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Recent advances in MEMS technology have resulted in relatively low cost
MEMS gyroscopes. Their unique features compared to rsaaie devices, such as
lighter weight, smaller size, driower power consumption, have made them popular
in many applications with environmental conditions ranging from mild to harsh. This
dissertation aims to address a gap in the literature on MEMS gyroscopes by
investigating the effects of elevated tempamduon the performance of MEMS
gyroscopes.

MEMS gyroscopes are characterized at room and elevated temperatures for
both stationary and rotary conditions. During the test, MEMS gyroscopes are
subjected to five thermal cycles at each of four temperaturerang ( vi z. 25 C t o
25 C to 125 C, 25 C to 150 € and 25 C to

MATLAB Simulink to simulate the temperature effect on the MEMS gyroscope.



Simulation results show good agreement with experimental results and confirm that
Young6s modul us and damping coefficient ar e
temperaturaependent bias at elevated temperatures.

Solder interconnects are one of the weakest elements in MEMS devices. Thus,
the reliability of solder interconnects is sepgahastudied in this dissertation. Though
SAC305 (96.5%Sn3.0%Ag0.5%Cu) is the industry preferred solder in combined
thermal cycling and shock/drop environments, it exhibits better thermal cycling
reliability than drop/shock reliability. One of the waysitoprove the drop/shock
reliability of SnAgCu soldexis by microalloy addition of various dopants such as
Mn, Ce, Ti, Y, Ge, Bi, Zn, In, Ni, Co etc. Thus, the second part of this dissertation
aims to evaluate the shock durability of SAC305 and SAC8@&where X refers to
two different concentrations of Mn and Ce dopants)

High temperature isothermal aging tests are conducted on selected solders
using QFN44, QFN32 and R2512 package type
hours.Isothermal aging test results shedithatinterfacial IMC growth reduction can
be achieved by microalloy addition of selected dopants in SAC305 on both copper
and nickel leaded package typ8&$iock durability of selected solders is examined on
asreflowed and thermally aged test boards.chanical shock is performed using a
custom shock machine that utilizes a shock pulse of 500G IW@millisecond
duration. The shock test results showed that the mechanical shock reliability of
SAC305 was significantly improvetbr both asreflowed and tlermally aged test

boards bymicroalloyaddition ofone of theselectecddopansin SAC305
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1.l ntroducti on

MEMS (Microelectromechanical System) inertial sensors, like the accelerometer and
the gyroscope, have gained much attention in the past few yBHESMS
acceleroneters alone possess the seelangest sales volume after MEMS pressure
sensorgl]. Recently, the MEMS gyroscope also became popular after the success of

the MEMS accelerometer.

The MEMS gyroscope is a sensor that measures the rate mjecloh an angular
position. There are some similarities and differences betw®EMS vibratory
gyroscopesandMEMS accelerometers. In thmajority of the cases, bottevices use
suspended proof mass to measure the physical quantity, like, linear acoelier#tie

case of araccelerometer, dCoriolis acceleration, which is proportional to an angular
velocity, in the case of a MEMS gyroscope. The MEMS accelerometer has a
suspended proof mass that moves only in the presence of change in external linear
acceeration. In contrastthe MEMS gyroscope has a proof mass that starts vibrating

at its resonance in the drive direction when connected to the power supptheand

proof mass moves in the sense direction only during angular rotation

1.1 Advantages andApplications of MEMS Vibratory Gyroscope

There are different varieties of gyroscopes with different desagrg working
principles that can be broadijassifiedinto three different categories: spinning mass
gyroscops, optical gyroscope and vibratory gyoscope [2]. Out of these
gyroscopes, vibratory gyroscopeghich usevibrating element$o sense the angular

rotation, have gained much attention.



The reason behind the success of the MEMS vibratory gyroscope compared to other
gyroscopes is thato rotating parts are involvatat require bearing, which increases
device reliability. In addition, when compared to macgzale gyroscopesyVIEMS
vibrating gyroscopeslso possess other benefits such as reduction ingigeificant

size, weight and &t With advances in fabrication teigologies lowering their cost,
MEMS gyroscopesensors are being used in an ever wider variety of applications

such as automotive, consumer electronics, Indusanesnics/military etc.

The automotive applications areshicle stability control, rollover detection, load
leveling/suspension control, atick brake and collision avoidances system. A
consumer electronic market is the largest consumer of the rate grade MEMS
gyroscope for applications like image stabilizatiorcellphones and video cameras,
computer input devices, handheld computing devices, game controllers, virtual reality
gear, sports equipment, and robots. Industrial applications include motion control of
hydraulic equipment or robots, platform stabiliaatof heavy machinery, and yaw
rate control of winegpower plants. Finally, avionics/military uses precise MEMS
gyroscopes for applications like missile guidance, platform stabilization of avionics,
stabilization of pointing systems for antennas, and umerrair vehicles or land

vehicles.

One of the recent applications of the MEMS gyroscope is for navigation and tracking
where high sensitivity and performance stability are key requiremEmsnavigation
system based on inertial sensors has shown margntd)eswhen compared to
commonly used GPS technology. Such examples include locating an object near or

inside a building, underground, or in dense urban areas where GPS does not work



effectively. Because of the high noise levels generated by GPS signalsch
conditions resulting from single attenuation areflection, the navigation and
tracking system based on inertial sensors is a good alternatitee majority of
cases, an inertial navigation unit (INU) consists of an accelerometer, a gyrosdope an
a compass. The linear and angular positions are determined by integrating the
respective accelerations from accelerometer and gyroscope. Due to this integration
process, any errors in the sensor measurement are accumulated with time which
degrades the p®rmance of the inertial navigation system. If these errors are not
compensated, then the accelerometer and gyroscope introduce an error in the

navigation proportional to the square and cube of the elapsed time, respectively.

1.2 Research Motivation

The low cost of MEMS gyroscopebasresultedin their use inmany applications
where environmental conditions exist from mild to harsh. These severe environments
include high mechanical shock, high frequency vibration, high frequency acoustic
environment, high termgrature etc. Despite their widespread use, the performance of

the MEMS vibratory gyroscope in harsh environments is still under question.

While some studies have been conducted to understand the effects of high mechanical
shock [3]i[6], high-frequency vibration [7],[8], and highfrequency acoustic
environment[9]i [11], the effects of elevated temperatures especially temperatures
that are beyond manufactudesecommended temperature range hastbea well

researched.



Performance stability and loigrm reliability are the greatest challenges for
commercialization of MEMS gyroscopes. Their vast uses in different applications
require them to function from medium to harsh environmentaking their
performance more dependent on environmental conditions. Therefore, it is necessary

to examine the performance and letegm reliability of MEMS gyroscope.

Due to the high demand of MEMS gyroscopes in consumer electronics, a majority of
availble commerciabff-theshelf (COTS) gyroscopes have limited operating
temperature ranges fromd 0 e C t o[12}+[85h énCmany apfications like
automotive, deefvater energy exploration, dowrole drilling tool navigation, high
temperature industrial applications .etthe MEMS gyroscope sensor experiences

temperatures that are beyond the manufactu

Most of thereported gyroscopes are fabricated from silicon or-pigon material

whose material properties are temperature dependent. Variations in temperature of the
MEMS structure affects the dynamic system parameters due to temperature
dependentY o u n g o6dsius, nlemperaturdependent damping coefficient and
thermally induced localized stresses. MEMS vibrating gyroscope measures an angular
velocity via comb structure displacement measurement, which can be on the order of
micrometes to nanometers. High sensitivto small changes in displacement causes

the MEMS gyroscope sensor to be affected if any of the system parameters change at
elevated temperature conditions. Thus, examining the effects of elevated temperatures

on the MEMS gyroscope performance is vettiaal.



1.3Previous Work on Examination of Temperature Efiects on the

MEMS Gyroscope and ks Reliability Concern

MEMS gyroscope research hagbstantially increased ovigrelast couple of yearst

is believel that this research growth was due to advancemeMEMS fabrication
technology that has allowed MEMS maactures to come up with various unique
designs. Many companies have emerged ameremh the market to deliver leaost
gyroscopesWith continuouslesign evolution of the MEMS gyroscope to impats
sensitivity and performancehe effors on examiningperformance and loAggrm
reliability of the MEMS gyroscopén high temperature environments has not been

explored.

One of the earliest studiés understand temperaturdesits on the MEMS gyr@spe
was performed byesearchers dahe JPL (Jet Propulsion Labyhcheglov et al[16]
andFerguson et a[17] atthe JPL found that the resonanfrequency othe MEMS
gyroscope linearly decreasesthwincreases in temperatuigerguson et al17] also
found that no hysteresis exists both resonance frequency andf#gtor when the
gyroscope wasubjected from 3& to 65C at stationary conditiosa Because of the
limited temperature range (&to 65C) examined at a stationary conditiontire
literature [17], this study recommendeexploring the perfomance of the MEMS

gyroscope over a wider temperature raage also under rotary conditi®n

Other studies also observsinilar linear dependencygf resonance frequency with
temperaturg18][19][20][21][22]. Table 1-1 shows thesummary of previoustudies

conducted to examirtemperature effects adhe MEMS gyroscope.



