mega 328P microcontroller unit which is
further connected to a RHR Bluetooth module communicating via RX and TX ports.
Figure 51 shows the hardwartest bed inside the vacuum desiccator, the Bluetooth module is

paired to a USBBluetooth dongle which is connected to the data acquisition system.

,-

Figure 52:- Bluetooth module and USBBIluetooth dongle connected to DAQ
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A test protocol was written in ARM KEIL software which comprised functions to fetch the
digital recorded output pressure in Pascals and temperature in °C. The MCU was loaded, via a
mini USB, with this protocol. A specific serial port, which supports communication at a baud

rate of 9600 bits, is opened on the DAQ before data is recorded.

3.3EXPERIMENTAL TEST SETUP

The Surface Mount Technology (SMT) line present at CAVE3 facility has been used for
assembling the MPL3115A2 test board assemblies. The SMT line consists of consists of three
stages, the Stencil printer, Pick and Place machinedlwivroven as shown iRigure 54. For

this investigation SAC305 solder alloy has been utilized and evenly distributed on MEMS test
board assemblies through the Stencil printer. MPL3115A2 piesistive pressure seas and 3

surface mount passive components were placed on the MEMS test board assemblies using the
Pick and Place machine. After component placement was successfully completed the test board
assemblies were baked in the reflow oven. This study is dividedhree categories with all the
categories being tested inside the desiccatotjdnedit 640mmhg. This test pressure was selected

since it falls between the two extremes of the full scale pressure range of the MEMS device.
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Figure 53:- Vacuum Pump and Desiccator

Figure 53 shows the vacuum pump and the desiccator, which has the hardwdnedtessed for

this investigation. The vacuum pump has the ability to cnestaum between-860mmhg. The
vacuum desiccator used for this investigation has a polypropylene bottom and a polycarbonate
lid and has the ability to hold a full vacuum of 29.9inhg for 24 hours. It is equipped with a
polypropylene stopcock with a PTHE-R plug which when turned allows for a gentle, slow
entrance of air preventing any unwarranted turbulence and crucible damage. To secure an air

lock a Neoprene @ing is used between the top lid and the bottom section.
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Figure 54:- SMT Line at CAVE3; Stencil Printer (Top), Pick and Place (Middle), Reflow Oven
(Bottom)

Test group three which comprised of pristine samples did not undergo any high temperature
aging or low temperature storagesqgonditioning; this methodology allows us to administer a
productive comparison within the three test groups considering pristine samples as the

benchmark.
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Figure 55:- HTOL Aging Oven

Figure 56:- LTS Chamber

MPL3115A2 output parameters can be used to calctilateffset and linearity which further

can demonstrate whether the pressure sensor test samples are sensitive to high temperature
operating life and prolonged storage at-gebo temperatures or not.

In this investigation the testing methodology is basadaa incremental damage evolution

approach, which tracks the damage progression by exposing the MEMS test samples to a specific

71



pressure at regular intervals and thereby keeping a tab on the evolution of output parameters. It is
a key aspect of this studyp analyze whether or not the sensor parameters are drifting
significantly with respect to the ideal output(s) and by how much; when exposed to harsh

environmental conditions.

3.4EXPERIMENTAL RESULTS

In this section a commercially available piezesisive, absolute MEMS pressure sensor,
MPL3115A2, has been used and the effects of prolonged storage at subzero temperatures and
high temperature operating life has been stud#EMS test board assemblies were put to test
under conditions similar to theirreas of applications in order to analyze the evolution of
stepwise damage progression. For the purpose of this investigation the term failure does not
necessarily mean that the device is not working or has suffered a catastrophic failure but rather
servesas a pseudonym used to describe the evolution of damage i.e. until theesisive

sensor output parameters drift permanently out of the stable operating range with respect to the
ideal output(s). The defining goal behind this incremental investigatitiere exposing the
MPL3115A2 samples to harsh environments, is to standardize the survivability and reliability for

a commercial piezoesistive pressure sensor for usage in its areas of applications.

3.4.1Effect of High temperature operating life (HTOL)

MPL3115A2 pressure sensor test board assemblies were subjectedQoop2Bating at 3.3V.
This test condition surrounds the test samples in a worst case scenario where the stresses act
dynamically and approach the maximum absolute in terms varprrating parameters such as

junction temperature, load current and internal power dissipation [ST microelectronics AN4428].
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The main idea behind having the device operate in a biased condition is to study and analyze the
presence of failure modes such asevbond aging, ASIC oxide faults and metal degradation, if
any.Figure 57 demonstrates the effect of aging at 125°C with increasing duration. As mentioned
before five MPL3115A2 test samples were used for this sthdyincremental damage evolution

can be clearly seen Figure 57 which captures the average pressure recorded in Pascals for five
samples when exposed to a pressure of 640mmhg each time. The test samples weut tdken

the HTOL chamber every 30 days and exposed to the above mentioned pressure in a vacuum
desiccator and output pressure was recorded. The inverted triangles in
Figure57 Figure 57 represent the data points for pristine samples. Since ncoptioning is

done on the pristine samples the average pressure recorded should not change for them, therefore
they can be consided as the benchmark for comparison. HTOL test results indicate that as the
test duration increases the average pressure recorded also drifts away significantly from the value
of 16000Pa/640mmhg (with respect to atmospheric pressure). As per the manefactd s
specification sheet for MPL3115A2 the allowable resolution for absolute pressure accuracy is +/
400Pa; all the test samples go beyond this threshold. 4 out of the 5 tested samples drift beyond
the threshold value after 90 days of exposure to 12%°83¥; whereas the one remaining
sample does go beyond this threshold value but only after 120 days. The initial effect after just

30 days of aging is almost negligible but soon after the trend increases in all the samples.
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Figure 57:- Average Pressure Recorded against Aging Time

3.4.2Effect of Low Temperature Storage (LTS)

MPL3115A2 pressure sensor test board assemblies were subjee38toThis test condition
surrounds the test samples in a harsh environment where the device is stored in an unbiased
condition at sufzero temperatures for prolonged time. Not many studies exist which analyze the
effects of minimum allowable temperatures for package materialsnimercial piezeesistive

MEMS pressure sensors and the failure mechanisms which get activated by extreme cold
environments [ST microelectronics AN4428].

Figure 58 demonstrates the effect of prolonged storageubzeyo temperature 685°C with
increasing duration. As mentioned before five MPL3115A2 test samples were used for this
study, the incremental damage evolution can be clearly seEigune 58 which captures the
average pressure recorded in Pascals for five samples when exposed to a pressure of 640mmhg
each time. The test samples were taken out of the LTS chamber every 30 days and exposed to the
above mentioned pressure in a vacuum desiccator and output pressurecoaled. The

inverted triangles irFigure 58 represent the data points for pristine samples. Since ro pre
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conditioning is done on the pristine samples the average pressure recorded should not change for
them, tlerefore they can be considered as the benchmark for comparison. LTS test results
indicate that as the test duration increases the average pressure recorded also drifts away
significantly from the value of 16000Pa/640mmhg (with respect to atmosphericrpjegsuper

the manufacturerodos specification sheet for
pressure accuracy is-+#400Pa; all the test samples go beyond this threshold. The drift in LTS
test case is much more severe as compared to HTOL tedition; the initial data points, after

30 days at35°C, for all the five samples are very much consistent to the pristine benchmark but
drift significantly as the LTS duration increases. All the test samples go beyond the threshold
value after 60 days &fTS storage as opposed to 90 days for the HTOL test case; also the overall

average pressure recorded by MPL3115A2 samples is much more during the LTS test case.
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Figure 58:- Average Pressure Recorded against LTS Time

After exposure to 120 days of high temperature operating life and low temperature storage the

MPL3115A2 test samples were also subjected to the ambient atmospheric pressure in order to

analyze howthe pressure sensor behaved when treated to a pressure value which is close to the

reference pressure, 101325Pa, sealed within the cavity of the MEMS device instead of a vacuum.
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Before taking the pressure readings from the test samples, the ambient atiogegissure was

obtained using a commercial reference pressure sensor and a pristine MPL3115A2 piezo

resistive pressure sensdiigure 59 demonstrates the average ATM pressure recordings after

subjection to 120 ays of LTS and HTOL environments. The reference and the pristine ATM

pressure recordings were 99260Pa and 99281Pa respectively; the atmospheric pressure at sea

level was 101325Pa and since all the data was captured at 210m above the sea level therefore we

see a pressure difference when comparing pressure readings from reference sensor/pristine

sensor to the pressure at sea level.
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Figure 59:- Average ATM Pressure after 20 Days of LTS and HTOL

It can be clearly visualized frofigure 59 andFigure 60 that the LTS test samples have much

severe damage after prolonged storage atzsub tempratures as compared to HTOL test

samples. MPL3115A2 high temperature operating life test samples seem to perform much better

as they

f
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reference pressure sealed witline cavity of the MEMS device which is not the case for LTS

test samples.

76



100000 . -

oospn |

BRE00

L0400

SR200

Awernge ATAI Pressure (Pascak)

20000

--. [ ]
H & = 8§ & 2 5 & &
CEEREJREEEE

Figure 60:- Average ATM Pressure after 180 Days of LTS and HTOL

However both test board assemblieam both the test conditions seem to fall apart and drift

significantly away from the ideal output(s) when subjected to pressure(s) within the vacuum

range as shown before.

3.4.3Effect of Pressure Change

The responsiveness of the MEMS pressure sensas gauged through a sudden change in
pressure from vacuum at 640mmhg to the atmospheric pressguee 61 demonstrates the

pressure change curve(s) for all the tested MEMS samples. The average pristineoooiused

average of ten pristine samples, displays almost the same characteristic as that of the reference
curve while LTS and HTOL samples behave in a different manner. This characteristic of the
MEMS sensor helps in understanding how the pressure detestid change in pressure is
perceived by the piezsistive mechanism within the pressure sensor. Both LTS and HTOL
samples are impacted as they seem to be less responsive to the pressure change as compared to
pristine and reference test cases. IdeakyliTS and HTOL pressure change curves should be as

close as possible to the pristine and reference cases but due-terfarexposure to harsh
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Figure 61:- MEMS pressure sensor response to the change in pressure

environments there is a significant delay in the response characteristic of these curves which

affect the effectiveness and efficiency of the sensor system.

3.4.4Effect on Temperaure Sensor

MPL3115a2 pressure sensor is temperature compensated and utilizesldp tamperature
sensor.Shown inFigure 62 are the recorded temperatures in °C under a vacuum of 640mmhg
from five pristine samips where the number of observations for each sample is 301. Total
number of histogram bars denote the different temperatures observed byctiip temperature
sensor, ideally the less temperatures observed the more accurate isctiip tmmperature

Sansor.
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Figure 62 - Temperature recordings for five pristine samples

The ideal temperature range measured using a reference temperature sensor witlimuthe va
desiccator at 640mmhg was between 21.8°C and 22.2°C. The temperature recordings from all

the pristine samples fall within that range, except pristine sample 1.
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Figure 63:- Temperature recordings for five HTOL samples, under vacuum, after 210 Days of exposure to
125°C at 3.3V

It can be clearly visualized when comparkigure 62, Figure 63 andFigure 64, that prolonged
storage at35°C and prolonged exposure to 125°C at 3.3V for well over 6months can induce

multiple false temperature recordings. Although the temperature recordings after 210 days of
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t i n dr ast
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reference benchmarks. The HTOL samples show a temperature offset of 0.75°C whereas the

LTS samples which have been more affected by their respective harsh environment, as

demonstrated irsection 1l, show a temperature offset of 1.13°C.Also the computed statistical

data portrays that HTOL and LTS samples show much more variance in temperature recordings

after 210 days. As indicated by the results below there is much more variance in t@rm@pera

readings for LTS samples as compared to their HTOL counterparts.
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Figure 64:-Temperature recordings for five LTS samples, under vacuum, after 210 Days of storage at 35°C

3.5 FAILURE ANALYSI S

MEMS failure mechanisms and modes for harsh environments involving space, radiation,

vacuum and thermaldibration shocks have been previously studied [Shea 2006] but identifying

failure modes and sites for membrane based sensors subjected-tertorgposure to high

operating temperatures and low temperature storage have yet to be demonstrated.
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Figure 65:- MEMS pressure sensing element with four piezoesistors

MPL3115a2 has an adjacent configuration where both the MEMS sensing element, piezo
resistors in wheat stone bridge arrangement, and application specific integrated circuit (ASIC) lie

adjacent to each other connected through-tvineds as shown iRigure 65.

Figure 66:- Wire bonds connecting ASIC die to sensing element
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Figure 67:- ASIC die on MPL3115a2

3.5.1FAILURE MODES

After intensive exposure to the above mentioned harsh environmental conditions, the
MPL3115a2 test samples were-chipped and analyzedr potential failure modes and sites.
Since the pressure sensor is a commercial product, manufactured by NXP semiconductors, no
prior information regarding the internal structure was known.

It was observed that no visual or physical damage was accyute IMEMS sensing element

for both the HTOL and LTS test cases apart from one HTOL sample shdugune 69. Figure

65 - Figure 67 represent a pristine sample and how the internal structure looks like. As depicted
in Table 14 most of the damage circumscribed the ASIC die with localized-&ites and crack

sites. It should be noted that or8yout of the 5 tested HTOL samples had burn/csatds and

only 1 out of 5 test LTS samples had potential cisitdk on the ASIC die. The overall damage
reported in above sections, in terms of drift in the pressure and temperature recordings, can be

atiributed b longterm aging and usage of a product.
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Table 14 demonstrates the different failure modes observed ontemng exposure to HTOL

and LTS.

Pre-Condition Failure-Modes Test Condition Test Duration

HTOL 125°C Localized burpsites and cracks Low-Vacuum @ 640mmhy e 910
LTS -35°C Crack on the ASIC die days

Table 14:- Failure Modes

OGN

Figure 68- HTOL sample with burn-crack site on ASIC after 210 days of aging at 125°C/3.3Volts

Figure 69:- HTOL sample with burn-site on MEMS sensing element after 210 days of aging at 125°C/3.3Volts
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Figure 70:- LTS sample with crack running through the ASIC die after 210 days of aging at35°C

3.6 SUMMARY AND CONCLUSIONS

In this chapterwe present a test protocol for analyzing the characteristics of a commercially
available MEMS pressure sensor on exposure to harsh environmentalngpeoatilitions. The
piezoresistive pressure sensor, MPL3115A2, was tested under two different harsh environments;
high temperature operating life and prolonged storage azesubtemperatures. This test
protocol helped in investigating and documenting theremental damage evolution in

MPL3115A2 MEMS pressure sensor and was successfully able to characterize and capture the
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overall behavior of the MEMS device. The defining goal behind this incremental investigation is

to standardize the survivability andliability for a commercial piezeesistive pressure sensor

for usage in its areas of applications. HTOL test results indicate that as the test duration increases
the average pressure recorded drifts away significantly from the value of 16000Pa/640mmhg
(with respect to atmospheric pressure) which is the vacuum level during testing. As per the
manufactureros specification sheet for MPL 31
pressure accuracy is-#400Pa; all the test samples go beyond this thresaldt of the 5 tested
samples drift beyond the threshold value after 90 days of exposure to 125°C at 3.3V; whereas the
one remaining sample does go beyond this threshold value but only after 120 days. The initial
effect after just 30 days of aging is almhaggligible but soon after the trend increases in all the
samples. LTS test results also indicate that as the test duration increases the average pressure
recorded also drifts away significantly from the value of 16000Pa/640mmhg. The drift in LTS
test cas is much more severe as compared to HTOL test condition; the initial data points, after
30 days at35°C, for all the five samples are very much consistent to the pristine benchmark but
drift significantly as the LTS duration increases. All the test sasngb beyond the threshold

value after 60 days of LTS storage as opposed to 90 days for the HTOL test case; also the overall
average pressure recorded by MPL3115A2 samples is much more during the LTS test case.
Results from the HTOL and LTS test samplebjscted to ambient atmospheric pressure at
210m above sea level show that the LTS test samples have much severe damage after prolonged
storage at subero temperatures as compared to HTOL test samples. MPL3115A2 high
temperature operating life test sangpkeem to perform much better as they fall within the
manufactur er 60s - 4QPa atiarhbient rtesswenclose fto the feference pressure

sealed within the cavity of the MEMS device which is not the case for LTS test samples.