Tablel-1: Summary of Previous Work on Varioliemperature Ranges Examined by

Researchers.
Authors Year | Temp Range Authors Year | Temp Range
Zhang et al.[18] | 2009 | -20°Ct020°C | Xiaetal.[19] 2009 | -40°Cto 60°C
Zhu et al[23] 2009 | -20°Cto 60°C Liu et al.[20] 2008 | -40°C to 40°C
Wu et al.[24] 2008 | -30°Cto 70°C Hou et al[21] 2011 | 30°Cto 60°C
Hou et al[22] 2011 | -40°Cto 60°C | Feng et a[25] 2011 | -35°Cto 55°C

Some of the studieshown inTable 1-1 alsoexploredthe temperature compensation

method In general, it is clear fronTable 1-1 that all previous studies examined

temperature effect on the MEMS gyroscope waithmited range from4 0 C t o 70 C.

Thus, there is a need to examine the effects of elevated temperature on the

performance othe MEMS gyroscope.

Studiesshown inTable 1-1 confirm that temperature is the dominant source of error

in the MEMS gyroscope. Temperature affects the performance of the MEMS

gyroscope by variai

factors.

These

factors i nclude

coefficient, thermal expansion and coefficient of thermal expansion (CTE) mismatch.

Youngos

Temperatur e

modul us:

infl uences

t

he

Youngbganm modul u

stiffness and deviatessonance frequeresof MEMS gyroscop¢18], [20], [22].

Damping coefficient

Air damping is the dominant energy loss ananism in MEMS resonators when

operate close to atmosphere press(@6é]. Fenget.al[27] experimentally calculate



the Qfactor of the MEMS gyroscope from 238K to 328K. They found thhé Q

factor decreasewith increase in temperaturem 238K to 328K.
Thermal expansion:

Temperature causes expansion of the beams that may ctap@etance between

two combfingers by altering space betwettiem.
CTE mismatch:

The CTE mismatch between silicon and glass substrate produces thermal dtiness in
MEMS gyroscope that leads to change in resonance freqi2pcyin addition,the
CTE mismatch between MEMS package and board also c#usesally induced

package stress that compromises the MEMS gyroscope reliability.

In order to analyze the effect of above temperatié@endent factors on the MEMS
gyroscope, analtical and numerical methods wemeveloped to simulate the
behavior of the MEMS gyroscope either at room temperature or at elevated

temperature[29i 32].

Some of these methods that sinelthe temperature effects e MEMS gyroscope
haveconsidered only one temperatitependent variablgd8],[31]. For example, the
temperature simulation model developed in literature [32] only considé@tye in

Youngo6s duedadtamparasure variation

Other methodsutilized complex numerical techniqu§?8],[30] and these methods
are not experimentallyalidaed[20]. For examplel.iu et al.[20] conducted thermal
numerical simulation that showed that temperature fluctuationfdo®@ C t o +40 C

causes slight deviation i nodgug amishermgde out p



deformation.The developed simulation model was not validated with expetahen

results.

From the current literature, it is clear that there is a needentify the dominating
temperaturaependent factors responsible to performance changkeoMEMS
gyroscope under temperature variation. In addition, there is a need to dawelop
experimentally validated simulation model thaén consider more than one
temperaturaependent variablen order to accurately simulate the temperature

effects on MEMS gyroscope.

Reliability of the MEMS gyroscope is governed by many factors. In généhne
MEMS package haa significant impact on its loaggrm reliability[32]. A dominant
reliability issue in MEMS devices is the package induced stréhis package
induced stress caaffect many swtomponents othe MEMS gyroscope sysi
including proofmass, substrate, soldetarconnects, package lead.etny failure in
these suiltomponents will lead to failure tfie MEMS gyroscope device. Thus, it is
necessary to examine tleng-term reliability ofweaksub-componento improve the

reliability of the MEMS gyroscope device.

In general, MEMS gyroscopeseafabricated from silicon material that exhibits no
plastic deformation or creep below 500°C. Silicon also possesses good fatigue
propertiesand, thus it can last millions of cycles without failureDue to such
excellent mechanical properties of silicgrpof mass and substrate thie MEMS
gyroscope can survive much longer than other-cawbponents ofthe MEMS

gyroscope such as solder interconnects, package lead etc.



The iterature showshat solderjoints areoneof the weakessulbcomponerd of the
MEMS gyroscope system. Yeh et 3] and Lu et al[33], [34] conducted ihite
element thermal fatigue analysis thie MEMS gyroscopewhich revealed that the
maximum equivalent plastic strain was observech&duter corner solder ball that
resulted in solder interconnect failure when thermally cycled '@ C €Cdn 125
addition,Cui etal. [35] also found that solder joints in the MEMS gyroscope are the
weakestpoints that can fracture and fail easily, and thus influence the reliability of

the MEMS gyroscopeinder highG load conditioss.

The @ove cited lierature confirms that solder interconnects of a MEMS gyroscope
are the weakest sutomponerg of the MEMS gyroscope system. Thus, examining
and enhancing the reliability of solder interconnects is necessary to improve the long

term reliability ofthe MEMS gyroscope system.

Many SnAgCu based commercial solders are available in the market. Some of the
commonly usd SnAgCu based solders include SAC105 (98.5%Sn1%Ag0.5%Cu),
SAC205 (97.5%Sn2%Ag0.5%Cu), SAC305 (96.5%Sn3%Ag%0.5Cu), SAC405
(95.5%Sn4%Ag0.5%Cu), Sn3.5Ag (96.5%Sn3.5%Ag), Sn0.7Cu (99.3%Sn0.7%Cu)
etc. SnAgCu containing high levels of Ag (viz. SAC305 and SA)4re known to
exhibit inferior resistance to mechanical loads like shock/drop and vibration. Thus,
SAC105 solder, that contains only 1% of Ag, is recommended for better mechanical
fatigue resistance. However, reduction in Ag content also reduces estgfamce of
solder which compromises its thermal fatigue reliahility SAC405 solder exhibits

far better thermal fatigue reliability than SAC105 solder. Because of these two

extremes, SAC305 solder that contains 3% Ag is considered to be an optimum and



thus becaméheindustry standard in applications where both thermal and mechanical

fatigue resistance are necessatry.

Though SAC305 solder is an optimum choice for combined thermal fatigue and
mechanical shock/drop loading environments, the thermal fatrgasstance of
SAC305 is better than its resistance to mechanical loads, which limit its performance

in harsh environment applications.

Recently, it has been found thée drop/shock reliability of SnAgCu solder can be
improved by addition of small amouwnf fourth element (dopant). Some of these
dopants havéhe ability to suppress the growth of interfacial intermetallic compound
(IMC) during isothermal aging. This approach has shown very promising results on
SAC105, a low Ag solder; howevehe effect of dopant on SAC305 to improve its
drop/shock reliability has not been well examinesipecially after exposure to high

temperatures.

1.4 Research Objectives

The research objectives of this dissertation are as faiow

1 Examinnation othe effects of elevate@mperature on the performancetiod
MEMS gyroscpe and identify the temperatudependent factors that

dominate irahigh temperature environment.

o Quantifythe MEMS gyroscope performance ovewider temperature

range

10



0 Developnent of a simulation mdel to identify the dominating
temperature dependent factorsaihigh temperature environment and

correlate simulation results with experimental results

1 Assessment of dopants that minimize the growth of interfacial IMCs in
SAC305 solder to improve mechanicalopgishock reliability under high

temperature environmest

o Identification and selection of dopants based on thorough literature

search

o Assessment of interfacial IMC growth under high temperature

isothermal aging on selected SAC305 and SAC8&®Iders

o0 Assessment of shock reliability of SAC305 and SAG30Solders

before and after high temperature isothermal aging

o Correlation between interfacial IMC growth and shock reliability

degradation of SAC305 and SAC3B5solders

1.5. Dissertation Outline

Chapterl provides the introduction, background and motivation for the research
presented in this dissertation. Chaferesents the test matrix and discusses effects
of elevated temperature on the performance of the MEMS gyroscope. In @)apter
analytical model is developed to simulate temperature effect on the MEMS
gyroscope. Simulation and experimental results are compared to determine the
dominant temperaturdependent factor(s) responsible for temperatiegendent bias

observed atelevated temperaturesChapter4 provides motivation and literature

11



search on the high temperature reliability of solders. Chdptdiscusses various

experimental selections including solders, components and PCB material for
examining shock durability of SAC305 and SAC305+X solders. The design of
experiment, test equipment antbnitoring systems for solder testing is summarized

in chapter6. The result of microstructural examination and mechanical properties
evaluation of selected soldesse presented in chapt&r Interfacial intermetallic

growth during isother mal aging at 185 C al
types are presented in chap&&rand chapter, respectively. ChaptetO shows

detailed mechanical shock reliability results of SAC305 and SAC305+X solder
performedonas ef | owed and thermally agedllat 185

summarizes tresearch contribution resultifgm this dissertation.
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2Effects of El esan etdhefemepef at ma
the MEMS Vibratory Gyroscope

2.1 Introduction

In this chapter, we discuss the development of a test protocol to Heseects of
elevated temperatwse®n the performance oh MEMS gyroscopeDue tothe high
demand foMEMS gyroscopsin consumer electronics, commercially available off
the-self MEMS gyroscopes have limited operating temperature ranges4rdn C t o
+ 8 5 d@veverHue tahe interest irexamining theeffects of elevated temperatures

on MEMS gyroscopg wider temperature rangespecifically beyond the

manufacturer 6s r ec o mmeesdertdd fdar thergssessrmentur e r an

The MEMS gyroscope used this study isa programmable loyower singleaxis

digital gyroscope (ADI$6255) procured from Analog Devices Ifitis commercial

off-the-shelf COTS gyroscope comes ia laminatebased land grid array (LGA)

packagewith 11 mm x 11 mm x 5.5 mmdimensions A schematic of ADIS16255

package is shown ifigure 2-1. This gyroscope features an integrated temperature
sensorthat detectsthe temperature of thelie during operation, and erhip signal

processing that calibratemnd compensateangular velocity measurement output
within the temper at ur eTher manufpeturdosf sipdeOcA T i ted
operating temperature range for ADIS162%&s from T 4 0 AcC+85°C An

evaluation board(ADISUSBZ) designed by Analog Devices lngvas used for

recording the output from ADIS16255. Thetput of the MEMS gyroscope includes

13



angular velocity in degree/second (°/s) andMIEMS die tenmperature in degree
Celsius (°C).

Resonating
Outer
Structure Cap Solder

Package l Interconnects

Figure2-1: Schematic of MEMS Gyroscopaékage

2.2. Experimental Set-up and TestProcedure

An experimental test procedure was developed to examine the effeelsvated
temperature®n a MEMS gyroscope at stationary and rotary condgid@ince the
selected MEMS gyroscope indicates anearly
stationary conditionit was necessary to subjeitte MEMS gyroscopeto rotary

conditiors to collect norzero anglar velocity output.During the rotary test, the

MEMS gyroscope wa rlf ewluterns pee stconddrpaggulér0 / s
rotation by placing it on the center of a homemade precise turntable. The turntable

was fabricated using precise motor asgyf.65 aresec positioning resolution. It can

maintainprecise angular rotation up #0600 rpm.

During the experiment at stationary and rotary conditions, the performartbe of
MEMS gyroscope was analyzed at ambient and elevated temperatures. The

measirement ofthe MEMS gyroscope atambient temperature establishdte

14



baseline. The baseline teslt stationary and rotary conditions are refeneds a

stationary baseline test (SBT) and rotary baseline test (RBT), respectively. For
elevated temperatutbermal test,the MEMS gyroscope was subjected to four
temperature ranggsr om 25 C to 85 C, from 2&8dC to 12
from 25 CSudhthermaltésipetformed at stationary and rotary conditions

are referredto as a stationaryhermal test (STT) and rotary thermal test (RTT),
respectively.The reason for selecting these temperature ranges was to cover wider
elevated temperature conditions to exammeVIEMS gyroscopé sperformance

wi t hin and beyond ma n u f aatute limite. rISihce the e c 0 mme n
selected MEMS gyroscope was only recommended to operatehighttemperature

of +85 Cany temperature beyon85 @nay affectthe performance ahe MEMS

gyroscope andilso cause permanent damage.otder to evaluatehe maximum

temperature limit anadheck if the shortterm exposure tthe MEMS gyroscope at

elevated temperature ranges caumey permanent damage, it was decided to subject

the MEMS gyroscope to five thermal cycles at each seletgatperature ranget

wasal so necessary to observe the MEMS gyros
five ther mal cycles to record any per manen
Thus, for both stationary and rotary conditions, a baseline test was conducted first,
followed byfive thermal cycles test. The primary purpose of conducting the baseline

test was to observe the sensor charactesiggtore temperature cycling to allow for

later comparison. These baseline tests were performed at room temperature
conditiors. An overvien of theexperimental approach is shownFRigure2-2. A total

of nine individual sigle-axis MEMS gyroscope sensongere analyzed in this test.

15



The oljective of this experimental exercise was to examine the performance bias
caused by thelevated temperature exposuwhich isstatedhere as a temperature
dependent biaserformance bias refers to the level of the output sigfrthle MEMS
gyroscopethat is not related to the input quantity sensed by the gyroscope sensor,
such as when a MEMS gyroscope produces-zesn angular velocity output at

stationary condition.

Experimental
approach

4
| 9 single axis gyroscopes |

Stationary test Rotary test
(No rotation) (60°/s or I0RPM)
v
| I [ I
Baseline Thermal test Baseline Thermal test
test 25°C 5 cycles 25°C to test 25°C 5 cycles 25°C to
(85°C,125°C,150°C,175°C)

‘ ‘ (85°C,125°C,150°C,175°C)

k 4
Experimental

temperature
dependent bias

Figure2-2: Experimental Approacfor MEMS Gyroscope Performance
Characterization at High Temperature

2.2.1.Stationary Test

As the name suggestsstationary test was performed at the stationary condition. The
MEMS gyroscope was mounted on a stationary table and its performance was

evaluated atoom and elevated temperatsirey conducting stationary baseline and

16



stationary thermal tests, respectivélfie detailedest sequenci®r the stationary test

is shown inFigure2-3.

[ Stationary Test J
v

First Stationary Baseline Test

v

Stationary Thermal Test (25°C to 85°C)

v

Second Stationary Baseline Test

v

Stationary Thermal Test (25°C to 125°C)

1

[
[
[
[
[
[
[

Stationary Thermal Test (25°C to 150°C)

¥

Fourth Stationary Baseline Test

!

Stationary Thermal Test (25°C to 175°C)

v

[ Fifth Stationary Baseline Test ]

Figure2-3: Stationary Test Sequea for Evaluating Effects dElevated
Temperatureon the MEMS Gyroscope.

S S S S J J J

The MEMS gyroscope sensor weecurely attached to the stationgable using high
temperature tape. The evaluation board and ADIS16255 Eval Rev_1 software were
used for collecting the output frothe MEMS gyroscope. A palmtop was also used

for data storage purpase Thetest setup for thetationary baseline testsshown in
Figure2-4. One end ofhe evaluation board was connectedthe MEMS gyroscope

whereas the other end was connected t&J®B port of a palmtop.
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“Palmtop
Computer

- le lu de fede e e

- — Gyroscope
> . ¥

Figure2-4: Stationary Baseline Test Setup

Initially, the first stationary baseline test was performed at room temperature to

establish a baseline condition for the MEMS gyroscadjpe. first statnary baseline

test was conducted until 10,000 data points were acquiidr analyzing the

MEMS gyroscope output signals frothe first stationary baseline test, it was

subjected to five ther mal

cycletisermélr om

cycling conditions, a TemptronichErmostream air system was used. This apparatus

has the capability to supply a constant temperature air strearwidietemperature

rangefrom -7 5

C to 225 C. The gyroscope was

glass hod of the Temptronic Thermostream apparatus such that it was directly

exposed to hot air flowing from the nozzle at 5 standard cubic feet per minute

(SCFM). The test setip for stationary thermal test is showmrFigure2-5.

18
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Figure2-5: Stationary Thermal Test Setup.

After completing five ther mal cycl es
subjected toa second stationary baseline test to checkh& MEMS gyroscope
experienced any permanent shiftits output due to exposute thefive thermal
cycl es ftroo nBTis5@stGequence was repeated to complete remaining

baseline and thermal tests at stationary conditia® shown previously iRigure2-3.

2.2.2.Rotary Test

A rotary test was performed lsybjectingghe MEMS gyroscopéo a constant angular
rotation of6 O of 19 revolutios per minute (rpHusing a precise turntabl@he
MEMS gyroscope was mounted thre center of a turntabland its performance was
evaluated atoom and elevated temperatsitey conducting rotary baseline and rotary
thermal tests, respectively. The test sequence of RBT and RThefortary test is

shown inFigure2-6.
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[Rotary Test {60"/5]]
¥

First Rotary Baseline Test

v

Rotary Thermal Test (25°C to 85°C)

!

Second Rotary Baseline Test

v

Rotary Thermal Test (25°C to 125°C)

i

[
[
[
[
[
[
[

Rotary Thermal Test (25°C to 150°C)

!

Fourth Rotary Baseline Test

v

Rotary Thermal Test (25°C to 175°C)

v

[ Fifth Rotary Baseline Test J

Figure2-6: Rotary Test Sequence for Evaluating Elevated Temperatteet on the
Performance oMEMS Gyroscope.

— W W W ) W W

For RBT and RTT, the MEMS gyroscopeas securely attached to the center of a
turntable using high temperature tape. The evaluation board and
ADIS16255 Ewal Rev_1 software were used to colldwe output fromthe MEMS
gyroscopeThe palmtopwas mounted onto the tuable using a vertical brace. Care
was exercised in placing and meéung the palmtop to avoid vibration during

turntable rotation.

The test setup for the rotary baseline test is showkigare 2-7. Initially, the first
rotary baselinetest was performed by subjectiige MEMS gyr oscope
rotational velocity at room temperaturéhe test was conducted until 10,000 data

points were acquired.
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Palmtop  Eyaluation Board Turntable

MEMS
Gyroscope

Figure2-7: Rotary Baseline Test Setup.

After analyzing the EMS gyroscope output signals mnothe first rotary baseline
test,the MEMS gyroscopewas ubj ect ed to five theatmal cyc
6 0 / sonakveldcity tFor the rotary thermal testhe entire rotating platform was

placed under the glass hood of the Temptronic Thermostream ajgpswah that the

gyroscope facedhot air directly flowing from the nozzle at 5 SCFM. This

arrangement for the tary thermal test is shown Figure2-8.
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Turntable \%@ \
T MEMS Turnta

Gyroscope Controller
Figure2-8: Rotary Thermal Tes$etup.

Af ter compl eting rotary ther mal cycles fr
along with a rotary table was brought to ambient conditions and a second rotary
baseline test wa s conducted i n room temp
velocity. This test sequence was repeated to complete remaining baseline and thermal

tests for rotary tests shown previously iRigure2-6.