85



However both test lmyd assemblies from both the test conditions seem to fall apart and drift
significantly away from the ideal output(s) when subjected to pressure(s) within the vacuum
range as shown before. Results from the effect on temperature sensor indicate thadruye to

term exposure to harsh environmental conditions for well over 6months can induce multiple false
temperature recordings. Although the temperature recordings after 210 days of LTS and HTOL
exposures donot resul t I n d hewistinecanddrefdreincer e n c e
benchmarks. The HTOL samples show a temperature offset of 0.75°C whereas the LTS samples
which have been more affected by their respective harsh environment, as demonstrated in section
Il, show a temperature offset of 1.13°C. 3 otithe 5 tested HTOL samples had burn/crsitgs

and only 1 out of 5 test LTS samples had potential eséekon the ASIC die. The overall
damage reported in above sections, in terms of drift in the pressure and temperature recordings,

can be attribwd to longterm aging and usage of a product.
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Chapter 4
Effects of Sustained Exposure to Temperature and Humidity on the Reliability and
Performance of MEMS Microphone
MEMS microphones are extensively used in almost all applications thateegliability, small
size, and high sound quality. For harsh environment reliability data MEMS microphones need to
be monitored under conditions mimicking their areas of applications. MEMS microphones have
an opening/sound port in order to interact witle environment, therefore cannot be sealed
completely since the sensing mechanism requires interaction between sound waves and the
sensing element. Little to no information exists on reliability data for MEMS microphones under
low/high temperature operag life and temperature humidity bias conditicd@ur work is
primarily focused on providing harsh environmental reliability data which can be useful to
MEMS desigrers and engineers. In this chaptes test vehicles with MEMS Microphones have
been testednder three different harsh environmental conditions: high temperature operating life
(HTOL) at 128C at 3.3V, low temperature storage (LTS)-35°C and temperature humidity
85°C/85%RH at 3.3V. The main motive of this study is to document the increnshiftahnd
degradation in output parameters nanaitortion, frequency response, power supply rejection
capability of IC, frequency vs pressure characterigtiu$ analog output voltage of the MEMS
microphone. The survivability of MEMS microphone, ADMP4®hs been demonstrated as a
function of change in the output parameters. Failure analysis has been conducted on the
microphone samples to studigilure modes and sites using analytical methods such as SEM,
EDS and Xray. In past only few studies have bemmducted regarding reliability of MEMS

microphones, of which some demonstrate the effect of high impact loading [Fang 2013], authors
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studied the mechanical reliability of MEMS microphones subjected to very high g shocks and
demonstrated the charactegstiof diaphragm under shock loadings of up to 30000G. Finite
element simulations have also been used to study the shock impact loading on a MEMS
microphone and study the potential failure sites [Li 2013]. The effect of airborne impurities and
humidity on MEMS microphone has been also been studied [Broas 2015], who observed
galvanic corrosion in thin film Silicon MEMSOverall Failure mechanisms and reliability of
different classes of MEMS devices are well documented [Fonseca 2011] [Huang 2012] but all
togeter not much effort has been made in assessing the effect of extreme operating
environmental stresses on characteristics of MEMS microphones. Previous studies and research
areas do not study and observe the incremental evolution of damage progressioM$ ME
microphones. Also, reliability data for analyzing and understanding the characteristics of MEMS
microphonesinder low temperature storage (LTS), high temperature operating life (HTOL) and
temperature humidity bias (THB) conditions is not availabtgortance of reliability data for

MEMS designers and engineers is of the utmost priority skteme environmental operating
conditions affect the grade, reliability and performance of a MEMS device. MEMS microphones
have a similar detection scheme as MEI®ssure sensors which comprises of capacitive
sensing using the technique of PPA. Depending upon the application of the sensor it would either
have a diaphragm or a membrane. Generally the diaphragm or the membrane will have a bossed
structure in order tayenerate a linear capacitance chang&MS microphone used in this
investigation was ADMP401, an omnidirectional microphone with bottom port and analog
output, ideal for smartphones, digital video cameras, video phones and tablets. The sensor is a
simple silicon capacitor consisting of two silicon surfaces where one surface is fixed and the

other is movable. The fixed surface/plate is conductive in nature and is comprised of acoustic
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holes. The movable plate/surface has ventilation holes which allow timénauee/diaphragm to

move back and forth. An application specific integrated circuit is connected via wire bonds to the
MEMS structure which converts the polarized capacitance into analog voltage output. The IC is
comprised of an impedance converter anduatput amplifier. The MEMS structure and the IC

are housed in a 4.72mm x 3.76mm x 1lmm surface mount package which encloses all the
components. For ADMP401, the sound port is constructed by drilling the substrate as per the
location of MEMS sensing structirin this architecture the front chamber is the cavity of the
MEMS sensor and the back chamber is created by the package. Resonant chambers are
distinguished depending on the location of respective chambers in reference to the progressing
sound wave. Th&4EMS sensor is right under the sound port and the two components, MEMS
sensor and IC, are attached onto the substrate. MEMS microphones such as ADMP401 and its
internal circuitry are unintentionally exposed to harsh environmental conditions when operating
in their fields of applications. Extreme environments such as-drighock, vibration, thermal
stresses, noise sources, humidity and intermode coupling can lead up to a number of error
sources in a MEMS microphone resulting in a bad consumer producthiausiportance of
reliability data. Presence of sophisticated and intricate MEMS technology in microphones
generates a significant lack of reliability data that looks into the impatiwoftemperature
storage (LTS), high temperature operating life (HT@hgyl temperature humidity bias (THB) on
characteristics of MEMS microphonebhe fundamental objective behind this research work is

to observe and anatomize the output parameters of a commercial MEMS microphone and assess
the accrued damage. The adlility data shown in this dissertatiorepresents damage
progression in MEMS microphones till failure. Three different sets of experiments where

conducted in this piece of study where in the first set the MEMS test board assemblies, MEMS
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microphone mounted on R4 layer PCB, were subjected to high temperature operating life
125°C at 3.3V. The MEMS test boards were put in a thermal aging oven set at the above
mentioned parameter and a total of 10 test board assemblies were subjected to harsh environment
operatingcondition. For the second test the MEMS test board assemblies were subjected to
temperaturdhumidity bias environment, 86/85%RH at 3.3V. A total of 10 test board
assemblies were subjected to THB operating environment. Lastly, for the third test the MEMS
test board assemblies were subjected to low temperature st3&ge, A total of 5 test board
assemblies were subjected to LTS operating environment. MEMS test board assemblies from all
the three sets where taken out from their respective chamberaraiteerval of every 100 hours

and put to test in a reverberation chamber. A sine sweep sound ranging from 100Hz to 15KHz is
played as the test sound since this range falls in the full scale band of the MEMS microphone.
Room equalizer wizard (REW), an apsource acoustics software has been used to capture the
frequency response of the MEMS microphone samples with respect to sound pressure level.
Further this frequency response from the microphone samples has been used to compute the
distortion over the dire audio band. Another parameter which was monitored for damage
progression is Power supply rejection ratio in order to analyze the degradation in the capability
of the ASIC to reject noise added to the supply voltage. The raw output voltage from ADMP401
has also been recorded for all the samples on which Fast Fourier analysis has been performed in
order to see damage progression in the amplitude of the voltage output. The objective of this
experiment was to compute and compare the frequency respornsgjotisPSRR and voltage
outputs for pristine and HTOL, LTS and THB samples thereby assessing the accrued damage in
the microphone. Degradation of MEMS microphone parameters has been observed and

documented.
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4.1 TEST VEHICLE

FreePCB, open source sofame was used to design the MEMS test board. The dimensions of
test board are 132mm x 77mm. It is a JEDEC standard double sided FR4 material PCB. PCB
pads are solder mask defined with immersion finish. The test boards were fabricated and then
assembled usgn the surface mount technology line present at CAVE3 electronics research

center.

........
........

-------

Figure 72- Test Board Design
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The printed circuit board used in this investigation has been fabricated for the testing of
Accelerometers, Oscillators, Gyroscopes and Pressure sensors. However this particular study

only focussesm ADMP401, MEMS bottom ported analog microphone.
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Figure 73: - ADMP401 block diagram and Pin Layout
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Figure 74:- ADMP401 mounted on MEMS test board

ADMP401 has an internal out put amplifier, an
ceramic capacitor serving as the decoupling capacitor. Externally the ADMP 401 sensor is
connected to an operational non inverting amplifier, OPA344. Figure ghevexternal circuitry

which was connected between the ADMP401 and the op amp gain stage.

|

Figure 75:- ADMP401 connections to the op amp gain stage
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The MEMS structure and the IC are housed in a 4.72mm x 3.76mm x 1mm surface moun
package which encloses all the components. In this architecture the front chamber is the cavity of
the MEMS sensor and the back chamber is created by the pabkageal structure properties

of the MEMS microphone are unknown since it is proprietarjnalog devices. The MEMS
sensor is right on top of the sound port and the IC is located in the back chamber as discussed

before. The Xrayimages weréaken at CAVE3 center at Auburn University.

M
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Figure 76:- X ray images of the internal structure

Figure 77.- ADMP 4017with the metallic casing and decapped
ADMP401 samples were decapped in order to visu#tigenternal structure of the Microphone.
The samples were decapped by placing them on a hot plate set'@td@0then applying a
small amount of shearing force with a sharp metallic tool so as to remove the lid/casing.
Scanning electron microscopy waerformed on the decapped MEMS samples in order to
closely observe the internal structure. Again, since this device is proprietary to Analog devices
no information was available regarding the interior edifice and its properties. Below is a set of

SEM images which clearly demonstrate the diaphragm shape, IC and diaphragm wire bond sites,
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acoustic holes, folded spring elements and the fixed plate which is on the opposite side to the

diaphragm.

1008y / 100gmm WL 9.5mm

Figure 78:- Top view of MEMS sensorand IC
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Figure 79:- Zoomed in view of the Diaphragm

ADMP401 uses the capacitive sensing MEMS technology. The diaphragm and the fixed plate
comprise to make the variable capacitor, where the diaphragm is moVabldixed plate,
shown in Figure 82, has acoustic holes and is conductive which allows sound waves to
propagate through. The movable diaphragm is connected to silicon spring elEiperd,81,

which helps in deflection. The movable surface is full of ventilation holes which allow the air
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compressed in the back chamber to disperse out and support in the back and forth motion of the
diaphragm. Internal structure properties of the MEMS mitooe such as spring constant, Kk,

and mass, m are unknown for analysis since it is proprietary to STMicroelectronics.

L S
ol ol o o
A O o

.
»
(8
5
-
.
.
5
.
.
.
.
.
LS
.

rerrerrrrrrrrrrere
Frrrrrrrrrrrrrrree
rrercrercrrerrerrrrrrree
rFeEerrrrerrrrrrrrrrer
rerrerecrrrerrrr ) per
rrrrrrfr'rrrr>rrrr
rrrererrrrrrrrr rrrrp
rfrrerrrrrrrrrrcrrerre
rreeerlFrerrrer e r e
rfrrerrrrrrrrr e rer
rerrrerrrrrrr e
rrerrrrrrr e rrcrrre
rrerrecrrrrrrr e rrre
rrrerrrrrrrerer

rerrrrrerrerer

'frrrr'rrrro/pp’,,,
Frerrerrrrrerreer

'frrrrr'rrrfrr’pp,,
‘frerrrrrrrrrrerrrrr
"frerrerrrrrerrrreer
'P'ttrrrrrrrrrrrer’
B o ol ol ol S I I SR R

ERE o ol ol O o S I o i U,

Figure 80:- Ventilation holes for compressed air
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ADMP401 operates anywhere between3.3V, for this study itvas connected to a 3.3V power
supply and 6 other passive components listedahle 15 referred fromFigure 75. It is also
connected to a standard commercially available power single supply CMOS operational

amplifier, OPA344. The op amp is unity gain stable. The MEMS microphone sensor has a flat

frequency response between100H5 kHz and a | ow current consul
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Figure 82 - Fixed plate on backside of ADMP401

Figure 83:- Zoomed in view of acoustic holes on fixed plate
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It is an Omnidirectional bottom ported analog sensorhvattypical sensitivity 0f42dBV and a
maximum acoustic input of 120dB SPL (sound pressure level).
Table 16 provides a list of all the pin connections and pin layout for ADMP401 microphone

sensor, refer toFigure 73.

Type Value Pin No.
Ceramic Capacitof 4 . 7¢ F ( C] 1, ADMP401
Ceramic Capacito 1 e F ( C2) | 2, ORAmp
Ceramic Capacitorl 100pF (C4) 4, ORAmMp
S.MountResistor| 1. 5k q ( R1]1,  ADMP401
S. Mount Resistor| 1 0 k §2) ( GND

S. MountResistor| 1 0k g ( R3) GND
S. MountResistor| 1 00 k g ( R4 4, ORAmp, Out
Table 15:- Passive Components and their values

Pin No. Mnemonic Description, Pin No.
1 OUTPUT Analog output, 1

2 GND Ground, 2

3 GND Ground,3

4 GND Ground, 4

5 Vdd Power Supply, 5

6 GND Ground, 6

Table 16:- LPY510AL Pin Configuration

4.2 RELIABILITY TEST MATRIX

A total of 15 ADMP401 microphone sensors were put to test in this study which is further
divided intothree sub studies each comprising of 5 sensors each. The three different harsh
environmental conditions are high temperature operating life (HTOL)’Cl2& 3.3V,
temperature humidity bias (THB) 85/85%RH at 3.3V and low temperature storage (LTS)
35°C. The main objective of b research studis to put forward the progressive evolution of
damage in MEMS microphone sensor while monitoring the distortion, frequency response,
power supply rejection of IC and frequency vs pressure characteristics. In eastudylthe

ADMP401 samples were taken out from their respective chambers, operating at different harsh
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conditions mentioned above, at a regular interval of 100 hours and put to test in a reverberation
chamber. A sine sweep sound ranging from-Q8kHz wasused to excite the MEMS acoustic
sensor. Table 17 shows the different test parameters used for the harsh environmental study on

ADMP401 MEMS microphones.

Test Test Data Test
Condition Parameters Acquisition Samples
HTOL 3.3V | 125°C 100hrs. 5

THB 3.3V 85°C/85%RH | 100hrs. 5

LTS -35°C 100hrs. 5
Pristine | -—-momme- | oo 5

1 ratea Chamber

\mp’llh T

Aadio Interface >
................... .
[

)

IXLR Cable
=4

‘Flgure84ADMP401 test flowchart

Figure 84 shows the test flowchart for the harsh environmental study on ADMP401 sensors. The
source speaker is connected to a power amplifier and the amplifier is connected to a computer
with an operational soundcard. Room equalizer wizard is an open source software which has
been used in this study, the software is used to generate a sine sweep sound ranging-from OHz
15kHz played via the soundcard on the connected computer. The output aéribyghione is fed

into an audio interface, Behringer UM2, via a XLR cable, which is further connected to the
soundcard on the operating computer. Microphone analog output voltage has been monitored and

recorded using a high speed data acquisition systemeNManer Xi serieg-igure 85 shows the

data acquisition system used for the experiment.
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Figure 85:- Waverunner Xi series oscilloscope

4.3 EXPERIMENTAL TEST SETUP

ADMP401 MEMS mcrophone sensor test board assemblies were assembled at the Surface
Mount Technology line present on CAVES facility. The Surface Mount technology (SMT) line
consists of three stages, the Stencil printer, Pick and Place machine and reflow oven as shown in
Figure 86 . SAC305 solder alloy was used for this study and was evenly distributed on MEMS
test board assemblies through the Stencil printer. ADMP401 and other 6 passive components
were placed on the MEMS test boarsing the Pick and Place machine. Finally, the test boards
were baked in the reflow oveRigure 87 shows the three different chambers used for this this

study.
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Figure 86:- SMT Line at CAVE3; Stencil Printer (Top), Pick and Place (Middle), Reflow Oven (Bottom)
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Figure 87:- HTOL chamber (TOP), THB chamber (Middle) and LTS chamber (Bottom)

The 5 samples which were pristine did not undergo any aginhigh/low temperature or
humidity exposure. Our approach for this research study supports for a constructive comparison
among the four sets of samples. Microphone gauge parameters such as distortion, frequency
response, power supply rejection of IC arahfiency vs pressure characteristics can demonstrate

on how sensitive the ADMP401 samples are to the four above mentioned harsh environmental.
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Figure 89 and Figure 90 showthe inside view of the reverberation room where the samples

were put to test.

YXLON

Y.Cougur SMT

Figure 88:- YXLON CT and X -ray machine

One of the main objectives behind this investigation is to quantify whether or not the microphone
sensor pamaeters are drifting significantly with respect to the pristine benchmark values and by
how much; when exposed to harsh environmental condifidres X-ray images shown iRigure
76 were taken at Auburn UniversityCAVES3 facility, using the statef-the-art YXLON

computed tomography and-réy machine irFigure 88.
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4.3.1 Reverberation Chamber Setup

Figure 89:- Inside View of Reverberation room

Figure 90:- Inside View of Reverberation room
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Figure 91:- Source speaker on top of MEMS test board assembly

The reverberation chamber/room helps is achieving an even state of acoustic energyc Acousti
impedances offered by the surface of this chamber to the propagating sound waves are very large
thereby reflecting most of the acoustic energy back within the room. The chamber comprises of a
two layer hardwood and timber setup in order to maximize évwerberation time, also no
cavities are present within the walls or the roof which help in avoiding unwanted resonances.

The source speaker was carefully mounted on a wooden rack as shéwurim 91 and the

MEMS test board assemblies were kept on a small circular table top which was at a fixed
distance of 20cm from the speaker, Begure 90 andFigure 91. Again as mentioned aboviee

MEMS microphone test board assemblies were taken out after every 50hrs from their respective

harsh environmental chambers and then put to test in the reverberation room.
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Figure 92:- XLR cable and TRSS connector

Since the AMP401 is an analog sensor, the output signal cannot be directly fed into the audio
interface, Behringer UM2. A commercially available of the shelf TRSS connector, manufactured
by Spark fun, was used which takes in the analog output signal and transportisei audio

interface via a XLR cable with an audio jack end as show#gare 92.

xR
1 SN

y

as

Figure 93:- Power amplifier and audio interface.

The other end of the XLR cable is connectedh® dudio interface powered through a standard
USB cable which is connected to the computer with soundeaydre 93 demonstrates the XLR
cable output into the mic/line of the audio interface and the output aluttie interface into the

source speaker.

105



Figure 94:- Behringer UM2 2 x 2 audio interface

The amount of time is takes for a sound wave to fade away is an enclosed space or area is
referred to as the reverberation time. Surfaceshe room, reflective in nature, will help in
repeated bouncing of sound waves and when these reflections fuse together reverberation is
produced. Highly bibulous surfaces reduce the reverberation when hit by reflections. The
acoustic status of a room mostly characterized by the reverberation. RT60 (60dB decay)
reverberation time measurement is an ISO 3B8&andard for performance spaces and is
measured as soon as the source signal is abruptly ended [NTI Audio 2017]. In experimental
phase we generallpneasure 20dB or the 30dB decay and since the decay is linear, one can

extrapolate for 60dB decay.

e |
Mg

Figure 95:- RT60 decay for reverberation chamber
RT60 plot for the reverberation chamber, showRigure 95, was generated before every test so

in order to maintain the continuity of the experiment.
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4.4 EXPERIMENTAL RESULTS

The fundamental objective behind this research work is to observe and anatomize the output
parameters of a commerclEMS microphone and assess the accrued damage. Takiliii

data shown in this studyepresents damage progression in MEMS microphones till failare

this study the term failure does not actually mean that the device is not working at all but is a
coined term used to describe the progress of damage i.e. until the Microphone output parameters
go permanently out of the stable operating range or drift significantly with respect to the ideal
output(s). In order to normalize the survivability of ADMP4BMEMS analog microphone, for
smartphones, digital video cameras, video phones and tablets, it has been subjected to the
aforementioned harsh environmen&8DMP401 microphone sensors have been gauged on
standard microphone metrics such as distortion, freyueesponse, power supply rejection

capability of IC, frequency vs pressure characteristncfoutput voltage

Voltage Response

Voltage (V)

-0.8 -0.6 -0.4 -0.2 . 0 0.2 0.4 0.6 0.8
Time (s)

Figure 96:- Voltage response of ADMP401 for a sine sweep sound from 05 KHz

Room equalizer wizard is an openusce software which has been used in this study, the
software is used to generate a sine sweep sound ranging fromlb ki3z played via the
soundcard on the connected compukggure 96 shows a typical output Wtage response signal

for a pristine microphone sample.
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Figure 97:- Frequency response vs Sound Pressure Level for ADMP401

|. Effect of High temperature operating life (HTOL)
As mentioned before five MEMS test board asskes were subjected to 1%5 operating at

3.3V. High temperature operating life provides a harsh environment for the microphone sensor
where the stresses act dynamically and approach the max absolute ratings in terms of junction
temperature, load curreaind internal power dissipation [ST microelectronics AN4428]. The
main idea behind including HTOL test in our test matrix is that this test simulates the worst case
application harsh conditions. Since the device operates in a biased condition typical failur

modes such as wigond aging, ASIC oxide faults and metal degradation have been

investigated

A) Distortion

The ratio of output pressure to the input sound pressure when sweeping fromlBHdz,
where the reference s oreferrddapdismsionur e i n air i
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Figure 98- Distortion after 300 hours, 400 hours, 500 hours and 600 hours of HTOL respectively

Figure 98 shows the distortion in five HTOL samples after 3@00, 500 and 600 hours of

125°C at 3.3V. It can be clearly seen that while most of the distortion between 2000Hz and
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8000Hz is not significant, the major frequencies contributing to distortion are the higher and the
lower end of the frequency sweep bamdl this behavior is portrayed by all the HTOL samples.
Also the distortion peaks are as high as 10dB at OHz which is due to the fact that ADMP401 has
a flat frequency response from 100HA5kHz and the sine sweep frequency band lies between
OHzi 15kHz,therefore these peaks are neglected and do not contribute to the distortion analysis.
Progression of HTOL with time yields higher distortion in all the samples especially at lower
(100Hz200Hz) and higher frequencies (10 kH5 kHz). Also the distortioat the intermediate

frequencies (2000Hz 8000Hz) does not tend to remain flat.

B) Power Supply Rejection

The ability of ASIC to reject the noise or a spurious signal added to the supply voltage [ST
microelectronics AN4426]. A sine tone at 100m\fgikat217Hz (GSM switching frequency in
phone applications) is added to the power supply and the amplitude of output signal is measured.
PSR is typically expressed in decibels (dB). It is a gauge factor of how much noise on the power
supply will squeeze througto the output signal. For complete power supply rejection the

microphone would have PSR equal to thev@ighted noise floor.

PSR = 20 X logyo(Vour @ 217Hz)
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Figure 99:- PSR for HTOL samples
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Five pristine samples were evaluated and the computed PSR valuesrawerd 70.584dB for

all of them.Figure 99 shows the degradation in the PSR computed values for HTOL samples as
the HTOL operating time progresses. The deterioration of ASIC over time reduces its capability
to reject the noise added to the supply voltage and also loses the IC parametric stability. Average

PSR decay is 0.63dB.

Power supply rejection ratio (PSRR) is the residual noise amplitude at microphone output to the

added spurious signal on the supply volthds. PSRR is typically expressed in decibels (dB) as

PSRR = 20 x zogm(% @ 217Hz)

0 100 200 300 400 500 600

=
RN

# Pristine
EHTOL1
& * * * * * HTOL2

w XHTOL3

o
o

PSRR (dB)

1 xHTOL4
i HTOL5

T
N U1 P ;O
e

HTOL Hours(125°C @ 3.3V)
Figure 100.- PSRR for HTOL samples
Figure 100 shows the deterioration in the PSRR computed values for HTOL samplé8Qtil

hours. As mentioned before both the PSR and PSRR parameters were evaluated using a 100mV
pk-pk sine tone at 217Hz (GSM switching frequency in phone applications) which is added to

the power supply and the amplitude of output signal is measured.

C) Erequency vs Pressure

The diaphragm of the ADMP401 sensor is disturbed by the sound pressure deviations which is a

sound field quantity. This analysis can help us determine how the sound pressure is detected by
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the diaphragm for a pristine case and a hat®ss environment case. Since the samessueep
signal is used for all the test cases and the distance of the MEMS test board assemblies from the
source speaker is kept same so ideally the pressure detected by the diaphragm should be similar

irrespectie of the test conditions.

With the increase in exposure time to HTOL test condition the diaphragm expands thereby
changing the dimensions of the ventilation holes, on the micro scale, which in turn results in
change in the pressure detection by the degpinr It can be observed froaigure 101 that the

pressure detected by the diaphragm for pristine ADMP401 sample is higher than the HTOL

samples especially at higher frequencies.
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Figure 101:- Pressure detected by diaphragm vs Frequency for Pristine (Top), HTOL test samples
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D) Interval Plot for HTOL

Interval plot is a graphical representation for a sample distribution which fogusest he s amp| e
tendency and variabilityFigure 102 compares the means of pristine and HTOL test cases,
sample 3 and sample 5 do not show any significant difference as their respective interval bars
easily overlapwith the pristine interval bar. On the other hand samples 1, 2 and 4 show different

means and are also significantly different from the pristine test case.

250
225

200

Mean

175

150

Pristine HTOL1 HTOL2 HTOL3 HTOL4 HTOLS

Figure 102 - Interval Plot for HTOL samples after 600 hours

E) EET analysis of output voltage

Fast Fourier transform allows us to analyze the voltage signal, which is in time domain, in
frequency domain and study the overall signal content in terms of energy and spectral density.
FFT techniques have been used in the [hadit2015] to analyze the incremental deterioration in

energy of the MEMS output voltage signal.
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FFT analysis shows a significant reduction in the amplitude of the output voltage signals in
HTOL test samples. Samples 1, 2 and 4 show significant ieduntpeak amplitude and overall
signal energy of the output signal. A drift in the peak frequency has also been observed for the

harsh environment test cases when compared to pristine.
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Figure 103- FFT overlays for Pristine, HTOL1, HTOL2, HTOL3, HTOL4 and HTOLS5 after 600 hours

II. Effect of Low Temperature Storage (LTS)
As mentioned before five MEMS test board assemblies were subjected@5%. Low

temperature storage provides a harsh environment for the microphsoe sdere the device is
stored in an unbiased condition at the minimum temperature allowed by the package materials,
this harsh environment is useful for investigating the failure mechanisms activated by extremely

cold environments for prolonged time [&licroelectronics AN4428].

A) Power Supply Rejection

The ability of ASIC to reject the noise or a spurious signal added to the supply voltage [ST
microelectronics AN4426]. A sine tone at 100m\fgdkat 217Hz (GSM switching frequency in

phone applicationgy added to the power supply and the amplitude of output signal is measured.
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PSR is typically expressed in decibels (dB). For complete power supply rejection the microphone
would have PSR equal to theweighted noise floor.

PSR = 20 X logo(Vour @ 217H2z)
Five pristine samples wereauated and the computed PSR values were around 70.584dB for
all of them Figure 104 andFigure 105 show the deterioration in the PSRR and PSR computed
values for LTS samptetill 300 hours. It can be clearly seen that in the LTS test case the drift in
the PSR and PSRR values is almost negligible (about 0.2 dB) as compared to HTOL test case up

until the 308" hour mark.
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Figure 104 - PSR for LTS sanples
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Figure 105- PSRR for LTS samples
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B) Interval Plot for LTS

Il nterval pl ot is a graphical representation
tendency and variabilityrigure 106 compares the means of pristine and LTS test cases, it can
be clearly seen that since the interval bars for all of the samples easily overlap with the pristine
test case therefore there is no significant difference or drift between iimerand LTS

samples.

240
235

230

Mean

225

220

Pristine LToL1 LTOL2 LTOL3 LTOL4 LTOL5

Figure 106- Interval Plot for LTS samples after 300 hours

C) EET analysis of output voltage

Fast Fourier transform allows us to analyze the voltage signal, which is in time domain, in
frequency dmain and study the overall signal content in terms of energy and spectral density.
FFT techniques have been used in the past [Lall 2015] to analyze the incremental deterioration in

energy of the MEMS output voltage signal.
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FFT analysis shows that thaseno significant reduction in the amplitude of the output voltage
signals in LTS test samples. Samples 1, 2, 3, 4 and 5 show insignificant reduction in peak
amplitude and overall signal energy of the output signal. A drift in the peak frequency has not
been observed for the harsh environment test cases when compared to (Figtine.107

shows the FFT overlays for pristine and LTS testxafier 300 hours.
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Figure 107:- FFT overlays for LTS test case after 300 hours

[ll. Effect of Temperature Humidity Bias
As mentioned before five MEMS test board assemblies were subjected°Gé8®amRH

operating at 3.3V. Temperature humidity bias test aims at examining failure mechanisms
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especidy in the diepackage surroundings caused by harsh wet conditions and electric potential
.Since the device operates in a biased condition typical failure modes such ascélerttical
corrosion have been investigated. EDS analysis shown in sectionldW lodemonstrate high
oxygen content found in THB samples especially in the back chamber which constitutes the

ASIC.
A) Distortion

The ratio of output pressure to the input sound pressure when sweeping fromlBHdz,

where the reference sound pressareiai r i s 20e¢Pa, is referred
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Figure 108 - Distortion after 100 hours, 200 hours, 300 hours and 400 hours of THB respectively

Figure 108 shows the distortion in five HB samples after 100, 200, 300 and 400 hours of
85°C/85%RH at 3.3V. Unlike HTOL test case for THB the distortion between 2000Hz and
8000Hz is significant and more than what is observed for HTOL. Similar to high temperature
operating life the major frequeies contributing to distortion are the higher and the lower end of
the frequency sweep band and this behavior is portrayed by all the THB samples. Also the
distortion peaks are as high as 10dB at OHz which is due to the fact that ADMP401 has a flat
frequerty response from 100Hz15kHz and the sine sweep frequency band lies betweeii O0Hz
15kHz, therefore these peaks are neglected and do not contribute to the distortion analysis.
Progression of THB with time yields higher distortion in all the samples edlyeat lower
(100Hz200Hz) and higher frequencies (10 kH%H kHz) and is as high a8dB. One of five

tested THB samples did not show any output signal even before the completion of 100 hours of

THB test, which mainly can be because of an electricalstréms subjected to the ASIC.
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Electrical overstress which is an unexpected phenomenon causes irreversible damage to ASIC

such as burned areas or voids in Silicon [ST microelectronics AN4428]

B) Power Supply Rejection

The ability of ASIC to reject the noisar a spurious signal added to the supply voltage [ST
microelectronics AN4426]. A sine tone at 100m\fgikat 217Hz (GSM switching frequency in
phone applications) is added to the power supply and the amplitude of output signal is measured.
PSR is typicalf expressed in decibels (dB). It is a gauge factor of how much noise on the power
supply will squeeze through to the output signal. For complete power supply rejection the
microphone would have PSR equal to thev@ighted noise floor.

PSR = 20 X log,o(Vour @ 217Hz)
Five pristine sampils were evaluated and the computed PSR values were around 70.584dB for
all of them.Figure 109 andFigure 110 show the degradation in the PSR and PSRR computed
values for Bmperaturdhumidity biased samples as the THB operating time progresses. The
deterioration of ASIC over time in this case is more than as in HTOL test case. Average PSR

decay was 1.8dB.
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Figure 109- PSR for THB samples
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Figure 110- PSRR for THB samples

lll. Energy Dispersive Xray Spectroscopy Analysis (EDS)

Temperature Humidity Bias

Samplell

Quanitative resulls
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Energy dispersive Xay spectroscopy analysis shownFigure 111 demonstrate high oxygen

Weight

content found in THB samples especially in the back chamber which constitutes the ASIC.
Oxygen rich content as high as-26% has been discovered which makes oxidation a big

possibility and metal degradation and oxide faults at the ASIC site are very much likely.
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Figure 111:- EDS scan results for THB samples I, 1, Ill, IV and V respectively after 400hours of
85°C/85%RH at 3.3V
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Figure 112- ADMP401 THB sample after 400hrs (Left) and Pristine sample (Right)
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Figure 113- EDS scan results for pristine samples

For the same ASIC site Pristine sasgpto not show any traces of Oxygen thereby indicating to
the fact that ADMP401 samples subjected to THB test condition have Oxygen presence within

the MEMS package which causes the deterioration of the MEMS assembly.
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4.5SUMMARY AND CONCLUSIONS

This research study presents a reliability and defect detection technique to analyze the behavior
and characteristics of a commercially available MEMS microphone when exposed to high
temperature operating life and biased temperatureidity test conditions. Tt approach allows
MEMS designers and engineers to investigate and document the evolution of damage in
ADMP401 MEMS bottom ported microphone. Through reliability and defect detection analysis
this methodology was successful in characterizing the ovetadMi® of the MEMS device. The
incremental damage progression was reported in terms of distortion, frequency response, power
supply rejection capability of IC, frequency vs pressure characteristics and output voltage. On
comparing the pristine and harshvganment test case samples, FFT analysis show a significant
reduction in the amplitude of the output voltage signals in THB and HTOL test samples
especially samples from THB test condition. Power supply rejection values were computed for
all the test case a decreasing trend was observed in the PSR values of HTOL and THB samples
with the increase in exposure time. The computed PSR values show significant reduction,
especially for biased temperattramidity samples where reduction is almost 2dB, when
expased to harsh environmental operating conditions in comparison to the pristine sample.
Results put forward for power supply rejection clearly established that the IC connected to the
MEMS device is very sensitive to high humidity and high temperature esgpadien in a biased
condition. This is also supported by the EDS scan results which show significant amount of
Oxygen presence, 280% by weight, in and around the IC site within the MEMS package.
Oxide formation and metal degradation are very likely teehzaused the overall IC parametric
instability. The diaphragm of the ADMP401 sensor is disturbed by the sound pressure deviations

which is a sound field quantity. In this reseasthdypressure detection by the diaphragm for a
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pristine case and a hardiness environment case vs frequency was also analyzed. Since the same
sinesweep signal was used for all the test cases and the distance of the MEMS test board
assemblies from the source speaker is kept same so ideally the pressure detected by the
diaphragn should be similar irrespective of the test conditions. It was observed that the pressure
detected by the diaphragm for pristine ADMP401 sample is higher than the HTOL samples
especially at higher frequencies. This can be due to the fact that the csedpsesin the back
chamber is not being properly vented out through the ventilation holes present on the diaphragm
for its proper back and forth motion. The Silicon diaphragm within the MEMS device operating

at 128C at 3.3V undergoes thermal expansiorrdéiry changing the dimensions of the
ventilation holes present on the diaphragm. Distortion or the ratio of output pressure to the input
pressure was also observed and the results have been documented. The results shown above in
the study demonstrate th&dr HTOL samples most of the distortion between 2000Hz and
8000Hz was not significant, the major frequencies contributing to distortion were the higher and
the lower end of the frequency sweep band and this behavior was portrayed by all the HTOL
samplesProgression of HTOL test condition with time yields higher distortion in all the samples
especially at lower (100H200Hz) and higher frequencies (10 kHb kHz). Also the distortion

at the intermediate frequencies (2000H8000Hz) does not tend to remélat. For the THB

test samples unlike HTOL test case the distortion between 2000Hz and 8000Hz was significant
and more than what was observed for HTOL cases. Similar to high temperature operating life the
major frequencies contributing to distortion wehe higher and the lower end of the frequency
sweep band and this behavior was demonstrated by all the THB test samples. Progression of
THB with time yields higher distortion in all the samples especially at lower (2208l z) and

higher frequencies (1kHz- 15 kHz) and was as high &&dB. Also the distortion peaks in both
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HTOL and THB test conditions were as high as 10dB at OHz which was due to the fact that
ADMP401 has a flat frequency response from 100H5 kHz and the sine sweep frequency

band lies between OHZ 15 kHz, therefore these peaks were neglected and did not contribute to

the distortion analysis.
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Chapter 5
A Study on Damage Progression in MEMS Based Silicon Oscillators Subjected to High
Harsh Environments

Tradtional Quartz based oscillators still outnumber their MEMS counterparts in the industry
therefore no extensive prior studies exist which provide harsh environment reliability data for
Silicon oscillators. MEMS based oscillators serve as clocks which ¢totfteo timing in
electronics, a better clock signal ensures higher performance, more consistent behavior and
reliable operation. Harsh environment applications such as under the hood automotive, military,
space navigation all make use of MEMS oscillatdisne of the previous studies look into the
impact of sequential harsh environment operating conditions. Survivability of MEMS oscillators
at high relative humidity and high G environments is unknown. The effects of these pre
conditions along with the drogdt conditions have been studied and analyzed. Anomalies in the
oscillator behavior due to the presence of harsh environments lead to mismatch in the electronic
timing of the circuit resulting in a bad consumer product, thus the importamebadility data.