2.3. Results and Analysis

In this sectioncollectedMEMS gyroscope resultsom stationary and rotary tests
performed at ambient and elevated temperature conditions are discussed i detail.
total of nine individual MEMS gyroscopes were examined in this study. Since all nine
gyroscopes showesimilar behavior, for simplicitythe resultsfrom the first gyro,
Unit-A, areusedhere to describe thelevated temperature effects on gegformance

of the MEMS gyroscopeThe results of other MEMS gyroscopes are summarized in
AppendixA.
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2.3.1.Stationary Test Results:

The first stationary baseline test was conducted to observe the gyroscope sensor
output at room temperature. The plotRigure 2-9 showsthe gyroscopeoutput for

the first 10,000 angular velocity measurements at room temperature caadition

2 T
@
L] L“ i f\‘ i

Al \LJ o

'
=

Output(Deg/s)
o
]

w ‘W‘H e ‘U“‘“w “““\H“ i H“H‘ [N \‘H \H ‘\“u’\ \‘\

2 r
0 0.5 1 15 2 2.5 3 3.5 4 4.5

Minutes
0.2
_ (b)
g’ 0.1
\8/ ol N in VM AAV/\ AVMV n AV /\vm AVA“ /
2 W TN
3 !
-0.2
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Minutes
Figure2-9: First StationaryBaselineTestResult (a) Raw Angular Rate Datéb)
FilteredAngularRateData withWi ndowsi ze = 100. (Mean=0.01

Plot-(a) in Figure 2-9 showsthe raw data ofthe angular velocity duringhe first

stationary baseline testhe scattering of data was easily analyzed by grouping
(averaging)each set of 100 data points into a single paeuhich is show in plot (b)

of Figure2-9. The selection of 100,0datratmpei mtedua:
level of resolutionwas driven by a tradeoff between noise reduction and loss of

signal. The mean and sidard deviation othe raw angular ratedata for the first

stationary baselinetestereO . 01 / s ,m@gpekctivély. 44 /| s

After the first stationary baseline test, the sensor was then subjected to five thermal

cycl es f r omFigarg2-1Ginctudes tBrée di€erent plots representing raw
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angular velocity data (ple@)), filtered angular velocity with windovsize 100 (plot

(b)), anddie tempeature(plot-(c)).
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Figure2-10: StationaryThermalTestResults from 25°C to 85°(&) Raw Angular
Rate Data(b) Filtered AngularRateDatawith Window size = 100; (cPie
Temperature

When the raw angilar velocity data (plo{a)) arecompared with die temperature

(plot-(c)), the performance variation due to temperature change #%8t€ to 85°Cis

less apparent. However, after filtering the raw angular rate data, the effect of
temperature on an increase iadis visible as shown in pletb). Since the MEMS

gyroscope uses internal temperature calibration to compefwate temperature

dependent bias from0°C to 85°C only a small increase in temperatudependent

bias was observed fro@5°C to 85°C The observed temperature dependent bias was

within 03 /s f r om 2 &hiclc wasagree@welAwith themanuf act ur er 6 s
suggested temperatur e bi as (bi as temper af
confirms that the MEMS gyroscopperformed well within the manuf act ur er 6s

recommended temperature range.
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The slight increase in théemperaturedependent bias appears only when the
temperature reaches its peak value of 85°C. The noise level returns to its normal level

when the temperature returns to room tempeeatThis observation suggests that

there wasndt any per maneMSgyresbopefoutpubasa degr ad
resultof thefive thermal cycles from 25°C to 85°C. Thtise shorttermdurability of

the MEMS gyroscope was preserved during this test.

Next, a second stationary baseline test was conducted to observe the gyroscope output
at room temperature. The plot Figure 2-11 showsthe sensor output for tharét

10,000 angular velocity measurements at room temperature condition. The mean and
standard deviation adhe raw data for thesecondarystationary baseline testene -

0. 01 [/ s ,mespectivelyTHisSBconfirms that there was rantyobservableshift

in the MEMS gyroscope output from the first stationary baseline test.
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Figure2-11. SecondStationary Baseline Test Resylt) Raw Angular Rate Datéb)
FilteredAngularRateData withWindowsize = 100(Mean=-0.01, STD= 0.48)

After completing the second stationary baseline test, the MEMS gyroscope was

subjected t@ higher temperature range. The MEMS gyroscope was subjected to five
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thermal cycle from 25 C t o 1 2s%f ti statidnare thermeatassufiom
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Figure2-12: Stationary Thermalest Resulfrom 25°C to 125°C(a) Raw Angular
Rate Data; (b) Filtered Angular Rate Data with Windowsize = 100; (c) Die
Temperature.

Looking at the plo{a) of Figure 2-12, it can be concludkthat the noise level
increased wittanincrease in temperature. After filteritige angular velocity data, an
important phenomenon was observed. fiptshows that temperaturelependent

bias was increased with the increase in temperdtugeessential taotice that there

was a sudden change in temperatigpendent biaghat occurred whenthe
temperature went above 85 C. This bias
the MEMS gyroscope was at stationary condition during the test. The bias again

returned tats normal value when the temperature droppesil ow. 85 C

It can also be observed that all five thermal cycles resulteda similar increase in

temperaturaependent biasNo evidence of permanent degradation or hysteresis can
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be observedTable 2-1 summarizeghe temperaturdependent bias value for each

thermal cycleThe average biasturnedduobo be 3. 30 [/ s.

Table2-1: TemperatureependenBiasValueof Five ThermalCycles from 25°C to

125°C.
Temperature

Temperature Cycle Dependent Bias

( /'s)
First cycle 3.30
Second cycle 3.20
Third cycle 3.45
Fourth cycle 3.30
Fifth cycle 3.25
Average 3.30

Similar to Gyroscope Unif, the remaining eight gyroscopes also showed similar
behavior when subjected fro@5°C to 125°C A summary of the average
temperaturaependent bias of all nine gyroscopes fr25iC to 125°CGs shown in
Table2-2. The calculated average temperatdependent bias for all nine gyroscopes

i$3.28 [ s

Table2-2: AverageTemperaturalependent Bias of all Nin@yroscopes fron25°C

to 125°C
Average
Gyroscope Temperatur(_e

Dependent Bias

( /s)
Uniti A 3.30
Uniti B 3.26
Uniti C 3.28
Uniti D 3.27
Uniti E 3.29
Unit1 F 3.30
Unit1 G 3.29
Unit1 H 3.26
Uniti | 3.27
Average 3.28
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The dove resultsndicatethevery interesting behavior of the MEMS gyroscope from
25°C to 125°C Since all nine MEMS gyroscopes showadsimilar increase in

temperaturaependent bias fron25°C to 125°C a temperature compensation
algorithm can be develedto compensatéor thetemperature effects on the MEMS
gyroscope up to 128&. In so doing the MEMS gyroscope can be used for

applications up t@amax temperature of 126 without losing its performance.

After completing the thermal test from 25°C to 125°C, a thirdostaty baseline test
was conducted to observe the gyroscope sensor output. The pigtira2-13 shows
the sensor output for the first 10,000 angular veloaityasurements at room
temperature conditian The mean and standard deviatiorit@raw data for the third
stationary baseline testeneO . 01 / s , @espectivély.THissconfirms that there
was notanyobservableshift in the MEMS gyroscope outpubin the first and second

stationary baseline tests.
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Figure2-13: Third Stationary Baseline Test Resy) Raw Angular Rate Datéb)
FilteredAngularRateData withWindowsize = 100(Mean= 0.01, STD=0.45
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After completing the third stationary baseline test, the MEMS gyroscope was again
subjected t@n everhigher temperature. This time, the thermal cycle temperature was
raised to 25 C ottlestdi@dnary titiermal Testéro2r5e sCu Itto 150 C
is shown inFigure 2-14. Plot(a) and plot(b) of Figure 2-14 indicate a significant
increase in the temperatugependent Bis from2 5 C t o Dudn§ Qhe C
temperature increase, it was observed that the angular velocity output of the MEMS
gyroscope Initially incrased and then started to descandhe peak temperature.
Such behavior othe MEMS gyroscope was identical forl dive temperature cycles
from2 5 C t .dtwasal€b ndliced that the MEMS gyroscope did not show any
kind of permanent shift in its output due éaposure tdfive thermal cycles with

1 5 0 pe@k temperatureThe output of the MEMS gyroscope again read to

normal value along with a decrease in temperature to room temperature condition.
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Figure2-14: Stationary Baseline Test Resfittm 25°C to 150°C(a) Raw Angular
Rate Data; (b) Filtered Angular Rddata with Windowsize = 100; (c) Die
Temperature.

After completing the stationary thermal test from 25°C to 150°C, a fourth stationary

baseline test was conducted to observe the gyroscope sensor output. The plot in
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Figure2-15 shows sensor output for the first 10,000 angular velocity measurements at

room temperature conditisnThe mean and standard deviation of raw data for the

fourth stationary baseline testwede. 01 /s and O .Thi$coifisns r espec
that there was nainy observable shift in the MEMS gyroscope output due to-short

term elevated temperature exposure fthaprevious stationary thermal test
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Figure2-15: FourthStationary Baseline Test Resyft) Raw Angular Rate Dgtéb)
FilteredAngularRateData withWindow-size = 100. (Mean=0.01, STD=0.46)

After completing the fourth stationary baseline test, the MEMS gyroscope was again
subjected toan evenhigher temperature from 25°C to 175°CThe resul of a
stationary thermal test fro26°C to 175°Careshown inFigure2-16. Here the effect

of a decrease in MEMS gyroscope output at elevated temperawas quite
significant. It wasalso noticed that the MEMS gyroscope did not show any kind of
permanent shifin its output due to exposure tiwe thermal cycles witlil 5 0 pe#&k
temperatureThe output of the MEMS gyroscope again returned to normal value

along with a decrease in temperature to room temperature cogdition
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Figure2-16: StationaryThermalTestResults from 25°C to 175°Ga) Raw Angular
Rate Data; (b) Filtered Angular Rate Data with Windowsize = 100; (c) Die
Temperature.