In this studya test vehicle with a MEMS oscillator, SiT 8103, has been tested under: high
relative temperature humidity exposure and then followed by subjection t@ lsigbck loading
environments. The test boards have been subjected to mechdmicks susing the method
2002.5, condition G, under the standard MILD-883H test. The effect of temperature,
humidity and shock on the oscillator has been studied. The survivability of SiT 8103 has been
demonstrated as a function of change in the outggfugncy, rise/fall time(s) and duty cycle.
Later the deterioration in oscillator output parameters has been characterized using the
techniques of Fast Fourier Transform and Principal Component Analysis. The results obtained

show that exposure to sequentigdh relative temperatueumidity and highg shock affects the
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working of Silicon MEMS oscillators more than just the hggshock environment. Rise and fall
times, Output frequency and Duty cycle show more deterioration and drift in ¥ 6é88%RH
caseson comparison with their pristine counterparts. The energy spectrum data obtained after
conducting the FFT analysis demonstrate thatC#5%RH samples have lower peak
amplitudes/signal energy than the pristine samples especially during the first 50 drops

MEMS based oscillators are essentially clocks that control the timing in electronics. A resonator
combined with an oscillation circuitry makes an oscillator. MEMS oscillators have made their
presence felt in the commercial market since 2006 and aréemg widely used in consumer
electronics, automotive, military applications, networking, GPS systems, telecom and broadband.
MEMS counterpart, Quartz based oscillators are more established and still considered as the
benchmark. However Quartz oscillatoase much less resilient in environments involving
vibration, shock, temperature variation and noise. Thus, making MEMS oscillators more popular
and viable in modern day applications. Structurally almost all MEMS based sensors act as a
spring mass damper,h&re the proof mass does not bend and moves in the direction of force.
MEMS oscillators which are nothing but MEMS resonators put together with an oscillation
circuitry can have different resonating structures such as tuning fork based, interdigitated or a
simple cantilever shaped. MEMS technology in commercial oscillators is relatively new and
therefore there is a significant lack of reliability data that looks into the impact of sequential
harsh environment operating conditions. Studies conducted prbvidaus more on an
effective internal design in order to achieve high quality factor and the change in resonant
frequency as a function of temperature [Azevedo 2007]. Silicon Tim€&ifg 2015], Discera

are some of the oscillator manufacturers who a@yaing the oscillator behavior in different

operating conditions and have shown peak frequency deviation of Silicon based oscillators under
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5009 shock/vibration environments. [Knobloch 2013] developed an acoustically driven silicon
comb resonator for ugea in high temperature wireless applications. [Azevedo 2009]
demonstrates a 10 fold improvement in temperature sensitivity of resonators by building a poly
Silicon Carbide DETF resonator on a SCS substrate whose sensitivity is reduced to 0.7 Hz/°C.
The oljective of this investigation is to analyze the output parameters of a commercial MEMS
based oscillator and assess the accrued damage. For this study, MEMS test board assemblies
were subjected to sequential high relative temperature humidit¢/&8%6RH fa 500hrs and

then followed by highg shock loading environments, method 2002.5, condition G; under the
standard MILSTD-883H test. This is equivalent of a 1500G stress environment. Deterioration
mechanisms in MEMS oscillator have been documented for tvealentioned temperature
humidity and shock environments. MEMS oscillator used in this investigation was SiT8103, a
high performance LVCMOS oscillator, ideal for consumer electronics. It is manufactured by
Silicon Time. Some of the key components that enafi the SiT8103 are, a tuned silicon MEMS
resonator, oscillator sustaining circuit, high precision fractibhgbhase locked loop i.e.
frequency multiplier, temperature sensor and drivers with fully differential circuits. ~ Oscillator
output parametersamely, Rise/Fall time(s), output frequency and duty cycle were recorded
using a high speed data acquisition system. Damage progression in the aforementioned
parameters was studied until the response of the oscillator was permanently outside the stable
opemting range as specified by SiTime. A total of 10 MEMS board assemblies were put to test
with 5 of them being exposed to sequential temperdituneidity and then followed by high-g

shock environments and the other 5 exposed to just hsflock environment
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5.1TEST VEHICLE

Open source software, Fre€B was used to design the MEMS test board. Later, the test board
was fabricated and then assembled using the surface mount technology line present at CAVE3
electronics research center. The dimensionsetést board are 132mm x 77mm. It is a JEDEC
standard double sided FR4 material PCB. PCB pads are solder mask defined with immersion

finish.

S . o

_ Figure‘11£1§— Test oard l').ésign
The printed circuit board used in this investigatiors heeen fabricated for the testing of

Accelerometers, Oscillators, Gyroscope and Pressure sensor. However this particular study only

focusses on SiT8103 high performance oscillator.

HUXIZ X0 mm
- _,5.'““: -“ j’rl;ﬁ :I
e 1 el [ -1
BiTime oo | 3 |
: kil

Figure 115- SiT8103 Layout
The MEMS resonatowithin the device is fully encapsulated in Silicon and boxed within a micro
vacuum chambefThe resonator whose mass is very small, unknown as proprietary to Silicon
Time, has a stiff Silicon crystal structure. SiT8103 package is comprised of two stixektdte
top die is the resonator die and the bottom die corresponds to the oscillator die as shown below in

Figurellg, the x ray images were taken at CAVE3 center at Auburn University
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Resonator Die

Figure 116- X-ray images for side and top view of SiT8103

De-capping Process

Silicon Time uses a MEMS first fabrication process for making resonators. Resonator is formed
by using Deep Reactive lon Etching Process. Later these free standingtoesbeams are
covered with Si@ and then thin layers of Silicon are grown on top of S#@d vents are

patterned as shown kigure118

Aubiurr 1 00pm WL 96mm

Figure 117:- SEM image of the stacked esonator die on oscillator die
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Figure 118- SEM image of resonator die

SIiT 8103 packages were decapped in order to visualize the internal structure of the MEMS
oscillator before being taken for SEM. The packages waeedlon a hot plate set at 20Gand

then a small drop of red fuming Nitric acid (HM)Qvas dropped at the center of package. After
which they were cleaned with a spray of acetone and then dried with compressed air.

As mentioned above the resonator ancillagdor die are stacked on top of each other. The latter
consists of Resonator sustaining circuit, frequency multiplier, temperature sensor, OTP memory,
charge pump for voltage bias and A/D convertagure 119 below demonstrates the SiT8103

architecture block.

Oscillator Die

OE / STBY | PROG
Figure 119- Architectural block for SiT8103
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SiT8103 operates anywhere betweend B/, for this investigation it was connected to a 2.5V
power supply and a 0.1uF capacitorsvemnnected between the package and ground. This acts as
the decoupling capacitor, which reduces the noise from power supply line. The resonant
frequency of the MEMS resonator is 5SMHz but due to the presence of the fradliéal loop,

frequency multiplker, the output frequency of the device is 25MHz.

Table 18:- Pin Configurations

Pin No. Mnemonic Description

1 OE Output Enable
2 GND Ground

3 CLK Clock Output
4 VDD Input Voltage

5.2 RELIABLITY TEST MATRIX

Table19 lists the two sets of preonditions along with the test condition. A total of 10 SiT8103
MEMS oscillators were put to test and were divided into two sets, Pristine and Temperature
Humidity depending on the piendition they were exposed to. Five samples of SiT8103 high
performance oscillator were exposed t6@85%RH for 500hrs and then subjected to a 1500G
stress environment using method 2002.5, condition G, underSWD-883H test standard. On

the other hand theemaining five samples, Pristine, were just exposed to the above mentioned

shock condition.

Table 19:- Test Matrix

PreCondition Test Condition
Pristine 15009
85°C/85%RH for| 1500g

500 hrs.

A capacitive shock accelerometer wasumted on the Lansmont drop tower to achieve a stress
environment of 1500Gigure120shows the required shock pulse attained from a drop height of
12.50 on the

drop tower.
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Figure 120.- Shock pulse for 1500G test environment

The MEMS oscillator, SiT8103, was subjected to sequential drops at 1500G using method
2002.5 under the MHSTD-883H test standard. The oscillator output parameters namely rise
time, fall time, duty cycle and outp@itequencies were recorded after an interval of every 10
drops until 350 drops were conducted on each samphlanage progression in the
aforementioned parameters was studied until the response of the oscillator was permanently
outside the stable operatingnge as specified by Silicon TimEigure 121 explains the clock

basics; SiT8103 has a clock output which was recorded in order to measure the output

parameters.

=== 25%]

— 75%)
K 0.02 0.04 o/:

Figure 121:- Clock basics
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Rise time is the time it takes for the square wave signal or the clock output to go from logic O to
logic 1. Similarly the fall time is the time it takes for the clock output to go from logic 1 to logic
0.Logic 1 is referred to as the high state whensystem is on and logic 0 is the low state when
the system is off. Duty cycle is the percentage of time period a signal is active i.e. in high state.
Figure121shows 25%, 50% and 75% duty cycles for a clock0&% duty cycle means that the
clock output is active or in high state for 50 % of the time and 50% of the time in low state
similarly a 25% duty cycle means that the signal is in high state 25% of the time. The maximum
value of rise/fall time(s) for SiTB3 is 6.8ns, as specified by Silicon Time [3] for a 2.5V power

supply. The duty cycle range for SiT8103 has been specified betweebx5%

5.3 EXPERIMENTAL TEST SETUP

SiT8103 MEMS oscillator board assemblies were put together on the Surface Mourdldgghn

line present at CAVES3 facility. The SMT line consists of three stages, the Stencil printer, Pick
and Place machine and reflow ovéfg(ire 122). SAC305 solder alloy was used for this study

and was evenly disbuted on MEMS test board assemblies through the Stencil printer. SiT8103
oscillator and 0.1uF capacitor were placed on the board assemblies using the Pick and Place
machine. Finally, the test boards were baked in the reflow dvgnre 122 shows the three

components of the SMT line.

J hp/ :
Figure 122 - Stencil printer, Reflow oven and Pick & Place machindCW direction)
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Figure 123 - Temperature and Humidity chamber
After the MEMS test boards were assembled, first set of 5 samples were put in the temperature
humidity chamber at 88/85%RH for 500hrsFigure 123 above shows the temperature
humidity chamber used for this sy The second set also comprising of 5 samples was pristine,
no aging or high/low temperature exposure was donenmtbodology used in this studjftows
us to conduct a constructive comparison among the two sets of samples. Oscillator output
parametergan demonstrate whether SiT8103 is sensitive to temperature and humidity changes
or not. This methodology also allows us to check whether sequential temperature humidity and
high G cause more deterioration as compared to just high G environment or fioin Dre
output parameters of MEMS oscillator during 350 drops has also been monitored for all the
samplesKigure124). The next step in this investigation was to conduct sequential drops on the
MEMS test board ssemblies. MIESTD-883H, method 2002.5, condition G, was the drop
condition and the shock pulse had an amplitude of 1500G. For the data evaluation phase we used
the technique of Principal component analysis in order to see how the output parameters of the
MEMS oscillator are correlated to each other. Later Fast Fourier Transform analysis has been

used to study the damage progression in the peak amplitude of the oscillator output.
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Figure 124- Lansmont Drop Tower

5.4 EXPERIMENTAL RESULTS

MEMS test board assemblies were tested to failure i.e. until the oscillator output parameters go
permanently out of the stable operating range. The motive behind exposure of SiT8103 samples
to 85C/85%RH environment for 508 and also subjecting them to a 1500G stress
environment, is to gauge the survivability of SiT8103, Silicon based oscillator, for use in modern
day consumer electronics, military applications and automotive. Oscillator output parameters
such as rise timdall time, output frequency and duty cycle have been monitored and recorded

using a high speed data acquisition system, Waverunner Xi deigesg125).

Figure 125- Waverunner Xi series oscilloscope
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A total of 350 drops were conducted on each of the 10 samples used for this study. Data for the
four output parameters was recorded after an interval of every 10 drops, so there are a total of 35
data points for each sample till the lestorded drop event. The four ports of the SiT8103 were
connected to namely voltage source, 2.5V, output enable, 2.5V, ground and clock output. A
LeCroy passive probe was used in this investigation to capture the data from the clock. Output
data from thescillator was captured at two different sampling rates 5MS/s and 10GS/s. The data
recorded at 5MS/s showcases the output square wave and a plot of Time vs Voltage. The
sampling rate was increased to 10GS/s from 5MS/s in order to correctly measure tingerise

fall time, duty cycle and output frequency. By doing so the number of data points increased on
the slope of the output wave and no anomalies would be recorded while measuring the four
output parameterdrigure 126 shows the oscillator square wave output at 5MS$kse four

oscillator output parameters were recorded at 10GS/s as discussed before.

iz

Figure 126:- Sample output plot of voltage vs time for SiT8103, a typical square wave
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Rise Time vs Drops
As discussed earlier rise time in electronics is defined as the time it takes for the clock output
from logic O to logic 1 i.e. from low state to high stafegure 127 shows how the se time is

evolving for all the samples with the number of drops.

RiseTime vs Drops
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Figure 127.-Ri se Ti me for 7 test board assembliesd w.

The black dashed line represents the maximum value for rise time i.e. 6.8 ns dsdspgcif
Silicon Time Corporation [3] for a 45pF load at 2.5V. For pristine samples the lower end of the
rise time starts from 4ns, increases gradually with the number of drops and crosses the maximum
threshold value in the region between -B38D drops andemains permanently outside the stable
operating range. The last recorded drop event results in a rise time of more than 7ns for all the
pristine samples. On the other hand, for the&C8356%RH samples the lower end of the rise time
data starts from 5.5 na stays permanently outside the maximum threshold value after the
250" drop mark with 8.8 ns being the highest recorded rise time, which is well above the

specified threshold value.

Fall Time vs Drops

The time it takes for the system to go from anvacstage to a neactive stage i.e. from logic 1

to logic 0.Figure128shows how the fall time is evolving for all the samples with the number of
drops.
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FallTime vs Drops
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Figure 128- Fall Time for 7 test board assemblies’ w.r.t number of drops

The black dashed line represents the maximum value for rise time i.e. 6.8 ns as specified by
Silicon Time Corporation [3]. For pristine samples the lower end of the fall time starts from
5.6ns, stays consistenichthen goes permanently out of the maximum threshold value between
the 27¢" -350"drops. In this process the maximum value of fall time recorded was 7ns. For the
85°C/85%RH samples the lower end of the fall time data starts from 5.9ns and goes peymanentl
out of the stable operating range as early as tRelffp mark. The maximum value recorded for

fall time was 7.9 ns.

Output Frequency vs Drops

The finely tuned Silicon based MEMS resonator inside the SiT8103 has a resonant frequency of
5MHz. The presnce of a fractional PLL phase lock loop, a frequency multiplier, results in an
output frequency of 25MHz for this device. The frequency stability is specified26PHM. So

the stable frequency range becomes 24.9995#%12005MHz . Figure129 shows the evolution

of output frequency with the number of drops.
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Figure 129-Out put frequency of 7 test board assembl i e:c

The black dashed line represents the typical wuliequency value for SiT8103 i.e. 25MHz as
specified by Silicon Time Corporation. The output frequency behavior for all the pristine
samples tends to remain consistent within the stable operating range but increases rapidly after
the 23" drop mark andouches 25.1MHz. For the 8%/85%RH samples the output frequency

goes beyond the upper end of the stable range as early as"tdeopOmark. This behavior of
85°C/85%RH samples only tends to increase with the number of drops and the highest recorded

value for output frequency is 25.85MHz.

Duty Cycle vs Drops

Duty cycle is defined as the proportion of time in which the system is active or is being operated.
It can be expressed as a ratio or a percentaigeire 130 demonstrates the duty cycle in
percentage for all the SiT8103 MEMS oscillator samples. The evolvement of duty cycle with the

increasing number of drops has been represented. The stable operating range for this oscillator

has been specified as 4856% bySilicon Time Corporation.
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Figure 130- Duty cycle for 7 test board assemblies’ w.r.t number of drops

Pristine samples showcase a trend where the duty cycle percentage remains within the upper and
the lower limit of stable perating range. For most period of the time the duty cycle percentage
for pristine samples operates within 52%6%. Similar trend is observed for the®88B5%RH
samples, duty cycle percentage lies within the upper and lower bounds. Another key olbservatio
from the duty cycle data for 85/85%RH samples is that the duty cycle percentage in this case
lies only within 47%49% which states that the ®J85%RH systems are responding less
frequently as compared to the pristine samples and .i.e. the pristipkesare active 52%5%

of the time while 83C/85%RH samples are only active-49% of time. From the above
explained data sets for oscillator output parameters, some of the key observations are (1)
oscillator is more sensitive to temperature and humiditgnges. The SiT8103 MEMS
oscillators have plastic packaging and might not be hermetically sealed which is why (2)
sequential temperature humidity and high G cause much more deterioration as compared to just
high G environment. (3) Key output parametershsas rise/fall time(s), output frequency and

duty cycle show significant drift more so in°€385%RH samples.

FFT Analysis for Amplitude Degradation
The objective behind carrying out a Fast Fourier analysis is to (1) study the behavior of peak
amplituck of the oscillator output (2) along with the evolution & 29 and 4" harmonics. FFT

analysis converts the time vs voltage data (in time domain) to frequency vs amplitude data (in
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frequency domain) where the amplitude degradation can be obsertresteiis any. Computing
FFT evaluates the energy content of the oscillator output signal. Thus the energy of the signal or

the output waveform can be studied over the number of drops.

Table 20:- Peak amplitudes for representativesamples
Drops | PI PIV THI

0 0.9477| 0.926 | 0.906
50 0.9101| 0.9003| 0.8644
100 | 0.8722| 0.8773| 0.8366
200 | 0.807 | 0.8264| 0.8048
300 | 0.7813| 0.7212| 0.7102
350 | 0.7441]| 0.6865| 0.7026
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Figure 131:- FFT analysis atOth, 200th and 350th drop for first pristine sample

Figure131shows the FFT plots for a pristine sample after 0,200 and 350 drops respectively. The

peak amplitude reduces from 0.9477 Atddop to 0.7441 at 3%0drop. Significant reductions

can also be seen in th&# 239 and 4" harmonics from the'0drop to the last recorded drop event.

The FFT plots demonstrated above also show that the energy of the, SiT8103, oscillator output

signal reduces with the ireasing number of drops.
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Figure 132- FFT analysis at Oth, 200thand 350th drop for secondbristine sample

o

Figure 132 shows the FFT plots for the second pristgample after 0, 200 and 350 drops
respectively. The peak amplitude reduces from 0.9611 at'tdeop to 0.6896 at the 3B@irop.

Significant reductions can also be seen in tHe3 and 4" harmonics from the®drop to the

last recorded drop event.
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Figure 133- FFT analysis at Oth,200th and 350th drop for third pristine sample

Figure 133 shows the FFT plots for the third pristine samplesrafd, 200 and 350 drops

respectively. The peak amplitude reduces from 0.9468"atir6p to 0.7108 at 3%0drop.
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Significant reductions can also be seen in tHe3@ and 4" harmonics from the'©drop to the

last recorded drop event.
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Figure 134 shows the FFT plots for the fourth pristine sample after 0, 200 and 350 drops
respetively. The peak amplitude reduces from 0.926 Atd@op to 0.6865 at 3%30drop.

Significant reductions can also be seen in tHe3 and 4" harmonics from the®drop to the

last recorded drop event.

Temp-Humidity 85°C/85%RH Sample |

TH85¢/85%RH Drop 0

e

4

4

o

o

4

Amplitude |Y(f)|

/) Lo

0 0.2 0.4 0.6

e
0.8 1 12 1.4 16 18 2
Frequency (Hz) x1d

151



TH85¢/85%RH Drop 200

N

14

14

o

=4

e

)
=
—

Amplitude |Y(f)|

0; l wJ Mot

0 0.2 0.4 0.6 0.8 1 12 1.4 16 18 2
Frequency (Hz) x10*

TH85¢/85%RH Drop 350

o

=4

4

14
=

Amplitude |Y(f)|

o Vo AN

0 0.2 0.4 0.6 0.8 1 12
Frequency (Hz)

1.4 16 18 2
x1d®

Figure 135- FFT analysis at Oth, 20¢h and 350th drop for the first TH sample

Figure 135 shows the FFT plots for first 85/85%RH sample after 0,200 and 350 drops
respectively. The peak amplde reduces from 0.906 at”@rop to 0.7026 at 3%30drop.