After completing the stationary thermal test from 25°C to 175°C, a fifth stayionar
baseline test was conducted to observe the gyroscope sensor output for any permanent
shift thatoccurred due tthe previousstationary thermal tesThe plot inFigure2-17

shows sensor output for the first 10,000 angular velocity measurements at room
temperature conditian The mean and standard deviatiortte@raw data for the fifth

stationary baselinetesereO . 01 /s and O0.46 /s, respective
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Figure2-17: Fifth StationaryBaselineTestResult (a) Raw Angular Rate Datéb)
FilteredAngularRateData withWindow-size = 100 (Mean= 0.01, STD=0.44)

The mearand standard deviation of all five stationary baseline tests are summarized

in Table 2-3. Since therewas no significant difference inhe mean and standard

deviationvalues among #setests, it can be concluded that the MEMS gyroscope did

not show any kind of permanent shift in its outpue to shorterm thermal cycle

exposure during stationary thermal tests.

Table2-3: Mean and Standard Deviationfilve Stationary Baseline Test

No Tests Mean (°/s) Standard0 Deviation
(/s)

1 First stationary baseline test 0.01 0.44

2 Second stationary baseline te| -0.01 0.48

3 Third stationary baseline test 0.01 0.45

4 Fourthstationary baseline test 0.01 0.46

5 Fifth stationary baseline test 0.01 0.45

2.3.2.Rotary Test Results:

The baselie and thermal tests conducted for rotary test were identical tuateire

and thermal tests conducted tbe stationary testexceptthatthe MEMS gyroscope
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was subjected to a usifg0 a presise aumtahlellnmmeal r ot at i
applicatiors, a MEMS gyroscope is always subjected to -stationary condition.
Thus, the rotary test conditios simulate thereal usage condition of a MEMS

gyroscope better than stationary test condgion

First, the rotary baseline test was conducted to observe the gyroscopedowitpgit

60 /s angular rotati on Figue2-i8clmwsthe MEMS er at ur e
gyroscopeoutput for the first 10,000 angular velocity measurements at room
temperature conditiorRlot-(a) and plot(b) in Figure2-18 show raw and filtered data

of angular velocity duringhe first rotary baseline testThe mean and standard

devi ati on of raw dat a f or t he first rotar

respectively.
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Figure2-18: First RotaryBaselineTestResult (a) Raw Angular Rate Datéb)
FilteredAngularRateData withWindowsize = 100. (Mean= 59.87, STD= 0.84)

After the first rotary baseline test, the MEMS gyroscope sensor was then subjected to
five ther mal cy c | €&igure 2-XY9smows 2iBee diffetrerd plods5 C.
representingraw angular velocity data (plga)), filtered angular velocity with

windowsize 100 (plab)), anddie temperaturéplot-(c)).
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Figure2-19: Rotary Thermal Test Results from 25°C to 85°CRayv Angular Rate
Data; (b) Filtered Angular Rate Data with Window size = 100; (c) Die Temperature

When raw angular velocity data (pi@)) is compared with die temperature (glo)),
performance variation due to temperature change 26t to 85°Gs less apparent.
However, after filtering the raw angular rate data, the effect of temperature on an
increase in bias is visibl@as shown in ple{b). Since the MEMS gyroscope uses
internal temperature calibration to compensate temperdapendent bias fro -

40°C to 85°C only a small increase in temperatulependent bias was observed
from 25°C to 85°C The observed temperature dependent i€ O / s angul ar
rotation was within @ /s fr om 2,5which agreed \@BwAtIC the
manuf act ur er @mperawira gbipe Jlias diemperature coefficient =
0. 0 0 5. SuchdnAbServation is similar tthe stationary thermal test resditbm

25°C to 85°C This confirms that the MEMS gyroscoperformedwell within the

manuf act ur er 06 $emperaureo iy e ldoth dstationary and rotary

conditions.

The slight increase in the dependent bias appears only when the temperature reaches

its peak value of 85°C. The noise level returns to its normal level when the
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temperature returns to room temperature. Thigmasion suggests that there wenb
any permanent shift or degradation in the MEMS gyroscope output as a results of five
thermal cycles from 25°C to 85°C. Thubge shortterm durability of the MEMS

gyroscope was preserved durithg rotary thermatest.

Next, the second rotary baseline test was conducted to observe the gyroscope sensor
output at room temperature. The plotFigure 2-20 showsthe sensor output for the

first 10,000 angular velocity measurements at room temperature cosadilibe

mean and standard deviation of raw data for the second rotary baseline test were
59.98 /s and 1.49 /s respectivaeghficant Thi s
shift in the MEMS gyroscope output from the first rotary baseline test.
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Figure2-20: SecondRotaryBaselineTestResult (a) Raw Angular Rate Dgtéb)
FilteredAngularRateData withWindowsize= 100. (Mean= 59.98, STD= 1.49)

After completing the second rotary baseline test, the MEMS gyroscope was again
subjected to a higher temperatua@ge The MEMS gyroscope was subjected to five

thermal cycle from2 5 C t .0’heXe®uli of therotarythermal testfron2 5 C t o

1 2 5areShown inFigure2-21.
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Figure2-21: Rotary Thermal Test Results from 25°C186°C: (a) Raw Angular Rate
Data; (b) Filtered Angular Rate Data with Window size = 100; (c) Die Temperature.

Looking at the plo{a) of Figure 2-21, it can be conclded that the noise level

increased wittanincrease in temperature. After filteritige angular velocity data, an

important phenomenon was observed. fiptshows that temperaturelependent

bias was increased with the increase in temperdtugeessatial to notice that there

was a sudden change in temperatlependent biathat occurred when temperature

went above 85 C. This bias wsneethe MEMSr el at ed
gyroscope wasotated ataconstantt 0 / s a n g duriraythe test The biaso n

again returned ttsn o r ma | value with the teSugher atur e
behavior of the MEMS gyroscope wsisnilar tothestationary thermal test frodd5 C

to 125 C

It wasalso observed that all five thermal cycles reslitea similar increase irthe
temperaturaependent biasNo evidence of permanent degradation or hystevesss
observed.Table 2-4 shows the temperatudependent bias for each thermal cycle.

The average biasas3 . 26 [/ s.
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Table2-4: AngularVelocity andTemperaturd®ependenBias ofFive Rotary

ThermalCycles from 25°C to 125°C.
Observed Angular Temperature
Temperature Cycle Velocity (Deg/s) Dependent
At 125 e Bi as

First cycle 63.3 3.3
Second cycle 63.4 3.4
Third cycle 63.3 3.3
Fourth cycle 63.2 3.2
Fifth cycle 63.1 3.1
Avg. 63.26 3.26

Similar to Gyroscope Unif, the remaining eight gyroscopes also showed similar

behavior when subjected froE5°C to 125°CGat6 0 / s an g.éhbummaryrobt at i on

theaverage temperatuaependent bias of all nine gyroscopes fil2BAC to 125°ds

shown inTable 2-5. The calculated average temperatdependent bias for all nine

gyroscopes wa8.27 [ s

Table2-5: Average Temperatwd@ependent Bias of alliNe Gyroscopes from 25°C
angul ar

to 125AC during 60
Average
Gyroscope Temperaturg

Dependent Bias

( I's)
Uniti A 3.26
Uniti B 3.27
Uniti C 3.28
Uniti D 3.30
Uniti E 3.27
Uniti F 3.26
Uniti G 3.26
Uniti H 3.25
Uniti | 3.28
Average 3.27

Similar to a stationary thermal tes

very interesting behavior of the MEMS gyroscope. Since all nine MEMS gyroscopes

tfrod5 C t othe ab@8vB resliltandicate

!/ s

showeda similar increase in temperatudependent bias fro@5°C to 125°Cat6 0
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angular rotation A temperature compensation algorithm can be deeddp
compensate fathe temperature effects on the MEMS gyroscope up t¢@2Boing

so, the MEMS gyroscope can be used for applications @pnax temperature of

125°C without losing its performance.

After completing the rotary thermal test from 25°C to 125°C, a third rotary baseline

test was conducted to observe the gyroscope sensor output. The Filgare2-22

showsthe sensor output for the first 10,000 angular velocity measurements at room
temperature conditian The mean and standard deviation of raw data for the third

rotary baseline testwele9. 92 /s and O0.82 [/ s, respecti ve

was not any significant shift in the MEMS gyroscope output from the first and second

rotary baseline tests.
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Figure2-22: Third RotaryBaselineTest Result (a) Raw Angular Rate Dgtéb)
FilteredAngularRateData withWindowsize = 100. (Mean= 59.92, STD= 0.82)
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After completing the thirdrotary baseline test, the MEMS gyroscope was again

subjected tan evenhigher temperate. This time, theéhermal cyclingtemperature

rangewas r ai sed t o 25 drotarptheinalOestGrom 3 h€ trtesul t
1 5 0 is Ghown inFigure 2-23. Plot-(a) and ploib) of Figure 2-23 indicate a
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significant increase in the temperatidependent biasfromo 25 C.Durieg 150
the temperature increase, it was observed that the angltzoity output of the
MEMS gyroscope initially incrased and then started to desceatdthe peak
temperature. Such behavior tfe MEMS gyroscope was identical for all five
temperature cycles frodd5 C t .dt wds&sd noiced that the MEMS gyroscope

did not show any kind of permanent shiftits output due to exposure to thee
thermal cycles witta 1 5 0 pe&k temperaturdhe output of the MEMS gyroscope
again returned taots normal value along with a decrease in temperature to room

temperature @nditiors.
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Figure2-23: RotaryThermalTestResults from 25°C to 150°Ga) Raw Angular Rate
Datg (b) Filtered AngularRateDatawith Window size = 100; (cPie Temperature

After completing the rotary thermal test from 25°C to 150°C, a fourth rotary baseline
test was conducted to observe the gyroscope sensor output. The Filgure2-24
shows sensor output for the first 10,000 angular velocity measurements at room
temperature conditian The mean and standard deviation of raw data for the fourth

rotary baseline test were 59.99 /s and
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was not any significant shift in the MEMS gyroscope output due to dbanm

elevated temperature exposure from previous rotary baseline tests.
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Figure2-24. FourthRotaryBaselineTestResult (a) Raw Angular Rte Data(b)
FilteredAngularRateData withWindowsize = 100. (Mean= 59.99, STD= 1.27)

After completing the fourtirotary baseline test, the MEMS gyroscope was again
subjectedan even to windeemperatureangefrom 25°C to 175°CThe resuk of the
rotary thermal test fror85°C to 175°Careshown inFigure2-25. Herg the effecs of

a decrease irthe MEMS gyroscope output an elevated temperate were quite
significant. It wasalso noticed that the MEMS gyroscope did not show any kind of
permanent shiftn its output due to exposure five thermal cycles witlil 5 0 pe&k
temperatureThe output of the MEMS gyroscope again returned to normal value
along with a derease in temperature to room temperature condit®ach lkehavior

of the MEMS gyroscope wasmilar to stationary thermal test franC to 15 . C
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Figure2-25: RotaryThermalTestResults from 25°C t475°C (a) Raw Angular Rate
Datg (b) Filtered AngularRateDatawith Window size = 100; (cPie Temperature

After completing the rotary thermal test from 25°C to 175°C, a fifth rotary baseline
test was conducted to observe the gyroscope sensor oufigupldt inFigure 2-26
shows sensor output for the first 10,000 angular velocity measurements at room
temperature conditian The mean and standard deviation of raatadfor the fifth

rotary baseline test were 59.79 /s and
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Figure2-26: Fifth RotaryBaselineTestResult (a) Raw Angular Rate Datéb)
FilteredAngularRateData withWindowsize =100. (Mean= 59.79, STD= 1.28)

The summary othe mean and standard deviation of all rotary baseline tests are
summarized inrable 2-6. Since there was no significantfdrence among thenean
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and standard deviation values among these tests, it can be concluded that the MEMS

gyroscope did not show any kind of damage or permanent shift in output due to short

term elevated thermal cycle exposure during the rotary tests

Table 2-6: Mean and Standard Deviation of Rotary Baseline Test

No Tests Mean (°/s) Standard Deviation (°/s)
1 First Rotary baseline test 59.87 0.84
2 Second Rotary baseline tes 59.98 1.49
3 Third Rotarybaseline test 59.68 0.82
4 Fourth Rotary baseline test 59.99 1.27
5 Fifth Rotary baseline test 59.79 1.28

2.4 Conclusions

This study has resulted in many interesting findirigee following conclusiongan

be maddrom this study:

1 A new testprotocolhas been developed for evaluatihg effects of elevated

temperature on the performance oMEMS gyroscopes operatedthin and

beyond

No permanent change or hysteresis in the performance was obsertlezl on

MEMS gyroscope after exposureftee thermal cycles at various temperature

manufacturer 6s

recommended

t empe

ranges during stationary and rotary thermal tests. This was again verified from

baseline tests performed after each thermal test at stationary and rotary

conditions.
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1 A temperaturencrease caused similar performance changehe MEMS
gyroscope duringhe stationary thermal test arttle rotary thermal test over

wider temperature ranges.

1 TheMEMS gyroscope showealsmall increase in temperatudependent bias
when exposed tatemperature rangef 25°C to &°C at stationary and rotary
conditions. Such small increase in the temperademendent bias was well

within the manufacturé s speci fi cati on.

1 There wasa significant increase in the angular velocity measured by the
gyroscge with temperature when the gyroscope was operated frotht@5
125C. This did not correspond to any actual change in the angular velocity
either at stationary or rotatory condit®nFor nine ndividual MEMS
gyroscopes,hte average temperatudependenbias at stationary and rotary
conditiors from 25C to 125C turned out to be 3.28°s and 3.27°/s
respectivelyIf the observed temperatudependent biasom 25C to 125C
wascompensated, the MEMS gyroscope cobklused in applications where

temperatee goes to 125°C.

1 Whena MEMS gyroscope was subjected to 150°C or beyond, it was observed
that the angular velocity output of the MEMS gyroscope initially increased
and then started to descend at peak temperature. Further analysis is tequired
investigate such behavior of MEMS gyroscope at or bey&@iCto enable
the reliable application of MEMS gyroscopein high temperature

environmentsHowever, this wasutside the scope of current research.
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3.Si mul ation of Temper PreumanéEéf ol
aMEMS Gyroscope

3.1Introduction

This chapter describes a method to simulate temperature effects on the performance

of a MEMS gyroscope. Initially, the working principle tife MEMS gyroscope is

described. Based on the characteristic equationwation for a MEMS vibratory

gyroscope, a model is developed to simulate its performance at an ambient condition.
Thereatfter, the effects of temperatagiependent factors are considered to simulate
temperature effects on the performancehefMEMS gyrosc@e. In order to check

the validation of the developed modile experiment is conducted to characterize the

ME MS gyroscopeos perf or mamdcse rweictohmme nd énck
temperature range. In addition, to fitide validity limit of the simulation moel
beyond the manufacties r ecommended temperature rang:¢
also compared with previously conducted experimental results over a wider elevated

temperature range.

3.2Working Principle

A MEMS vibratory gyroscope can be simply visualizedaatwo degreef-freedom
(2-DOF) massspringdamper system as shown Figure 3-1. At the core, it has a
vibrating mass or a proof mass. The prookm& suspended above the substrate by
use of flexible beams, which also work as mechanical springs. The proof mass is
subjected to vibration at resonance frequency by use of an electrostatic force that

causes movement of a proof mass in the drive directhhen the gyroscope sensor

44



experiences an angular rotation, a Coriolis force is induced in the direction orthogonal
to both the drive direction (x) and the angular rotation axis (z). This rotation induced
Coriolis force causes energy transfer betweendtinee mode and the sense mode.
The movement of a proof mass caused by the Coriolis force in the sense direction (y)
is proportional to the angular rotation applied and can be measured with differential
capacitance techniques using interdigitated combtretbes. An example of

schematic view othe MEMS gyroscope that utilizes interdigitated comb electrodes

Sense
direction
(V)

ky

as sense combs is showrFigure3-2.

Angular Z Cy
rotation Proof —
axis mass Drive
direction
\ ()
)!
) T
_ Irame
X
Figure3-1: Schematiof Two Degreeof-freedom (2DOF) Massspringdamper
System
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Drivespring_,ﬂ_ m = "_
T I \_.__':':

Sense axis

Sense spring

Drive axis
Figure3-2: Schematic lllustration of MEMS Vibratory Gyroscope

There are manways to increase device output. One of the ways is to vibrate the
drive and sense mode atesonance that increases the device output and litsnce
sensitivity. On the other hand, increasing device sensitivity makes the MEMS
gyroscope more vulnerable tbe external parameters like temperature, pressure,
vibration, and shock that shift the natural frequemtlyoduce quadrature errors and
alter device outpui36]. Thus, in most of the cases, MEMS gyroscopes are designed
to have sensmode slightly shifted from the driv@ode to improve robustness and

thermal stability.

Various designs have been explored to make MEMS gyroscopes more robust. One
such design is shown Figure 3-3 where two proof masses are placed on either side
and are driven in opposite directions. During rotation, Coriolis force induced on the

two proof masses are also in opposite directions. This special arrangement helps to
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nullify the external inertial inputsaused by undesirable linear acceleration, vibration
and shock. This concept has been widely used in commercial gyroscopes like the
ADIS16250 and ADIS16255

MSense
direction (y)

s 3

M ggillass —/VV_ Proof gs —/V\[— m

[E t . I —[[ direction
Frame ﬂ (X)

L L J

Figure3-3: Two Proof MassspringdamperSystem

3.3MEMS Gyroscope Motion Equations

In order to derive the equation of motion for a MEMS vibratory gyroscope, the
system is represented by a two degreéreedom, masspringdamper system. Since
the gyroscope structure movement is modeled while it rotat@spmmequations can

be represented based on a stationary frame (gyroscope frame) andtatiooary
frame (inertial frame). The maspringdamper system, a gyroscope frame and an

inertial frameis shown inFigure3-4.
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Inertial frame

Figure3-4: Two Degreeof-freedomMassspringdamperSystem Model

The massspringdamper system is initially observed with respect to the gyroscope
frame. Once the motion equations have been established, these equations are derived
with respect to the inertial frame. The equations of motion for the -spass}

damper system with respect to the gyroscope frame can be represented as:

ad G Qe O A

~

a0 OO Qo T B

Where m is the mass of the vibrating structusegnd ¢ are the damping coefficients
in drive and sense directiony land k are the beam stiffness in drive and sense
directions, aand g are the acceleration components apdmnd \, are the velocity
components in the drive and sense directions, respectively asdak electrostatic

force applied by drive combs. If these atians are viewed from an inertial frame,

they can be represented as,
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G O® Qo O+l nw c

G O® Qo canw D

The 2mYT and 2 mYidducad Goriolis heemsWhent thee tgyrosaope

starts vibrating in the drive direction and experiences an external angular rotation,
these Coriolis terms cause dynamic coupling between the drive and sense modes of

vibration, and because of this coupling, the suspended proof meassatabrate in

the sense direction

3.4Simulink Model

In order to calculate the drive and sense comb displacement from the characteristic
eguation of motion, iis necessary to solve equatio@sand D. There are various
methods to solve these coupled differential equations. The one used in this research is
by using Simulink tool.Simulink is a toolbox in MATLAB for analyzing mukHi
domain dynamic system. A Simulink model is developed by rearranging equiations

andF as shown below.