Significant reductions can also be seen in tHe 3! and 4" harmonics from the'0drop to the

last recorded drop event.
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Figure 136 shows the FFT plots for second°8885%RH sample after 0,200 and 350 drops
respectively. The peak amplitude redsidrom 0.8698 at thé"@rop to 0.5869 at the 35@rop.

Significant reductions can also be seen in tHe 3! and 4" harmonics from the'0drop to the

last recorded drop event.
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Figure 137:- FFT analysis at Oth, 20¢h and 350th drop for the third TH sample
Figure 137 shows the FFT plots for second°885%RH sample after 0,200 and 350 drops
respectively. The peak amplitude reduces fro8485 at & drop to 0.6966 at the 3B@rop. In
Figure 138 the yaxis upper ends, peak amplitude, for the TH samples is lower than the upper
ends for the pristine samples, Whereas the peak amplitude lower eralmasé the same for
both pristine and TH samples. On comparing the FFT plots %p200" and 358 drop for
pristine and 8%/85%RH samples, it is clearly visible that the peak amplitude and other
harmonics are affected more in the high temperaturediyntondition especially during the

first 50-100 drops.
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Figure 138 - Peak amplitude variation with respect to number of drops for all the samples
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Figure 139- Output Frequency Shift with respectto number of drops for all the samples

An increasing shift in output frequency was observed for all the samples over the period of 350
drops. Figure 139 shows the shift in frequency, much more prominent in 88/85%RH
samples. In the above figure the black dotted lines are the upper and the lower bounds on the
output frequency [3]. Frequency for pristine samples remains within the bounds till the 250
drop mark, whereas the frequency shift ii@85%RH sampke happens much faster and moves

out of frequency bounds as early as th& Bfp mark. Both peak amplitude degradation and

shift in the output frequency point to the fact that@B5%RH harsher of the two poenditions

Failure Analysis

Few studies hae been conducted which explain MEMS failures related to type of material
especially Silicon. Shea [2006] observed MEMS failure mechanisms and modes for conditions
involving space, radiation, vacuum and therwiblration shocks. While on the other hand
Fitzgerald [2009] described and validated a methodology for reliability prediction of single
crystal Silicon. No prior study exists which shows failure modes for MEMS oscillators put to use

in sequential harsh thermal humidity and high G environments.
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SiT81B MEMS oscillator has a stacked configuration with the resonator die on top of the
oscillator die as shown ikigure 117. The two dies are adhered to each other by conductive

epoxy which holds them together.

Table 21:- Failure Modes by Preconditions

PreCondition FailureModes Test Condition
Pristine,

85°C/85%RH Cracked epoxy layer 15009
Pristine, Cracked decoupling

85°C/85%RH capacitor 15009
Pristine Cracked MEMS 15009

oscillator package
85°C/85%RH | Cracked oscillator dié 15009

De-capping process, as described in previous sections, was conducted on all the samples in order
to visualize the internal structure of the oscillator. For the failed sampleafipéng process was

useful tosee the internal failure sites and modes. Scanning Electron Microscopy (SEM) has been
used to identify the failure sites. Studies conducted in the past involving MEMS devices have
shown that shock impact induced failure modes include fracture causeefy sxceeding the

yield strength, stiction, micron size particles causing short circuit and packaging failures. Failure
modes have been categorized into two sub sections namely primary and secondary. Primary
failure modes focus on the internal failureesit.e. within the SiT8103 oscillator whereas the

secondary modes focus more on the exterior and are package based failures.

Primary Failure Modes

1 Cracks in the conductive epoxy layer

I Cracks on the oscillator die
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Secondary failure Modes
1 Cracked MEMS osttator package
1 Cracks on decoupling capacitor

1 Outof-place and cracked decoupling capacitor

00pm . WD 10.0mn

Figure 14(1 Cracks in conductlve epoxy Iayer for ar85°C/85%RH sample

T100pm . WD 109mn

Figure 141 Cracks in condudive epoxy layer for an 88C/85%RH sample
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Figure 143 - Cracked site on the oscillator die for an 8%C/85%RH sample

Figure 144 - Cracked decoupling capacitor, for a pristine case
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Figure 146.- Cracked MEMS oscillator package and disphced decoupling capacitor for a pristine case

Figurel140, Figurel4l, Figure142 Figure143 show the primary failure modes and failure sites.

Figurel44, Figurel45, Figure1l46show the secondary failure modes éatlire sites.

Principal Component Analysis (PCA)

A procedure that transforms a number of correlated variables to a smaller number of uncorrelated
variables called principal components. Principal components are directions where the variance is
most, ie. the directions where data is most spread BGHA computes the direction with the

maximum variance for the data points. Then, all the data points can be easily represented on line
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in that direction of maximum variance. This line is called the firstggal component. In order

to calculate the principal components, covariance matrix is calculated first from the data points.
Then the Eigen values and Eigen vectors are calculated, Eigen vector corresponding to the
largest Eigen value is the first pripal component (PC). Similarly the other Eigen vectors
correspond to the other principal components. The first PC is of the highest importance as it is
able to represent the information most accurately. Minitab 17.0, statistical software was used to
carry aut the principal component analysis. For this study the four output parameters of SiT8103
were chosen as input components. Correlation matrix was also calculated in order to see how
closely the four output parameters are related to each dlgere 147 shows the correlation
matrices for the first, second, third and fourth pristine samples respectively. It can be clearly seen
from the above correlation matrices that there is a strong correlation between risk tamdga

Output frequency is also related strongly to both rise and fall times. Whereas as duty cycle shows
significant correlation to the rise times in almost all cases but has the least correlation to fall

times and output frequencies among all thealdeis.

RiseTime FallTime Frequency Duty Cycle

I

1.000 0.767 0.766 0.646
0.767 1.000 0.676 0.495
0.766 0.676 1.000 0.251
0.646 0.495 0.251 1.000

_ RiseTime FallTime Frequency Duty Cycle

1.000 0112 0.519 0.020
0112 1.000 0.280 0.032
0519 0.280 1.000 0.012
0.020 0.032 0.012 1.000

Figure 147:- RepresentativeCorrelation matrix

RiseTime FallTime Frequency Duty Cycle

I

1.000 0.661 0.691 0.525
0.661 1.000 0.479 0.282
0.691 0.479 1.000 0123
0.525 0.262 0.123 1.000

_ RiseTime FallTime Frequency Duty Cycle

1.000 0.236 0.558 0.035
0.236 1.000 0.296 0.029
0.558 0.296 1.000 0.040
0.035 0.029 0.040 1.000

Figure 148 - RepresentativeCorrelation matrix
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Figure147 andFigure 148 show correlation matrices for representative samples. For the pristine
cases there is high correlation among rise time, fall time and frequency but this correlation goes
down when compared t@5°C/85%RH casesDecreasing correlation indites that the

components are failing faster in temperatuenidity cases.
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Figure 149- Representative Scree plot fopristine sample
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Figure 150.- Representative Scree plot for 8%/85%RH sample

Figure149shows the scree plots for the first, second, third and fourth pristine samples. It can be
clearly seen that the first and second the principal components in all the cases explain most of the

variability in the data.Figure 150 shows the scree plots for the first, second and third
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temperaturdhumidity samples. It can be clearly seen that the first and the second principal

components in all the cases explain moghefvariability in the data.

5.5 SUMMARY AND CONCLUSIONS

In this study we present a methodology to analyze the behavior of a commercial MEMS based
Silicon oscillator when exposed to harsh environmental operating conditions. The high
performance oscillar was tested under high relative humidity and high temperature followed by
subjection to highG shock loading environments. This damage progression investigation
monitored four output parameters for the SiT8103 oscillator and was successful in chargcteriz
the overall behavior of the MEMS device. It was noted that the MEMS oscillator is more
sensitive to temperature and humidity changes. The SiT8103 MEMS oscillators have plastic
packaging and might not be hermetically sealed which is why sequentialeiigierature and
humidity and high G cause much more deterioration as compared to just high G environment.
Plastic packaging can be avoided and SiT8103 should be packaged more hermetically in order to
achieve optimum performance in conditions involving hdityi Results from both the pristine

and 88C/85%RH samples show that these Silicon based oscillators deviate from the promised
metrics. Key output parameters such as rise/fall time(s), output frequency and duty cycle show
significant drift, more in 8%C/85%RH samplesFor instance the 88/85%RH samples show

duty cycle percentage to be around49P6 whereas pristine samples have duty cycle percentage
between 5665%; this clearly indicates that the°8385%RH samples are less responsive as a
system. The Si103 are plastic packages and therefore not hermetically sealed, this makes
water condense into small cracks and pores on the surface of Silicon and other meakerials.

analysis demonstrate that the’@B5%RH samples have less peak amplitudes and logreal s
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energy of the output waveform as compared to pristine samples especially during thelid@t 50
drops. Shift in output frequency was also observed for the all the samples, worst in temperature
humidity cases. On conducting the failure analysis, SEMges provide visual evidence of
failure sites and modes which in turn indicates that for SiT8103 Silicon MEMS oscillator the
most vulnerable or the area most prone to damage is the conductive epoxy region which attaches
the resonator die to the oscillaidie. Other evidences indicate that cracking of SiT8103 MEMS
oscillator package is also possible along with cracking of the decoupling capacitor. PCA results
show that there is more correlation among the output parameters in the pristine cases as
comparedto the temperaturbumidity cases. The decreasing correlation in th#CBH%RH
cases suggest that the components are failing faster in the temphratudgy samples than the
pristine cases and also points to the fact that there can be more of whé&epresent in the
temperaturdhumidity data setsin order to mitigate the effects of environmental loads on
oscillator performance, the following potential solutions can be explored:

Alternative packaging architecture to mitigate the effect of envirotahkrads.

Explore the use of alternate attachment epoxies.
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Chapter 6

Survivability of MEMS Accelerometer under Sequential Thermal and HighG Mechanical
Shock Environments

Reliability data on MEMS accelerometers operating in harslire@maents is scarce. Micro
electremechanical systems (MEMS) are used in a variety of military and automotive
applications for sensing acceleration, translation, rotation, pressure and sound. This research
work focuses on dual axis MEMS accelerometer bdits in harsh environments. Structurally

an accelerometer behaves like a damped mass on a spring. Commercially there are three types of
accelerometers namely piezoelectric, piezoresistive and capacitive depending on the components
that go into the fabration of the MEMS device. Previously, majority of concentration was
focused on an effective internal design, performance enhancement of -GMEIS
acceleromters and packaging technigu@seng[2002], Qiao [2009], Lou [2005], and Weigold
[2001]. Studies hay also been conducted to obtain an enhanced inertial mass SOl MEMS
process using a high sensitivity acceleetenJianbing[2013] Chen [2005] There have been

prior test(s) conducted ddEMS accelerometers, Jiang [2004], Cao [2000QunSun [2009],

Lou [2009], Tanner [2000] and Yang [201@]t the availability of data on reliability degradation

of such devices in harsh environme@wn [2003]is almost little to none which thereby
generates the importance of this work and also makes way for a wholgatiewivolving the
reliability assessment techniques for MEMS devices. Concentration of our work is primarily on
the reliability of this accelerometer upon sequential exposure to harsh environment(s) and drop
shock. Reliability of accelerometers in highe@vironments is unknown. The effects of these
pre-conditions along with the drop tesbndition has been studied aadalyzed. In this piece of

research work, a test vehicle with a MEMS accelerometer, ADXL278 dual axis capacitive
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accelerometer, has beersted under high/low temperature exposure followed by subjection to
highhg and lowg shock loading environments. The test boards have been subjected to
mechanical shocks using the method 2002.5, condition G, under tluarstavilL-STD-883H

test. The stressnvironment and the gecondition used for this investigatiane 1500g and 70g
respectively where 70g is the full scale range output of ADXL278 in the drop direction with
pulse duration set to 0.5millisecond. The deterioration of the accelerometer bagpbeen
characterized using the techniques of Mahalanolstanite and Confidence intervaBcanning
Electron Microscopy (SEM) has been used to study the different failure modes inside of the
accelerometer, which were potted and polished and lateguged. Furthermorethe non
destructive evaluations of the MEMS accelerometer have been demonstrated thrayghaid
micro-CT scansConsumer products such as automotive airbags, Collison prevention system and
antibraking systems make extensive use 8tbrface/Bulk micro machined MEMS
accelerometers. Commercially there are three types of accelerometers namely piezoelectric,
piezoresistive and capacitive depending on the components that go into the fabrication of the
MEMS device. Frontigure151, structurally an accelerometer behaves like a damped mass on a
spring, where the proof mass is a rigid structure that does not bend but can move in the direction
of applied force. The beam/spring/flexure is an elasticttra, generally made of single crystal
silicon.
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No prior reliability data exists for a dual axis MEMS accelerometer on exposure to harsh
environments and then subjection to simultaneous shodnt®v The purpose of this
investigation is to analyze the characteristics of a, commercially available, MEMS dual axis
accelerometer and study the adverse effects. In this study, the MEMS board assemblies were
subjected to five sets of different prendiions, elaborated later in the stydfpllowed by
sequential shock events till failure of the MEMS device. For the different types of thermal,
temperaturdhumidity and shock preonditions, outcomes of the deterioration mechanisms in
MEMS dual axis acceleroeter have been reported. The MEMS board assembliesbieave
subjected to mechanical shocks using the method 2002.5, condition G, underdhedskaih-
STD-883H test. The stresvironment and the $econdition used for this studye 1500g and

70g repectively where 70g is the full scale range output of ADXL278 in the drop direction with
pulse duration set to 0.5millisecanfhe MEMS accelerometer used in this piece of research
work was ADXL278, a dual axis high accelerometer manufactured by Anabigyices.The

output of the MEMS sensor has been captured using high speed data acquisition system. The
drift in the output of the accelerometer with increasing number of drops has been quantified by
computing the Mahalanobis distance. Failure analysiscoaducted in order to see the internal

degradation of accelerometer caused by the accrued harsh environmental conditions.

6.1 TEST VEHICLE
In this study, first the layout of the MEMS test board was designed using®Bf@esoftware,
second the board wasfricated and lastly the MEMS components, i.e. ADLX278 and the

required capacitors to complete the external circuitry, were assembled on it using the SMT line at
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the CAVE3 Electronics Research Center. The dimensions of the test vehicle are 132mm x

77mm.Theest board is a JEDEC standard double sided FR4 material PCB.

Vop2
L
Voos ZI [ Voo
ADXL278
Your [2] “topview [&]Xour
(Not to Scale)
com [3] [E]nc
ol
ST g
NC = NO CONNECT §

Figure 152 Layout of ADXL278, courtesy Analog devices

Figure 153 Bottom and top layer ith all theMS devices mounted.
The printed tcuit board pads were solder mask defined (SMD) with immersion fifigjure
153 demonstrates the top and the bottom layer of the test board. This particular PCB has been
designed for testing of Accelerometersr@copes, Pressure Sensord dicrophones but for
this studywe are only dealing with the testing of one type of accelerontétprre 152 depicts

the layout and pin connections for the ADXL278.
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Figure 154:- Bottom Layer with ADXL278 and extern

(3! »
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Table 22:- Pin Configurations

Pin No. Mnemonic Description

1 Vopa 3.5to 6V

2 Vour Y Output

3 coM Common

4 ST Self-Test

5 NC Not Connected

6 Xour X Output

7 Vap 3506V

8 Voo 3.5to 6V

ANCHOR/
MOVABLE
PLATE FRAME
CAPACITORS
&
UNIT \
z SENSING —
e CELL |
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| :
o [ —] UNIT
e MOVING . =—— f:gff -
PLATE m———m
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Figure 155- Simplified View of Sensor (courtesy: analog devices)

The ADXL278 is a lowpower, dual axis accelerometer with signal conditioned voltage outputs
on monolithic IC. This product measures acadlen with a full scale range ot 70g/
+35¢9.This product can measure both dynamic (vibration) and static acceleration (gravity). The

ADXL278 is a fourth generation surfacgicro-machinedMEMS 8 terminal LCC package. The
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dimensionsof the MEMS sensor are 5mm x 5mm 2mm. Table 22 represents the pin
configurations of this 8 pin packagADXL278 provides a fully differential sensor structure and
circuit path. It uses electrical feedback wiaroforce feedback for improved accuracy and
stability. Figure 155 is a simplified view of the differential sensor element present inside the
LCC package. Each cell is composed of fixed plates attached to thesubsd movable plates
attached to the frame. Displacement of the frame changes the differential capacitance, which is
measured by the echip circuitry. An application specific integrated circuit is attached to this
differential sensor element which k& up the change in capacitance and converts it into a

voltage output which is captured on the data acquisition system.

6.2 RELIABILITY TESTING AND TEST MATRIX

The testing of ADXL278 involves a sequential procedure which involves exposing the MEMS
test lmard assembly to different environmental-pomditions as listed in then subjecting it to
the defined stress condition followed by the test condition and then finally analyzing data for

computation of Mahalanobis distance and Confidence intervals.

Table 23: -Test Matrix
Precondition |Stress Conditio|Drop |Test Drop
Height| Condition|Height]

Pristine 15009 12.5in|70g 4in
-40°C to 85°C|1500g 12.5in|70g 4in
-55°C to 125°(1500g 12.5in|70g 4in
85°C/85% RH|1500g 12.5in|70g 4in

170



Table 24: - Reliability Testing Matrix with five sets of pre-conditions and the stresgondition

Sets PreConditioning Test Condition
Setl Pristine
Set2 -40°C to 85°C with a 10 min dwell, 10 mi
ramp for 100 cycles MIL -STD-883H test. Shock pulse amplitudes have
been ramped from 500 80,0009 with pulse
Set3 -55°C to 125°C with a 10 min dwell, 10 | duration between 0.1 to 1 millisecond
min ramp for 100 cycles
Set4 85°C/85RH for 500hrs

Figure 156- Block diagram of testing procedure
The test protocol for the testing of ADXL278 requires a stress environment of 15009 to be
achieved on the Lansmont Drop Tower using a test and measurement shock accelerometer.
Figure1l57demonstrates the 15009 shock pulse attained from a drop height of 12.5 in on the

drop tower.
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Figure 157:- 15009 Shock Pulse for Stress Condition and 70g Shock Pulse for Test Condition respectively
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The MEMS accelerometer, ADXL278, was subjected to 1500g using theSVMID 883H test

method 2002.5. All the drops were sequential and after an interval of every 10 drops, at the stress
condition, ADXL278 was then subjected to 70g i.e. the drop height now Heindhis was

done in order to see the degradation in the output as 70g is the full scale range output of this
accel erometer in the drop orientation. The ¢
measur ement range t hat ctuasoutput rangenbeitshe présance obad e a
400Hz low pass Bessel filter inside of the LCC package influences the response of
accelerometer. The maximum acceleration that can be measured by this device in the pre
filtering phase is 560g which corresponds @g T the postiltering phase, where 70g being the

full scale output range in X axis.