. p . T
w o O camw ww Qw
. p e
w o camw ww Qo

From equation& andF, a Simulink model is developed that is show¥rigure3-5.
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Figure3-5: Simulink Model

To calculate drive and sense displacement for a specific angular rotation at room
temperature through the Simulink model, the values of mass of suspended structure,
stiffness in drive and sense directions, the damping coefficient in drive and sense
directions and electrostatic force are required. In order to calculate these parameters,

equations frontheliterature were used to calculate the value for these parameters.

The mass of suspended structure (M) can be calculaf8d]as

6 0 0 O O G
Where M, is mass of inner and outer frames, M suspension beam mass; M

drive and sense combs mass andshMtch holes mass.
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The drive beam stiffnes&{) and sense beam stiffness (Ky) depend on the gyroscope
design. Based on the configuration of the MEM&ogcope examined in this study,
the following equations were used to calculate drive beam stiffness (Kx) and sense

beam stiffness (Ky):

T O0 O T O0 0 H
a a

Wher e E i s Y ofupolgsificen, timemd tg, Wyd and w, lp; and |, are

thickness, width and length of beam 1 and beam 2, respectively.

From the mass of suspended structiulg @drive beam stiffnesK{) and sense beam
stiffness Ky) calculated previously, drive modeefjuency fi) and sense mode
frequency {)) can be calculated §38]:

o b |

g 0

In order to determine the flow regime to calculate the damping coefficient, the

Kundsen numbeiK(,) can be calculated §36] [37]:

_ Y'Y J
O g0 6 O 0

Where & is the mean f rLei®a chasattdristioléngti die gas
flow, R is a gas constant, T is ambient temperature, D is the diameter of the gas

molecule, N is Avogadro number, and P is ambient pressure.

Based on the values of the Kisen numberk,), the flow regime is determide
Proof mass damping coefficieryoof masy @and comb structure damping coefficient

(Ceomb structurp €an be calculated &36] [37] [39]:
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Where [ is air viscosity, foof massiS Proof mass are&, is the Knudsen number and

h is the gap between proof mass and the substrate.

Q

Where [ is air viscosity, N is the number of combgfsis the comb area,gs the
gap between the comb fingers and Kr i s the

Lo).

The net damping is the summation of dampinghefproof mass and comb structure.
Thus, drive damping coefficien€{;ve) and sense damping coefficie@s{,sd can be
calculated a§36] [37] [39]:

. O 6 M

0 0
The selected device is actuated by electrostatic combs. Thus, net electrostatic force

(Fg) can be calculated §36] [38] [40]:

C YO MO w W N
0
WhereNi s number of the capacitor formed by

0

air, Vyc is DC voltageVac is AC voltage andj is the gap between the comb fingers.
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3.5Simulation Results at Room Temperature

Based on the above parameters, a Simulink model casdzkto calculate drive and

sense comb displacement at room temperature. In many cases, sense combs use
interdigitated comb electrodes to measure a differential capacitance that is directly
proportional to sense comb displacement. This differential capaeit can be
eventually converted with the help of an application specific integrated circuit

(ASIC), to a voltage that is measured from the gyroscope output terminal. The

di fferenti al capaci t ap can beocalculatedpiranc sehsa nce ¢t
displacement af37][39]:

. ia o0 @ o)

Y0 0
Where I's the ppisa ocomh fingew averlgp, t® dombafinger, I

thickness, YensdS a sense displacemeng,igthe gap between comb fingers.

Based in the construction of MEMS gyroscope used in this research, values of t

MEMS gyroscope parameters were calculated from equaGotisoughO . The

calculated MEMS gyroscope parameters are summarizéeihlte 3-1. Using the

Simulink model, drive displacemergense displacement and capacitance chahge
theMEMS gyroscope at room temperature (T=25

calculatedwhich are also shown ihable3-1.
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Table3-1: MEMS Gyroscopeb6s Parameters and Si
ConditonAngul ar Ve lTemperatye 2=5 FF&sure § gtm)

Parameters Calculated values
Mass of suspended structute ( 4" "Q
e
D e ey o
Knudsen numbery( 0.0334
Proof mass damping coefficiert ( 7.61e6 U &
Comb structure damping coefficierit ( 1.37e7 0 ifa
Drive damping coefficientd( 7.75e6 U ifa
Sense damping coefficiend ( 7.94e6 U iT&
Electrostatic force’© 4.36e6 0
Angul ar velocity 60 (1)
Drive displacementi§ 6.39 ‘ a
Sense displacemenb( 6.75 ¢ a
Capacitance chang¥d 7.45e18 (F)

The time domain response of the drive and
rotation and room temperature afeown inFigure 3-6. These results show that the
MEMS gyroscope talkearound5 millisecond to stabilize the outpubf MEMS

gyroscopevhen subjected to 60e/s constant angul
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Drive Displacement (m)
Sense Displacement (m)

1.5 ZTImZeS(SeZz:) 35 4 % X10_3 1 2 Tlmg(sec) 4
(@) (b)
Figure3-6: Displacement of Drive and SenseCommb 6 0e/ s An@ul ar Rot
Drive Comb Displacement (m) vs. Time (s€lg) Sense Comb Displacement (m) vs.
Time (sec)

From the Simulink model, output of the MEMS vibratory gyroscope at different
angular velocitiescan be calculated to determine the scale factor. An example is

shown inFigure3-7, where angular velocity was varied freB0 RPM to +50 RPM.

Changg (0,

. Capacitance
w N L o

|
4 b
-40

-onnngllaor Vei)ocityl(zRPlf/IO)
Figure3-7: Capacitance Change (F) vs. Angular Velocity (RPM)

3.6.Simulation over a Wider Temperature Range

The Simulink model can be used to simulate the temperdapendent characteristic
of the MEMS vibratory gyroscope. In redeyears, studies have been performed to
understand the temperature effects on the
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these studies performed suggest that fluctuation in the ambient temperature of the

MEMS vibratory gyroscope results in a performances Md i [45]. Other studies

suggest that a prime source of temperatlggendent bias in the MEMS gyroscope is

a change inresonance frequencjd6]i [48] and Qfactor [25], [49]. Resonance
frequency is a function of stiffness that
property, Young6s modulus (E) is a functio
of Youngds modul us at di f faace feguencydtihgper at ur
vibrating mass. The @actor is the ratio of loss of energy to the stored energy in one

cycle. A high Q value of an oscillator indicates a lower rate of energy loss relative to

the stored energgnd thus it depends ahe damping codifcient. Thus, different

values of damping coefficients at different temperatures change the Q factor of the

vibrating mass.

In order to simulate the temperature effects on the MEMS vibratory gyroscope, two
factors, found f r ommbdulisanmdadampingeoeffidentcate as Yo

considered in the simulation.

Many different val ues of Youngod6és modul us
literature[50]. In this study, we haveonsideredhevalue ofYoungo6és modul us
pol ysilicon asThdmebhan&® proparties of ysdicon depend on
temperature and it changes significantly at higher temperdag[52]. The relation

bet ween temperature and Youngo6és modulus of

[51] is considered in the simulatiowhich is shown below:

oY O 8z Y Y P
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Young's Modulus (GPa)

WhereEsand Tsar e Youngos modul us (GPa) and tenmn
condi ti on, respectivel y. A is the temperat

whose value is 0.04.

Using the equatio”, Youngods modul us of polysilicon h
to 125eC whi [Eidure3-8s(a). dt s clean that temperature increase of
100eC from 25eC to 125eC resulted reductio
GPa to 165 GPa. Such reduction in the Youl
drive and the sense resonancejdiencies. An example of change in drive resonance

frequeny from O0eC t o FguHed3-8(®B). i s shown in

YOUng'S Modulus vs. Temperature x10° Drive Resonance Frequency vs. Temperature(Deg C)
169 1.405
q
N
1685 \
\\ 14 .\-
168 \ ’g ‘\.\.
1675 \ % \
- N
;%_ 1.395 ‘\.
167 i \
5 "
©
166.5 \ é 189 ‘\!\l
jo)
2
N 2
166 \ 2
\ © 1385 N
165.5 N \
165 4

25 35 45 55 65 75 85 95 105 115 125 138 20 40 60 80 100 120 140

Temperature (Deg C) Temperature(Deg C)

(a) (b)
Figure3-8:(a) Change in Young6s Modulus with Te
(b) Change in Drive Resoance Frequency wi

Damping coefficient deceases with temperature increBserelationship between
damping coefficienand temperaturean beestablishedrom equations< throughM

which is shown blow:
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Where p is air viscosity, foof massiS proof mass aredR is a gas constant, T is
ambient temperature, D is the diameter of the gas molecyis,Aogadro number,

and P is ambient pressute is a characteristic length of floua is the gap between
proof mass and the substrateis the number of combs, /AmpsiS the comb area and

0c is the gap between the comb fingers

An example of change drive dRgue39). from Oe¢

x 10° Drive Damping (Ns/m) vs. Temperature(Deg C)
7.85 - i : )