6.3EXPERIMENTAL TEST SETUP

MEMS test board assemblies were assembled on the SMT line present at CAVES3 Fagility.

158 showcases the Stencil Printer, Pick and Place machine and the reflow oven. After the
assembly phase these test boards were subjected to the varimemditions as discussed in
table 3. The first set consists of pristine board assemblies; the secoomohsists of board
assemblies being exposed to thermal cycling standard JEADERC. In this set the test boards
were subjected to temperature cycle4fC to 8%C with a 10 min dwell, 10 min ramp time for
100 cycles, Figure 9. The third set of ywandtioning involved subjection of test boards-to
55°C to 128C with a 10 min dwell, 10 min ramp for 100 cycles. The fourth and the fifth set of
pre-conditions were focused on the temperatuenidity environmental conditions. In these the
test boards were bjected to 8%C/85%RH for 500 hours and B%85%RH for 500 hours

respectively.
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X-REFLOW 306 LF ¢ OH REFLOW OVEN

Figure 158- Semiautomatic SMT line at CAVES research center; Stencil Printer, Pick & Place machine and
Reflow Oven respectively

Figure 8:- Thermal cycling chamber (left), Temperture-Humidity chamber (right)
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The next step in the Experimental setup was the subjection of these test board assemblies to same
shock profile. The shock profile used was MBID-883H test with shock pulse ampiite at

1500g. After an interval of every 10 drops the drop height was reduced to 4in in order to subject
the test board assemblies to a test condition of 70g. In the data evaluation phase the pristine data
was regarded as the benchmark to which data étr preconditions was compared using the

technique(s) of statistical pattern recognition.

Figure 9:- 12.5in Drop Height (Left), 4in Drop Height (Right)

For instance the shock pulse from the first drop on the pristine test board assembly was
compaed to the shock pulse from first drop of anothergmedition being taken into account.

Similarly all the drops from all the preonditions were compared to their respective pristine
counterparts. Damage indicator analysis includes gaging of Mahalanstaiscé and use of t

test to estimate the confidence intervals. Mahalanobis distance is a statistical approach that
provides a relative measure of a data pointéd
purpose of this research work we have quantifidde dr i ft i n the accel erc
the mearmeasured response of the dsg¢h under identical conditions. Mathematically

Mahalanobis distance is defined as:
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D(x) =V(x— TS x—p) (1)
Where x is a multivariate vector

x = (x1,%2,x3 ...x%) 2

p=(ul,u2,pu3 ... 05) (©)

where [ is the measignal of pristine assemblies used to construct the reference configuration.
Preconditioned board assemblies with MEMS sensors were mounted on the Lansmont drop
tower and tested tilldilure under highg shock load. Signals were analyzed in each case for drift

of tested assemblies compared to the healthy configuration. The confidence values have been

computed for the following hypothesis test:

Hy: m=m 4)
H,: m, m

The confidence value (CV) represents the highest level of confidence at which we can reject the
null-hypothesis and accept the alternatEhe ttest assesses how different the means of two
groups are from each other. This analysis involveg@atance or rejection of null hypothesis
depending on thedtatistic. A two sampletest assuming unequal variances was carried out on
the collected dataFor each shock excursion, the CV has been computed. As per the hypothesis,
if the mean of a prigte shock pulse for a specific drop event is equal to the mean of a pre
conditioned (TC1 or TC2 or TH1 or TH2) shock pulse for a specific drop event then we accept
the null and reject the alternate hypothesis. Similarly we accept the alternate antheepeditit

they are not equal. Confidence values have been computed for the above hypothesis. These
values represent the highest level of confidence at which we can reject thgpuailiesis and
accept the alternate. This hypothesis depends on-tdst which assesses how different the

means of are. Depending on the value siftistic we either accept or reject the null hypothesis.
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6.4EXPERIMENTAL RESULTS
Pristine PreCondition

For this section of the test protocol, the pristine test board asserhbliesbeen subjected to

high-g shocks till failure. The objective behind the conduction of drop test is to quantify the
survivability of ADXL278, dual axis accelerometer, for use in electronics which may be
subjected to inadvertent drops, forces or haveugbchanges in motion. Drop and shock
standard MILSTD-883H test method 2002.5 has been used and the board assemblies have been
subjected to multiple facets of shocks under the above defined method. The board assemblies
have been subjected to 1500g forirterval of 10 drops and then subjected to the test condition

of 70g to capture the output response of ADXL2Fgure 159, Figure 160 Figure 161 show

pristine responses. For each sample the acceleration peaks vs time have been plotted from the

first to the last drop before failure.
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Figure 159- Drop traces from sample | for a pristine ADXL278, all the drops are superimposed from first to
the last drop before failure, total drops 150
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Figure 161:- Drop traces from sample Il for a pristine ADXL278, all the drops are superimposed from first
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&
S
|

Effect of Thermal Cycling40°C to 8%C)

In this section ofhie test protocol, the board assemblies were subjected to 100 cycles of thermal
cycling from-40°C to 85C with 10 min dwell and 10 min ramp time followed by exposure to
high gshocks till failure. The board assemblies have been subjected to 15009 ftaraal iof

10 drops and then subjected to the test condition of 70g to capture the output response of
ADXL278, the stress condition and the test condition are imposed on to the board assembilies till
failure occurs.Figure 162 Figure 163 and Figure 164 show the response from three thermal

aged ADXL278 samples.
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Figure 162 - Drop traces from sample | for a thermal aged ADXL278; all the drops are superimposed from
first to the last drop before failure, total drops 133
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Figure 163- Drop traces from sample Il for a thermal aged ADXL278; all the drops are superimposed from
first to the last drop before failure, total drops 132
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Figure 164.- Drop traces from sample Ill for a thermal aged ADXL278; all the drops are superimposed from
first to the last drop before failure, total drops 131
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Effect of Thermal Cyclin(t55°C to 15°C)

In this section of the test protocol, the board assemblies were subjected to 100 cycles of thermal
cycling from-55°C to 12%5C with 10 min dwell and 10 min ramp time followed by exposure to
high gshocks till failure. The board assemblles/e been subjected to 15009 for an interval of

10 drops and then subjected to the test condition of 70g to capture the output response of
ADXL278, the stress condition and the test condition are imposed on to the board assembilies till
failure occursFigurel65, Figurel66andFigurel167show the response from three thermal aged

ADXL278 samples.

178



80 -
60

—Drop 1
S 40 - —Drop 10
= 20 - —Drop 20
o w —Drop 30
c 0 M ’,&N.dlw’& —Drop 40
D o0 ¢ 002 8 —Drop 50
<} —Drop 60
8 -40 - Drop 70
< -60 - —Drop 80
80 | Time(seconds) —Drop 90
Drop 100
Drop 110

Figure 165- Drop traces from sample | for a thermal aged ADXL278; all the drops are superimposed from
first to the last drop before failure, total drops 110
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Figure 166:.- Drop traces from sample Il for a thermal aged ADXL278; all the drops are superimposed from
first to the last drop before failure, total drops 116
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Figure 167:- Drop traces from sample Ill for a thermal aged ADXL278; all the drops are superimposed from
first to the last drop before failure, total drops 114

TemperatureHumidity (8%C/85%RH)

In this section of the test protocol, the board assemblies have been subjected to thermal humidity
at 8%C/85%RH for 500 hours followed by combined exposure of stress and the test conditions.
A total of five ADXL278 samples were tested under the@B5%RH harsh environment but

none of them were successfully able to output even a single acceleration peak. Further, non
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destructive methods such as mi€@®d and Xray were performed to study the failure modes but
nothing conclusive has been reported. Scanning electron microscopy was also used to analyze
the internal defects, if any. Although a specific failure mode and type has not been observed for
this particular precondition, it can be argued that the interc@inplex circuitry of the ADXL278

might have taken a toll due the presence of high moisture content in the neighborhood specially

keeping in mind that these packages are not fully hermetically sealed in reality.

COMPUTATION OF MAHALANOBIS DISTNANCE

For the computation of Mahalanobis Distance(s), the output of ADXL278 accelerometer,
acceleration vs the time traces, were converted to frequency domain by performing a Fast
Fourier analysis. Basic Fast Fourier Transform having a complexity of NlogN was ceshaunct

the MEMS output data. This resulted in amplitude vs frequency plots for each sample from each
pre-condition. Figure 168 Figure 169 and Figure 170 show some sample FFT results of a
Pristine ADXL278 accelerometdfigure17landFigure172show sample FFT plots of thermal
cycled ADXL278 acceleromter from-40°C to 85C and-55°c to 125C respectively Similar

FFT plots, for each sample from each-poadition having undergone drops till failure, were
generated. As mentioned before in this study the drift in the accelerometer response has been
guantified by gaging the Mahalanobis Distance. A matlab routine was written to calculate the
Mahalanobis Distance which compared the pristine assemblies, serving as baseline, with the
other preconditions. The Fast Fourier results were used as inputs. Aglitseale range output

of ADXL278 is 70g, test condition, therefore only the test condition drops were compared i.e.

every 18" drop from initial till failure.
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Figure 172 - Amplitude vs Frequency trace of a TC2,{65°C to 123C, 100 cycles) sample after 70th drop
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Figure 173 - Mahalanobis Distance trend vs the total number of drops to failure

The Mahalanobis Distances were calculated after the board assemblies completed the pre
condition and testondition sets. In the ploEigure 173 it can be seen that the Mahalanobis
Distances increase as the number of drops increase for eacbngigon. TheTC2 (-55°C to
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125°C, 100 cyclessamples have a bigger drift in the output as the @3°C to &°C, 100
cycles)samplesAn increasing trend can be clearly observed in the Mahalanobis Distance vs the
drops to failure curves, this depicts that the difference between the means for the damaged
signal(s) and the pristine signal(s) increases with the number of drops. The inorehse
Mahalanobis Distance indicates a drift of the ADXL278 response versus the number of shock
events. All three TC2 and TC1 samples have been compared to the pristine assemblies. In the
above plot the top three curves represent the drift in the T@Rlea and bottom three curves

depict the drift in TC1 samples.

FAILURE ANALYSIS

The ADXL278 accelerometer consists of differential elements which are composed of anchors,
folded spring and fixed capacitive plates. The folded spring and capacitive fdatesan
interdigitated structure, where the extended spring fingers are allowed to move between two
capacitive plates. These capacitive plates are attached to the substrate while the movable fingers
are attached to the frame. The frame in this case islmteaad acts as the proof ma&fter the
subjection of MEMS test board assemblies to shock till failure, the MEMS device was separated
from the PCB and potted using epoxy resin and hardener. The potted ADXL278 was then
polished using a 240 grit size ptlisg paperFigure174shows the potted and polished samples
respectively. All this was performed to-dap the accelerometer and see the internal failure sites

and modes. Scanning Electron Microscopy (SEM) has bsed to identify the failure sites.
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Over the years it has been found out that shock impact induced failure modes in conventional
MEMS devices include fracture caused by stress exceeding the vyield strength, Stiction of
parts(permanent contact), micron size particles short circuiting a comb drive and packaging

failures. Table 4 showcases the failure modes observed for ADXL278 by diffesint te

conditions.
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Table 25:- Failure Mode by Pre-Conditions and Stress Condition

Pre-Conditioning

Failure Modes

Test Condition

Pristine

Stiction, capacitive plates in contact

-40°C to 85°C with a 10 min dwell,
10 min ramp for 100 cycles

Stiction, capacitive plates in contact

-55°C to 125°C with a 10 min dwell,
10 min ramp for 100 cycles

Stiction, capacitie plates in contact

85°C/85RH for 500hrs

Unknown

MIL -STD-883H test. Shock pulse
amplitudes have been rantpe
from 500 to 30,0009 with pulse
duration between 0.1 to 1
millisecond

Analysis of deterioration of MEMS accelerometer was further anatomized by the usage of

Scanning Electron Microscopy. SEM images taken for ADXL278 show the most common

failure mode, stiction, observed almost all the preonditions. Figure 175 demonstrates the
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failure sites in the ADXL278 accelerometer for a failed pristinecoralitioned test board
assembly which has undergone 155 drap&igurel76 it can be clearly seen that, a capacitive
plate is missing from the differential cell element and there is a permanent contact between
fingers of the movable beam and the fixed plateFigure 177 SEM image for accelerometer
having undergoneb5°C to 125C (TC2) thermal cycling environment and then subjected to 116
drops (till failure) is presented. A permanent contact between two capacitive plates and also

contact formation &tween the fingers of movable beam and fixed plates can clearly be seen.

oKy <IN 100y

Figure 176 SEM image for a pristine pre-conditioned ADXL278 after 155 drops
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Figure 177: SEM image for thermal cycling-55°C to 125C for 100 cycles, preconditioned ADXL278 after
116 drops

Figure 178 SEM image for thermal cyclingd-40°C to 85°C for 100 cycles, preconditioned ADXL278 after
133 drops

-
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6.5 SIUMMARY AND CONCLUSIONS

A methodology has been presented to study the drift in theubuesponse of a MEMS
accelerometer, ADXL278. This higdh duataxis capacitive accelerometeas been tested under
high/low temperatur@nd high humidityexposure followed by subjection to highand lowg

shock loading environmentsThe deterioration ofthe accelerometer output has been
characterized using the techniques of Mahalanolsiamite in conjunction with-dtatistics for

defect detection and estimation of confidence intervals. Later Scanning Electron Microscopy has
been used to identify the domaint failure modes. The feasibility of the approach has been
demonstrated for pristine test assemblies and the ones withdrawn from Thermal Cycling (TC1

and TC2), Temperatwidumidity followed by exposure to mechanical shock.
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Chapter 7
Effect of Shallow Cycling on Flexible PoweiSource Survivability under Bending Loads
and Operating Temperatures Representative of Stresses of Daily Motio
Flexible electronic systems require the power system to be thin, robust and be able toheandle t
dynamic bending stress from the body. These applications indicate that the future flexible battery
will be exposed to the direct mechanical and environmental stress. Electronics in portable
products may be often not charged to full capacity and malyendischarged completely prior to
re-charge cycle. Further, the shallow charge cycles may outnumber thehdegp cycles in
operation of the portable product. In this research study, the simultaneous effects of shallow
cycling combined with and withodiending loads along with different operating temperatures
have been characterized forloin batteries. The charge and discharge rate was varied between
0.5C to 1C and the battery was charged tgp&fent capacity prior to discharge anetharge
cycle toevaluate the effect of shallow cycles. It was found that repeated shallow cycles resulted
in no memory effect where the-Lion battery test s arepalpeasc i d iyd .
Stateof-the-art Li-lon batteries have been tested under multiple opersgmgeratures of 50°C
and 25°C combined with distinct bending load of 15° which is imposed only during the
discharge cycles in order to replicate real world applications. Efficiency, power, capacity and
chargedischarge time have been analyzed for batséaye assessment and survivability of Li
lon batteries has been documentadion batteries use a positive electrode cathode, a negative
electrode anode and an electrolyte as a conductor. The cathode is generally comprised of a metal
oxide and the anods made of a carbon based material mostly graphite. When discharging the
Lithium ion based power source the ions flow from anode to cathode while travelling through the

electrolyte and separator interfaces, this direction is reversed when the batterghartiieg
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mode. Manufactures have tried introducing additives in order to achieve high energy and low
cost but it has a trade off with the stability of the battery cells Survivability of thinner power
sources such as flexible-lon batteries when exposed repeated shallow cycles at different
operating temperatures along with mechanical bending load is relatively unknown. Operation in
harsh environmental conditions can drastically affect thdéohibattery parameters such as
capacity, efficiency, chargdischarge time and power. These parameters have been analyzed for
battery state assessment and the observed damage progression has been rejoortpdwer

sources have been the benchmark for portable electronics for some time now because of their
high energy density and power density [6,18]. [10] Sasaki has showcased the presence of
memory effect, more prevalent in NicKeletal Hydride batteries, in LiFeRObased Lilon
batteries when exposed to partial chadgeharge and how it affects the state odrge. The

storage capacity of Lion batteries is also affected by memory affect. Operating temperature of
Li-lon batteries is also a concern as it can change the performance of the power source and
thermal runaway reaction can easily cause the batteypiode, resulting in catastrophic failure

when operating at high temperatures [14,16]. Techniques such as XRD and SEM have also been
used before to study the effect of aging pro
[15]. The authors obsergiormation of a binder layer at the surface of positive electrode. [19]

Jin presented a protocol which reduces electrolyte interface resistances and also shows an
improvement in capacity retention. Studies conducted previously as in [9] have demotistrated
effect of thermal stresses on-lon battery electrodes and electrolyte. Present day portable
technologies, demand for thinner flexible power sources and capability to tackle the stresses of
daily motion. This requires thinner form flexible sourceshsas Lilon batteries to have stable

characteristics which are not greatly affected by harsh environmental operating conditions such
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as bending loads, shallow chardjecharge cycles and operating temperatures. Recently [1,2]
investigated the effect oaifge bending loads of up to 150° onrlén power sources and found

that excessive bending loads can drastically affect the energy storage parameters such as capacity
and efficiency of the power source. Modern day flexible electronic systems require tae pow
system to be thin, robust and be able to handle the dynamic bending stress from the body.
Current applications indicate that the future flexible battery will be exposed to the direct
mechanical and environmental stress. Present and past studies hgee fuoly accomplished

how shallow cycling affects the performance of flexibleldm based power sources since most

of them are/were focused on improving capacity retention techniques by altering electrolyte salts
or developing different material baseatltode/anode. Deep cycling causes a lot of strain on the
battery therefore it is important to investigate the after effects of shallow cycling and whether or
not it is the geto method for flexible Lilon power sources. Nowadays portable technology
applicdions experience shallow chardescharge cycles which may outnumber the deegrge

cycles in operation of the portable product and such devices are also subjected to daily stresses of
motion, thus the importance of investigating simultaneous effectsatibw cycling combined

with and without bending loads along with different ambient temperatures. This work is
primarily focused on providing harsh environmental reliability data and survivability-tufnLi
batteries which t he nporlethisstody,a ted methddolegy had loeandt | o
developed for thin form flexible Lithiurron power sources subjected to repeated shallow cycles

at different C rates namely 0.5C and 1C. The effects of bending load and ambient temperature
have also been demsirated. This test methodology makes use of a hardestized [1,2]

which is essentially a battery state assessment analyzer developed at CAVES3 electronics research

center, Auburn University. The testbed comprises of programmable source meter andielectro
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load, a multichannel data acquisition system, LabVIEW user interface and a mechanical
bending actuator controlled via microcontroller-lan batteries have been tested at 1C and 0.5C
rates to charge and discharge during the lifecycle tests. In trdeplicate reaorld shallow

cycling different cut off voltages have been introduced into the test matrix. The life cycle tests
run continuously for 180 cycles which provides significant data points about parameters such as
capacity, efficiency and chge-discharge time and further to be able to predict time to failure.
The effects of shallow cycling at different C rates, different operating temperatures and
with/without bending have been characterized. A total of 8 flexibl®ibattery samples have

been tested at different test conditions which are mentiandaxplained later in the study

7.1TEST VEHICLE

StateOf-The-Art Li-lon batteries in pouch form have been used as flexible sources for this
investigation. The nominal rated capacity of theserces is 45mA. The dimensions of the Li

lon test samples are 43mm x 38mm x 0.5mm. The test vehicle can cater to the daily stresses of
motion such as bending and flexing. The anode of the test vehicle is comprised of graphite; the
cathode is made of CioO, while the electrolyte is a combination of Li based salts in an organic
solvent, Ether. Upon completion of the external circuitry the negative electrode (anode)
undergoes oxidation i.e. loses electrons and creates positive ions, similarly therdustiane
reaction at the positive electrode (cathodayjure 180 demonstrates the ion flow in Hlon
batteries. Lilon samples used in this investigation consist of only one microcell. Each microcell
is further comprised of two onesided anodes (graphite) and one sied cathode (LiCo£).

The nominal rated capacity of the test samples is 45rk#&jure 181 represents the Hon test

sample used for this investigation. Aspet he battery manufactureros
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temperature range(s) during the charging process is 0°C to 45°QGa@ito 60°C during the
discharging period. In Lithiuaion batteries both the electrodes have the capability to intercalate
(absorb) Li"ions. During the charging phase of flexible power source LiGo@lizes i.e. loses
electrons and in order to maintain the charge balance same numbéiaofsLare released into

the electrolyte. The electrolyte solution which is a mixture d¥esds and Lithium salts is
already rich in Liions; therefore the arriving Lions from the cathode replace the existing Li

ions which travel to the anode. The graphite based anode of the flexible power source
intercalates the incoming Lions where ee they are attached to the electrons lost by the cathode.
This electrochemical reaction is reversible and the direction 'obhs and electrons reverses

during the discharging phase.

Anode Cathode
Graphene LiCo0O,

=ra—

Ciii g

Electrolyte

Figure 180.- Working of illustration Li -lon Battery during charging and discharging processes
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Figure 181- Li-lon test sample

7.2 EXPERIMENTAL TEST SETUP AND RELIABILTIY TEST MATRIX

The shallow charging/discharging investigation was comdliosing a hardwaitestbed which

is essentially a battery state assessment analyzer developed at CAVE3 electronics research
center, Auburn University. The battery state assessment analyzer is comprised of a
programmable source meter and DC electronic,l@achultichannel data acquisition system,
LabVIEW user interface and a mechanical bending actuator controlled via microcontroller. A
National Instruments LabVIEW module was developed which essentially controls the number of
cycles, cut off voltages, endf charge current and end of charge voltage. The user can also
control the presence/absence of bending load during discharging via the module.
Figure 4 shows the schematic of test setup used fallew cycling. The NI module is
responsible for sending both the charging and discharging profile to the source meter and the DC

load respectively.
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Figure 182 - Schematic of hardwaretestbed

Further, the source meter and load are connected to the battery via a relay box which
switches between the two profiles. The LabVIEW test environment is makes use of GPIB
interface to connect to the source meter, load and the -omaltinel data logger. When
monitoring the battery haél at temperatures higher than room temperature a DELTA Design
5900 environmental chamber was used in addition to the above mentioned external devices.

Figure 183 represents the experimental test setup usedifostindy.

194



|

|

|

| i i
ﬁ-------.ﬁ

Figure 183 - Source meter, Electronic load, relay box and multichannel data acquisition system

Table 26 provides detail about the battery control parameters during the irtpasmd
discharging processes. In order to better understand the effects of shallow cycling it is divided in
two groups namely Shallow and ShallowB, with the only difference being the discharging
cutoff voltages. ShallovB is a much narrower cycle wittlischarge cutoff voltage at 3.75V
whereas in ShallowA the discharge cutoff was at 3.5V. For both Shallwnd ShallowB the
charging cutoff voltage was kept same at 4.2V. The full depth cycle represents discharging the
full specified voltage of 2.75V antthen charging it to 4.2VTable 27 showcases the test matrix

used for this investigation.
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Table 26:- CONTROL PARAMTERS
Control Parameter Value

Charging Cutoff Voltage | 4.2V
Charging Cuté Current 4mA
DischargngCutoff Voltage | 3.5V, 3.75V
Charging Current Rate 1C,0.5C
Discharging Current rate | 1C,0.5C
Charging Current 45mA,25mA
Discharging Current 45mA,25mA

The Li-lon test samples were tested for cases with and without the stsessesluring daily
motion at two different temperatures of 25°C and 50°C. A total of 8 flexiblerLibattery

samples have been tested at different test conditions to simulate the stresses of daily motion.

Table 27:- RELIABILITY TE ST MATRIX

Test Temp. Bending(15°) | Rate Cycle Type
25°C NA 1C Full

25°C Applied 1C Full

25°C NA 0.5C ShallowA
25°C NA 0.5C ShallowB
25°C Applied 0.5C Full

25°C Applied 0.5C ShallowA
25°C Applied 0.5C ShallowB
25°C Applied 1C Full

50°C NA 1C Full

50°C Applied 1C Full

50°C NA 0.5C ShallowB
50°C Applied 0.5C ShallowB

The effect of different C rates for repeated shallow cycles has been investigated which the
previous and current studies have not examined. During theylife tests batteryputput
parameters such as capacity, efficiency and chadisgharge time have been analyzed and
documented. Battery voltage and battery current have also been recorded using ttieamori

data logger. As mentioned ifable 26 and Table 27 two different charging/discharging rates

have been used 1C and 0.5C. The repeated cyclic test has three steps where first one is constant
current discharging at 1C/0.5C until the vo#tadropped to 2.75V/3.75V/3.5V followed by a

constant current 1C/0.5C charging profile until the voltage reaches 4.2V. Finally, constant
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voltage charging at 4.2V is performed until the current narrows down to 4mA. Figure 6
represents the charging/discharging voltages during one single cycle for SAal&vallowB

and Fulldepth cases. The programmable mechanical actuator which is used for mimicking the
daily stresses of motion is controlled via a coenoral off the shelf microcontroller. The actuator

is capable of providing bending loads from 15° to 180°. The microcontroller is programmed
using ARM KEIL software where the bending frequency and bending angles candefipesl

by the user. The bendirigads are only subjected on thelbh battery test samples during the
discharge cycle and each discharge cycle accommodates for 10 bending cycles. Since wearable
flexible electronics are repeatedly subjected to bending and flexing on a daily basigehergfo

the need of the hour to include it in our reliability test matrix. It has been previously established
[1,2] that large bending loads of up to 150° can cause a permanent shift in the electric
characteristic curves of the battery and also affexbtitery output parameters. Effect of small
bend angles of up to 15°, which is much more close to a real world application, is yet to be
established especially when combined with repeated shallow cycles. Figure 7
illustrates the mechanical actuator used in this investigation. Battery output parameters such
capacity, efficiency, chargdischarge time and statd-charge were evaluated by recording the

in-situ electric characteristic curves for vokagnd current.
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Figure 184:- Charging/discharging voltages for Full, ShallowA and Shallow-B cases respectively

Figure 185- Mechanical Bending Actuator controlled via MCU
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7.3 Experimental Results
Effect of Shallow Cycling and Bending loads at 25°C

Shallow charging/discharging occurs when the state of a power source changes abruptly. This
study focusses on how repeated shallow cycles especially during the dischargeaphetéect

the battery parameters. Nickehsed batteries have shown a significant amount of memory effect
when exposed to shallow cycles. There is no reliability data available-fonlbased flexible
batteries under siow cycles; through this studwe present reliability data which can be
beneficial to battery designers and manufacturéigure 186 and Figure 187 show the
chargingdischarging current and voltage curviEs a Li-lon test sample at 25°C without

bending at a C rate of 0.5 and ShalBvease.
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Figure 187:- Discharging-Charging Voltage
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State of Charge (SOC) anétery Capacity

Ratio of useable charge to the maximum charge of the battery is defined as SOC. As mentioned
before Lilon transport results in charging and discharging of the power source, therefore when
the SOC is at the highest possible level the ad@$emaximum concentration of-lons and
cathode has the minimum concentration. Similarly the SOC is lowest when the reverse happens.
Before the start of each of the 182 cycles, state of charge for the cell should ideally be maximum
and minimum at the endf discharge and then maximum at the end of cycle. This parameter is
used to estimate the state of the battery after each cycle, and has been used to calculate the
capacity of the flexible power sources. Battery capacity has been evaluated dulorg Li
transport from anode to cathode or when the discharge phase was in progress. Capacity is
generally described in mAh and equals the multiple of discharge current, measurement interval
and SOC. Discharge current was 0.025A for 0.5C and 0.05A for 1C testiocosdData was
recorded every 2 secondsigure 188 and Figure 189 demonstrate the battery capacities and

SOC respectively at different test conditions.
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Figure 188 - Battery Capacities at different test conditions

It can be clearly seen that a low chadigcharge rate combined with shallow cycles result in

higher capacity retention till the end of life cycle test. Ideally the SOC for flexiblenLbattery
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should be 10@-100 (%) after each cycle but this does not happen in real world applications. As

seen fromFigure 189 the two test conditions which are the most close to the ideal pattern of

100-0-100

in better retention of battery capacity and the SOC remains as close to the ideal case as possible.
Also, shallower the cycle the better the battery life and less mgetb effects of harsh
environmental conditions on flexible -lon power sourceskigure 190 explains the battery
capacity degradation (%) for different test conditions. High discharge rate of up to 1C without

bendng will cause the battery to degrade very fast and is the worst performing test conditions of

all.
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Figure 189- SOC of the Battery at different test conditions
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In previous study [1,2] it was demonstrated that bending load$@f With chargedischarge

rate of 1C at 25°C can severely damage the battery and has a drastic impact on the capacity and

efficiency.
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Figure 190- Capacity degradation for various test conditions

Smaller bending loads of up tth° on the flexible power sources seem to make the battery
perform better as compared to no bending at all as seléigune 188 This result is prevalent
irrespective of the ambient temperature since it can te Eeen in 50°C test results too.
Capacity degradation is change in the battery capacity from the first cycle to the end of life cycle
test when exposed to repeated shallow/full chardisgharging profiles at various test
conditions. The battery capagcis a function of the statef-charge (SOC), measurement interval

and the discharge current where time interval and discharge current are constants for each
specific test condition. The stadé-charge, which is defined as the ratio of usable chargeeto th
maximum charge produced by the battery, can adversely affect the resulting capacity of the
power source. Increase/stability in the staiteharge due to the presence of bending loads can
be correlated to the fact that more/stable number dfidns areable to move through the
electrolyte during the charging and discharging phases. Higher SOC combined with small
bending loads of 15° and a lower discharge rate leads to better contact/interaction of the
electrolyte and electrode interface, enhanced rea&iitetics and smaller electron/ion transport
resistances.

It can be concluded frorRigure 188 Figure 189 andFigure 190that thedecay rate of 1C test

conditions at fulldepth cycling is much higher than 0.5C at shallow cycling. Observing the
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shallow cycling results ifrigure 190 the battery capacity degrades up until the first 10 cycles
but then remains almost stable with capacity degradation arowmperé@nt; effect is present
during partially discharge and then recharge at 25°C. As indicated in the results significant
amount of capacity degradation, more than 200 percent, takes pldse waith full-depth
cycling. Monitoring the test parameters at low chatgeharge rate and shallow cycles can help

improve the life of the flexible Elon power sources used for life tests in this study.

Shallow Cycling effects on Battery efficiency

Efficiency of the battery is largely defined as the ratio of the power which is being discharged to
the input power to the battery. For evaluating the power which is being discharged, at each

recorded interval, voltage and current are multiplied and thegratesl for each specific cycle.
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Figure 191- Battery efficiency at different test conditions

This is done for all cycles till the end of the life cycle test. Battery efficiency results plotted in
Figure 191 demonstrate the effect of different test conditions. Shallow cycling at low eharge
discharge rate result in significantly higher battery efficienaigls ShallowB at 0.5C being the
most productive condition of all 25°C test resuBent state induced wrinkles and contours on

the electrode surfaces can generate more active sites for acceptant®ns [3] resulting in
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lower capacity degradations, higher battery efficiencies (as shown in this study) and if combined

with shallow cgling the results prove out to be much better.

Effect of Shallow Cycling and Bending loads at 50°C

Shallow charging/discharging occurs when the state of a power source changes abruptly. This
study focusses on how repeated shallow cycles especially dhardjscharge phase can affect

the battery parameterBigure 192 and Figure 193 show the chargingischarging current and
voltage curves for a Hion test sample at 50°Citlvout bending at a C rate of 0.5 and ShalBw

case.
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Figure 192- Dischargi“ng-Charging Current

On comparing the voltageurrent characteristic curves from the test conditions at 25°C and
50°C shown irFigure 186, Figure 187, Figure 193 andFigure 192it can be clearly observed
that higher ambient temperaturellwesult in the shift of VI curves even if the other test
parameters such as dischagarge rate, fuldepth/shallow cycle and mechanical bending

load(s) are all kept consistent.
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Figure 193- Discharging-Charging Voltage

State of Charge (SOC) and Battery Capacity

Ratio of useable charge to the maximum charge of the battery is defined as SOC. This parameter
is used to estimate the state of the battery after each cycle, and has been used to calculate the
capacity of the fleible power sources. Battery capacity has been evaluated duritan Li
transport from anode to cathode or when the discharge phase was in progress. Capacity is
generally described in mAh and equals the multiple of discharge current, measurement interval
arnd SOC. Discharge current was 0.025A for 0.5C and 0.05A for 1C test conditions. Data was
recorded every 2 seconds. As explained before High SOC and bending loads enhance/maintain
the battery life in terms of capacity, the following test results indicate Higgn operating
temperature can also help the battery to maintain its capacity over the length of repeated cycling
test . The operating temperature should not be extreme,-Z&T more than the room
temperature, since that results in the unlocking ofjeryatoms from the cathode. The presence

of oxygen atoms at a high temperature in a flammable electrolyte can cause severe damage to the

battery.
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Figure 194 - Battery Capacity at different test conditions
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Figure 195- SOC of the battery at different test conditions

Similar to the 25°C test results, the shallow cycle test condition at 0.5C operating at 50°C has the
least decay rate when compared to-fldpth cycle at the same temperature without amging

loads. It can be clearly seen frdfigure 194 that a low chargelischarge rate combined with
shallow cycles result in higher capacity retention till the end of life cycle test. As mentioned
before smaller beding loads of up to 15° on the flexible power sources seem to make the battery

perform better as compared to no bending at all as sdeigure 188, Figure 194 andFigure

195
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Figure 196.- Capacity degradation of Li-lon flexible battery
It can be concluded fromigure 194 andFigure 195that the decay rate of 1C test conditions at
full-depth cycling is much higher than 0.5C at shallow cycling. As indicated in the results
significant amount of capacity degradation, more than 30 percent, takes place at 1C with full
depth gcling. Capacity degradation is much less; compagere 190andFigure 196 at higher
ambient temperature even when high chatigeharge rate, fulllepth cycling and beting loads
are present. For shallow cycling result at 50°C, the battery capacity increases after first two
cycles due to high ambient temperature (this is common for both shallow and full cycling) but
then remains almost stable with capacity degradationnar 3percent; effect is present during

partially discharge and then recharge at 50°C.

Shallow Cycling effects on Battery efficiency

Efficiency of the battery is largely defined as the ratio of the power which is being discharged to
the input power to t battery. For evaluating the power which is being discharged, at each
recorded interval, voltage and current are multiplied and then integrated for each specific cycle.
This is done for all cycles till the end of the life cycle test. Battery efficiersyiteeplotted in

Figure 197 demonstrate the effect of different test conditions. Shallow cycling at low eharge
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discharge rate result in significantly higher battery efficienaigls ShallowB at 0.5C being the

mod productive condition of all, even better than the most efficient battery at 25°C.

Bent state induced wrinkles and contours on the electrode surfaces can generate more active sites
for acceptance of Lions [3] resulting in lower capacity degradationghler battery efficiencies

(as shown in this study) and if combined with shallow cycling the results prove out to be much
better. [1,2] showed one of the major failure modes caused by bending stress was the discharge
voltage fluctuation due to the presermfelarge bending loaddrigure 198 demonstrates the
presence of voltage fluctuation even when a small bending load of 15° is used irrespective of the
ambient temperature; however it does not yield a catastrogihicef but contrastingly seems to
improve the battery capacity retention ability as shown in the above results. The crests in the
voltage fluctuations represent the tension load and the troughs represent the compressive load

during bending.
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Figure 197:- Battery Efficiency at different test conditions

Voltage Fluctutations during discharging

Voltage fluctuations caused during the discharge phase while the bending load is active can be
attributed to the fact that during benditige compression loads act as a catalyst for removal of

more Li"ions and the tied electrons from the anode, therefore the trough in the voltage signal i.e.
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the ionic mass removal rate is faster. While the tension loads during bending transfer back a few
Li* ions from the electrolyte back to the anode, resulting in the crest in the voltage signal

resulting in a faster ionic mass addition rate.
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Figure 198 - Discharging voltage during small bending loadf 15°

This back and fortlprocess does not ideally cancel out each other and the effect of the bending

loads is documented in this study when done over repeated cycles.

7.4Regression Model

Present and previous studies concernirndphi power sources are yet to establish a sjoa
model for flexible Lilon power sources operating in harsh environmental conditions. Atdime
failure model has been established to start off with as showlquation (1) which is a

generalized form of Arrhenius equation.

Cap Ded %) =

‘2@? .grate“z).( bendﬁ).( cycletyﬁe),( CycI%); 1)
c -

The regression model is based on the following independent variables, operating temperature,

charge/discharge rate, bending loads, full/shallow cycling, and number of cycles; and dependent
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variable which is percent capacity degradatiggquation (1) can be simplified as a linear
equation as shown iBquation (2). For simplicity capacity degradation (%) has been termed as a

variable y inEquation (2) andEquation (3)

Ln(y)=
$+ ALn(ratg +ALifben)i +ALq cycletyk
+ALn(cycle3

For Equation (3) the natural log tens inEquation (2) have been named ag X2, X3 and x for

simplicity.

V=2 aX A% AX A%

The regression model has been captureBrior! Reference source not found@he regressio
model has low VIF values for all the constants which reflect to the fact that there are no

multicollinearity issues within the battery dataset.

Table 28.-REGRESSION MODEL VALUES

Term Coef. SE Coef. | P-Value | VIF

Constant | -16.69 2.37 0.000 1.00
Al -0.0699 | 0.0083 0.000 1.41
A2 5.243 0.578 0.000 4.00
A3 -0.0899 | 0.0449 0.053 2.50
A4 0.248 0.578 0.002 4.16
A5 0.468 0.245 0.055 1.00

Table 29:-MODEL SUMMARY
S R-square | R-square(ad].) | R-
square(predicted)
0.33 ] 94.79% 92.19% 84.37%
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The ANOVA test results are shown in, where a zero P value from the test confirms the

acceptability of the model.

Table 30:-ANOVA Test Results

Source DF SS MS F P
Regression 5 21 4 36 0.000
Residual Error | 10 1.15 0.11

Total 15 22.16

The resulting regression equation from the model has been sh&gunation (4).

§ (0069) &
Cap Ded%)=g€ ' & rat@.ms))_( benHo.osg))

¢ y (4)
(cycletyp&@*).( cycle§*®)

7.5SUMMARY AND CONCLUSIONS

In this study a test methodology has been developed for thin formbfltiithium-ion power

sources subjected to repeated shallow cycles at different C rates namely 0.5C and 1C. The effects
of bending load and ambient temperature have also been demonstrated. The life cycle tests have
been analyzed for deterioration in baftgrarameters such as state of charge, capacity and
efficiency. The effects of shallow cycling at different C rates, different operating temperatures and
with/without bending have been characterized. Repeated cycling of the flexible power source
result in avolumetric change of the electrode materials due to continuous ionic mass removal and
deposition process; this also deteriorates the cathode/anode structures and the -electrode
electrolyte interface. The after effects can be observed in the resulting lcagpecities for the

various test conditions. It can be concluded that the decay rate of 1C test conditiordegutifull

cycling is much higher than 0.5C at shallow cycling. Observing the shallow cycling results, the

battery capacity degrades up unti tlirst 10 cycles but then remains almost stable with capacity
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degradation around 4fercent; effect is present during partially discharge and then recharge at
25°C. Due to the repeated cycling tests a solid electrolyte interface (SEI) layer is form#teover
anode and as the number of cycling increase the layer gets more and more thicker which results in
formation of a barrier. As indicated in the results significant amount of capacity degradation,
more than 200 percent, takes place at 1C withdegithcycling. Monitoring the test parameters

at low chargedischarge rate and shallow cycles can help improve the life of the flexHben Li

power sources used for life tests in this study. At 50°C as indicated in the results, significant
amount of capacity dgadation, more than 30 percent, takes place at 1C witddpth cycling.
Capacity degradation is much less at higher ambient temperature even when high charge
discharge rate, fullepth cycling and bending loads are present. Li batteries with solel stat
el ectrolyteds (SSE) n &8Hintarfaxe whighvieusually appliedras ano nt a
external pressure during logrm cycling and better performance. This study shows that small
bending loads applied to flexible Li power sources with rebfzesed electrolytes perform better

than those tested without the loads. For shallow cycling results at 50°C, the battery capacity
increases after first two cycles due to high ambient temperature (this is common for both shallow
and full cycling) but themmemains almost stable with capacity degradation aroupdr@&nt;

effect is present during partially discharge and then recharge at 50°C. Bending results show the
presence of voltage fluctuation even when a small bending load of 15° is used irrespeh#ve of
ambient temperature; however it does not yield a catastrophic failure but contrastingly seems to
improve the battery capacity retention ability as shown in the results. Higher SOC combined with
small bending loads of 15° and a lower discharge ratis lea better contact/interaction of the
electrolyte and electrode interface, enhanced reaction kinetics and smaller electron/ion transport

resistances.
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Chapter 8
Flexible Li-lon power sources operating at shallow discharge depths: Effect on Capacity
and camputation of regressionbased Capacity degradation mode
Estimating the state of a system especially for lithiom battery has been an area of extensive
research; where most of the remaining useful life (RUL) prediction techniques are highly
dependenbn usage of offline data. Development of a prognostics health management (PHM)
framework for flexible electronics and flexible components is still in its nascent stages due to the
novelty and understanding of the flexible regime. Little to no informatiosteon techniques
which incorporate depth of discharge (DoD) and other varying test parameters such as varying
load (across test conditions) and can then successfully evaluate the degradation in capacity and
compute the remaining useful life for flexiblghium-ion power sources-lexible electronic
systems need to have a thin, robust power system that also has the capability to sustain dynamic
stresses which are replicative of daily motions. Such applications can foresee the usage of
flexible power sowes in areas with both direct mechanical and environmental stresses. Current
health monitoring techniques and test standards for rigid power sources which are used in
portable electronics and electric vehicles (EVs) demonstrate robust and efficient Rbiques
with some of them considered as the benchmark in terms of model accuracy. With the current
boom in internet of things (loT), flexible power sources/flexible energy harvesting units will be
the go to product of the industry for the next couple @iades. Therefore it is the need of the
hour to develop PHM frameworks for such flexible lithwom based power sources. In this
research study, 65mAh flexible lithiuran batteries have been analyzed by cycling them
through multiple full charge and shalladischarge cycles at distinct DoD operating conditions.

Effects of simultaneous thermal stresses and repeated cyclic events have been studied on output
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parameters such as efficiency, capacity and chdisgharge time. Stat®f-the-art Li-lon
batteries hee been tested under: multiple operating temperatures of 40°C and 25°C with
different Grates. In thisstudy capacity and Anumber of <cycl es
monitor the health of the power source and assess remaining useful life. Regres&dn b
modeling technique has been used to estimate the battery capacity deterioration in form of
number of cycles to reach the end of life (EoL) which is about 80% of the original life.

Since the development of-ion chemistry, the regime of batteries een highly governed by

it due to its sheer potent combination of high energy density and high volumetric density. Almost
all of the present day technologies such as EVs, portable electronics have this chemistry
incorporated. Power sources based oiohitechnology are also known to be highly efficient
therefore allowing them to be used in energy harvesting applications, electric grid applications
and can also be implemented in the Intewfehings (IOT) network. This specific chemistry

and its byproduds are of great interest from both the academia and industry standpoint, in order
to build an energy sustainable economy [Nitta 2015]. With the recent emergence of flexible Li
ion power sources the challenges associated with this chemistry have incrqaseeheally.
Present and past studies have not yet fully accomplished how environmental stresses, both
mechanical as well as electrical, can affect the performance of flexidenLbased power
sources. Majority of studies are/were focused on improvagpaty retention techniques by
altering electrolyte salts or developing different material based cathode/anode but mostly for the
rigid batteries. Three major chemical processes which degradm ligid batteries are:
electrolyte decomposition, tratisn metal dissolution and lithium plating. Not much attention

has been paid towards the flexible side which can be thie gaduct given how the industry is

shifting towards flexiblehybrid electronics. Since the same chemistry is implemented in #exibl
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batteries it is yet to be fully established whether the above mentioned processes prevail within
flexible batteries or is there introduction of new failure modes and sites due to the novelty of
flexible technology and the types of stresses subjected thetpower sources. These are some
important factors to consider since the areas of application for flexible batteries can vary vastly
as opposed to their rigid counterparts. Recently [Lall 2018, Lall 2018] investigated the after
effects of shallow disclige and bending loads of up to 15° on a 45mAh single cell flexible
battery. The authors found out that low chadgeeharge rate, shallow cycles and small bending
loads can help retain the life of the flexiblelbn power sources. It was also establistieat
capacity reduction is much less at higher operating temperature even when highdgcrgee

rate and fulldepth cycling were present. Another study conducted by [Lall 2017] demonstrated
the effects of large bending loads of up to 150° on flexilblen batteries and put forth that
harsh bending loads can drastically affect the energy storage parameters such as capacity and
efficiency of the power source thereby resulting in complete cracking of the electrodes and the
outer pouch. In the study [H2010], the authors were one of the few firsts to bring the flexible
battery, to be used on a commercial scale, to limelight. The manufactured power sources were
able to bend down to 6mm and had introduced paper as separator material for lowering the
impedance. Application of a flexible and robust electrode to increase the Li storage capacity was
demonstrated by [Deng 2017]. The authors showcased that by constructing a 3Eponaaso
structure of molybdenum sulfide on carbon cloth, the volume expansioesisiuing the
chargingdischarging process can be reduced. The novelty of the flexible batteries regime is still
being explored and enhanced by introduction of flexible hetguwtures for electrodes [Zhang
2017], development of halide ion basedsQonano-sheets [Yao 2018] and prolusion of 3D

graphene foam based naacchitecture to improve the performance of flexibledn batteries
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[Mo 2017]. All in all there is a significant amount of deficiency in understanding the behavior of
these flexible poweraairces when put to accelerated life tests where the operating environments
mimic their areas of applications. Also, no established capacity degradation models exist which
can capture the true behavior of flexible power sources. In the present day mqaieatiaps

such as portable electronics, shallow discharge cycles easily outnumber the deep discharge
cycles in operation and while simultaneously being subjected to daily stresses of motion; thus the
importance of investigating the effect of DoD with difént operating parameters. This research
work is focused on establishing the survivability and behavior of flexiblerLbatteries under
accelerated life conditions replicative of real world applications.

In this study, we show how ultrdhin flexible form factors behave when subjected to shallow
discharge cyclefull charge cycles at different C rates of 0.5C and 1C. This test framework puts

to use a battery state assessment analyzer (BSAA) [Lall 2017, Lall 2018, Lall 2018] developed at
CAVER3 electronis research center, Auburn University. The BSAA has the ability to store the
battery parameters such as voltage, current and resistance online and later computes the capacity,

efficiency and power offline. BSAA has four major components:

1. Programmable soce meter
2. Electronic Load
3. Multi-Channel DAQ

4. LabVIEW user interface

The test samples (lion power sources) have been tested and evaluated at 1C and 0.5C rates.

Discharge during the lifecycle tests is characterized by the depth of discharge fromharfyd c
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state whereas during the charging phase the batteries are charge to a full charge always.
Therefore the charge state of a test was always defined by x to 100% where x is the DoD.
Depthof-discharge is synonymous with shallow cycling, a term oftexl urs thisstudy. In order

to replicate realorld shallow cycling different discharge cut off voltages have been introduced
within the test matrix. The accelerated tests run continuously for 130 cycles, where in each cycle
voltage, current and resistaneelues are stored every 2 seconds, which provide significant
amount of data points for offline evaluation of parameters such as capacity, efficiency and
chargedischarge time and power. Later a regression based capacity degradation and a cycle to
failure nodel has been developed. The effects of shallow cycling at different C rates have been
characterized. A total of 10 flexible {ion power source samples have been tested at different

test conditions which are mentioned and explained in detalil later gty

8.1 TEST VEHICLE

StateOf-The-Art Li-ion pouch form shaped form factors have been usefterible sources in

this study The nominal rated capacity of these sources is 6&miPhe dimensions of the dion

test samples are 60mm x 35mm x 0.5mmshswn in Figurel99 The test samples are
commercially available and can cater to the daily stresses of motion such as bending and flexing.
As widely known, that a Lion power source is comprised of a positive &tate cathode, a
negative electrode anode and an electrolyte as a conductor. The cathode is composed of a metal
oxide and the anode is made of a carbon based material mostly graphite. The test samples used in
this investigation have a graphite based andtite cathode is made of LiMnNiCe@hile the
electrolyte is a combination of Li based salts in an organic solvent, Ether. When the power

source is powered on the negative electrode (anode) undergoes oxidation i.e. loses electrons and
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creates positive i@ similarly there is a reduction reaction at the positive electrode (cathode)
this process occurs during the discharge phase and a similar event occurs but in reversed
direction during the charging phase.

A layer by layer structure of the battery tesimgée is shown in Figure 200. Li-lon samples

used in this investigation consist of only one microcell. Each microcell is further comprised of
two onesided anode (graphite) layers, one swded cathode (LiCof) layers, two separators,

one positive current collector and one negative current collector.

Figurel99 - Test vehicle used for this investigation (left)
High resolution scanning electron microscopy images were obtained to visaradizgudy the
internal structure of the kibn test samples. As seen in LiMp® o r msNaF@Q diructure
more commonly known as the distorted rock salt structure. Energy dispersiyeaxalysis was
done on the cathode to characterize the differenterlestwhich make up the electrode. Lithium

being a light metal and-xay florescent yield probability is low therefore it remains undetected.
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. Aluminum Collector . Copper Collector

- One- sided AnodeD SeparatorDTwo—sided cathode

Figure 200 - Layer by layer configuration of the test sample

Auburn SE X21( 100 WD 10.3mm

Figure 201 - SEM of cathode
The battery manufacturer specifies the temperature ranges during the charging process to be 0°C
to 45°C and-20°C to 60°C during the discharging period. In most rechargeable power sources
especially the Lion ones, both the electrodes have the capability to intercalatensi. During
the charging period LiMnNiCofoxidizes i.e. loses electrons and in turn same amount*of Li

ions are released into the electrolyte. Mixture of solvents and Lithium salts, t®lgte, is
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already rich in Liions; therefore the arriving Lions from the cathode replace the existing Li

ions which in turn travel to the negative electrode. The graphite based anode absorbs the arriving
Li*ions where are they get clumped to tlec&ons lost by the positive electrode. The direction

of the Li" ions is reversed when in the discharging phase which makes this electrochemical

reaction reversible in nature.

Auburn S 15.0kV  X2,000 10um WD 10.0mm

Figure 202 - x2000 zoomed in cathode SEM image areDX analysis for elemental
composition
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Auburn SEI 200kv  X2,000 10pam WD 10.4mm

| » ' ] .
[P DD EE Dt —

10 WD 10.0mm

Figure 204: - SEM image of Copper current collector
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8.2 EXPERIMENTAL TEST SETUP AND RELIABILTIY TEST MATRIX

As mentioned before a battery state assessment analyzer (BSAA) was developed before
undertaking this investigation. The deqthdischarge or shallow discharging experiment was
conducted using the same BSAA. The BSAA has the ability to store the htaryeters such

as voltage, current and resistance online and later compute the capacity, efficiency and power
offline. BSAA has four major components a programmable source meter and DC electronic load,
a multichannel data acquisition system, LabVIEW us&zrface. A LabVIEW test protocol was
developed which can control the number of cycles, cut off voltages, end of charge current and
end of charge voltage. The user can also control the presence/absence of bending load during
discharging via the module,hich was demonstrated in [Lall 2018figure 205 shows the
schematic of test setup used for deplidischarge testing. The developed National Instruments
module is responsible for transmitting both the dischargimd)the charging profiles to the DC

load and source meter respectively.

Figure 205 - Schematic of BSAA, [Lall 2018]
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The test setup connections and other required components have been previously explained in
detail in previos studies [Lall 2018] and wihot be discussed in this studiable 31 lists the

battery control parameters which need to be maintained during the entirety of the test. A term,
delta discharge, has been introducehich is used in thistudy to describe the depibi-
discharge being conducted. A total of five delta discharge variations have been studied. For the
charging phase all the samples have been charged to a 100%, so whilst the discharging depths
vary the Ltion samples are always charged to a value of 4.2V, charging cutoff voltage. A total of
10 flexible Lrion power source samples have been tested at different discharging depths, which
are later discussed in detail in the results secliable 32 andTable33 show the reliability test
matrices developed for the investigation ofidm power sources under varying depth of
discharges with full charging. The effect of differedtrates with different DoD has been
investigated and using the same data sets a regression made capaditidegreodel has been

developed.

Table 31 - Battery Control Parameters

Control Parameter Value
Charging Cutoff 4.2V
Voltage
Charging Cutoff 4mA
Current
Discharging Cutoff A function of
Voltage DoD

Charging Current Raté 1C,0.5C
Discharging Current 1C,0.5C
rate
Charging Current 65mA,30mA
Discharging Current | 65mA,30mA
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Table 32: - Test matrix for 1C

Test Delta Rate| Cutoff
Temp. discharge

25°C 30% 1C 3.75V

25°C 45% 1C 3.5V

25°C 60% 1C 3.3V

25°C 80% 1C 3V

25°C 100% 1C 2.75V

Table 33; - Test matrix for 0.5C

Test Delta Rate| Cutoff
Temp. discharge
25°C 30% 0.5C| 3.75/
25°C 45% 0.5C 3.5V
25°C 60% 0.5C 3.3V
25°C 80% 0.5C 3V
25°C 100% 0.5C| 2.75V
4.2V ' 3oV 375V 3.65V 35V Y KB AY
Full Cycle » Shallow Cycle
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During the accelerated life tests power source parameters such as capacity, efficiency charge
discharge time, stataf-charge and power have been evaluated and athlyes mentioned in

Table 32 and Table 33 two different charging/discharging rates have been used 1C and 0.5C.
Each cycle in the repeated cyclic tests evolves in has diffeeent steps where in the first step
constant current discharging at 1C/0.5C occurs until the voltage dropped to the operating DoD,
succeeded by a constant current 1C/0.5C charging profile until the voltage reaches 4.2V. Finally,
with constant voltageharging phase at 4.2V is until the current tapers to 4mAoriLbattery

output parameters namely capacity, efficiency, chdigeharge time, statef-charge and power

were evaluated by recording theditu characteristic VI curves. In [Lall 2018] th&eset of

repeated mechanical bending on wearable flexible electronics along with 30% and 45% shallow




discharge cases was presented and it was shown how these operating parameters can affect the
battery life and in some cases help retain the -sfatharge In order to better understand the

results from [Lall 2018] and cement the hypothesis similar tests need to be conducted on and the
study needs to be expanded on to different flexible battery chemistries and flexible power

sources of different dimensions.
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Figure 206 - Voltage characteristic curve during discharging and charging for a DoD of
30% from full charge

Figure 207: - Voltage characteristic curve during discharging and charging for a DoD of
45% from full charge
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