78

Drive Damping (Ns/m)
~ -~
o ~ ~
(i) ~ (%))

~
2]

7.55
0 20 40 60 80 100 120 140

Temperature(Deg C)

Figure3-9:Change in Drive Damping with Temper ¢

Using theSi mul i nk model , ef fect of change in
coefficient at various temperatures were considered to determine capacitance change

over the temperatures. An example of calculated capacimaitea nge from O0eC
140e C i s Figure310 rBuclh increase in capacitance over the temperatures

was due to | arger displacement of drive ar
modulus and danipg coefficientf r o m 0 e C The trandiefitGespOnse of drive

and sense comb displacement are showkigare 3-11. The magnified view of the
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trarsient response of drive and sense comb displacas&mdwn inFigure3-11-((c),
(d), (e), and(f)), which show an increase in drive and sense displ@ment with
temperature increase frothe C t o. Suchlifcee&se in the drive and the sense

displacement results in higher angular velocity output of a MEMS gyroscope at a

constant angular rotation.
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Figure3-10Capaci t ance Change with Temperatur
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Drive Displacement (m)

(e) ()

Figure3-1. Tr ansi ent Response of the MEMS Gyrosc

from O C t o 14(8)Drve Dispavgment (an}va. Times(s), (b) Sense
Displacement (m) vs. Time (s), (c) Magnified View of Wind¢ay, (d) Magnified
View of Windiw-(b), (e) Magnigied View of Windiw(c) indicates an Increase in
Drive Amblitude with Temperatures, (fJagnigied Viev of Windiw-(d) indicates an
Increase in Sense Amblitude with Temperatures.

In absence of direction correlation between capacitance change and angular velocity
output ofthe MEMS gyroscope, an indirect approach was followed to establish a

correction betweeangular velocity and temperature.

Using the Simulink model, capacitance change was calculated over a wider input
angular velocity of the MEMS gyroscope at room temperature.efample of
capacitance change that resulted from input angular velocity increase frons/§9.5

64.0 s/is shown irFigure3-12.

60



63

62.5 /
62

61.5 /

61 /
60.5

60 /
59.5
7.3 7.4 7.5 7.6 7.7 7.8 7.9
Capacitance Change(f) x 1078

Figure3-12: Capacitance Change dueMariation inAngular Velocity from 59.5 / s
to64 O /s .

Angular Velocity(Deg/s)

Using the interpolationtechnique between the results fréfigure 3-10 and Figure
3-12, a carrelation between angular velocity and temperature was establi&hed
exampleof this interpolation results faemperature increcafeom2 5e C ta 85e C

60 /s an gigshawninHgare3adad i on

Angular velocity vs. Temperature
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It is clear fromFigure 3-13 that the simulated temperattglependent bias turned out
to be 1. 9 daférmance bMEMS gytoscopevas simulated fro2 5e C t o
85eC at 60 / sSimidanlygamwlidertenperaturearangeocan.be also used

to calculate simulated temperatitependent biaatany angular rotation speed.
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3.7 Model Validation

In order to perform model validatioan experiment was conducted to characterize

t he MEMS gyroscopeds maaufattursd smma nrceec omme hde d
temperature range. In addition, to find validity limit of the simulation model beyond

the manufactu® s r ecommended temperature range,
compared with previously conducted experimental results ovesder elevated

temperature range

371.Exami nati on of Mo d el Val i dati on w

Recommended Temperature Range

In order toexaminet he validity of the Simulink mode
recommended temperature rang®1S16250, a singlexas MEMS gyroscope, rated

from-40e C t o was&deet€l for the experiment. ADIS16250 features the same
mechanical structure and package design as previously used ADIS16255 single axis

MEMS gyroscope. Only the major difference between ADIS16250 and Xd2f5

is that ADIS16250 does not feature internal calibration; whereas, ADIS16255
gyroscope output is internally calibrated and compensated withihe (B 5te&y

selecting ADIS16250 gyroscope, it was possible to measure the performance bias due

to tempeature increase within the manufactiress r ecommended t emper at

For the experimen 5¢ @ 85eC t e mper atedifor examirang thee was s
performanceof ADIS16250. This selected temperature range was within the
manufactured s r e ¢ o iemperattlire dange. The angular velocity output of

ADIS16250 was measured at everyel@mperature intervalsfrod5d¢ @ 85e C at
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0 (Om®m),6 0s (10 rpm)1l 2 0(20 rEm) and 4 0 (40 r@m).At each temperature

and angular rotation, the MEMS gyroseop s utomad cpllected for 5 minutes. A

precise turntable was used for subjecting the MEMS gyroscope to constant angular
rotation. In additiona temptronic thermostream unit was usedubject ADIS16250

to controlled temperature conditions fré&b ¢o@ 5e C. The expand i ment al
datacollection procedure were similar as described in chdpter the ADIS16255

gyroscope.

Table 3-2 shows average angular velocity output of the ADIS16250 MEMS
gyroscope fro2 5et@® 85eC at 0, 60, 120 and 240 d
argular velocity measurement 2t5 e<fablishes the baseline for the measurement at

higher temperatures. By subtracting the baseline valve from the measurements for

each angular velocity exposure, temperatiependent bias can be calculatetiich

is shownin Figure3-14.

Table3-2: Avarage Angular Velocity Output of the ADIS16250 MEMS Gyroscope
from 25C to 85C

Tezg‘fgg‘re 0Deg/s | 60Deg/s | 120 Deg/s| 240 Degls

25 (Baseline) 0.85 60.77 120.66 240.41
35 1.18 61.12 121.04 240.81
45 1.49 61.46 121.38 241.16
55 1.79 61.80 121.74 241.54
65 2.10 62.14 122.09 241.91
75 2.45 62.50 122.44 242.24
85 2.80 62.79 122.75 242.55
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From Figure 3-14, it can beobsered that the MEMS gyroscope showadsmall

increase in temperatugependent bias with an increase in angular rotatiors

believed that this was due to an external force, such as centrifugal force, excited on

the proof mass of MEMS gyroscope withe increase in angular rotation. By

subtracting angular velocity measurement2ab e C fr om 85e e measur e
magnituck o temperaired e pendent bias value of ADI S1672

( pF60e Lat 0, 60, 120 and 240 deg/s angular rotatzarsbe calculateavhich is

shown inTable3-3.
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Table3-3: Temperaturedependent Bia¥alueof ADIS16250from2 5 e C t(opT8 5¢e C
=60e ¥at 0, 60, 120 and 240 deg/s Angulait&ions

Angular Rotation (Deg/s) V;ﬁ;g?g’:ég;rggp;gf?? ; 2'5‘1‘2
0O /s Angul a 1.95

60 /s Angu| 2.02

120 [/ s Angl 2.09

240 /s Angul 2.14

From the Simulink model, he simulated temperature bias can be derived by
deducting an angular rotatioti.e,6 0 e / s ) f r ominFiguseBl3 Bhe s how
comparison of simulation and experimental temperadependent biasand its

magnitude 85be@ RFg@&eE3dmandTable3-4, respectively.
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=#-07/s Angular Rotation

500 | 86075 Angular Rotation /
120+/s Angular Rotation
=»-240°/s Angular Rotation
. ——Simulation \///
=125 /;//

=
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N
=

lemperature-depende nt Bias (Deg/s)
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=1 =
th =

\

025 /
0.00 / .

20 25 30 35 4Il] 4I5 SID SIS E:I} EIS 'a'll} '."IS Sll] SIS !-‘rll}
Temperature (Deg C)
Figure3-15: Comparision of Simulation and Experimental Temperatiggendent
Bias of ADIS16250 from 25e¢eC to 85
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Table3-4: Comparision of Simulation and Experimental Temperatiggendent Bis
Valueof ADI S16250 from 25eC to 85e¢eC

Experimental/Simulation Temperature Depenfdent Bia}s
Value (Deg/s)from 25'C to 85C
0 /s Ratgionl a 1.95
60 /s Angu| 2.02
120 [/ s Angl 2.09
240 /s Angul 2.14
Simulation 1.98

Figure3-15 and Table 3-4 showthat simulation and experimental results adesiy

wellwithint he manuf acturer 6s r e cThememainigendall t e mper
difference between the simulation and experimental results is likely due to
unexamined factors, such as CTE mismatch, thermal expansianfugal force et¢

which were neglected toeduce the complexity of the simulatianodel The

simulation and experimental results confim thabung6és modul us and
coefficient are the dominating temperatdiependent factorfor the temperature

dependent bias.

3.7.2.Examination of ModelVal i dati on beyond the M

Recommended Temperature Range

The wvalidity of the Simulink mo d e | out si
temperature range was also evaluated domparing simulation results with

previously conducted experimenat wider temperature ranges. As discussed in

chapter2, the ADIS16255 single axis MEMS gyroscope was subjected to wider
temperature ranges with five thermal cyclemi? 5 C t o 85 C, from 25
from 25 C to 150 C .alhednahmuwdmc®6r €r G0 rledon

temperature rangr ADIS16255 is from-4 0 e C8 5ted@ addition, ADIS16255
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gyroscope alsofeatures internal calibration that compensates amjperature
dependent variation within4 0 e C 8 5 e Therefore when ADIS16255 was
subjectedto five thermal cycles fron2 5 C t, the MEMS @yroscope did not
show any significant increase in temperatdependent bias due to its compensated

output.

When ADIS16255 was subjected to five thermal cycles feolC to 15 , @ was

found that 6r nine ndividual ADIS16255 MEMS gyroscopeshet average
temperaturalependenbiasat stationary and rotary conditio Q arigslar rotation)

from 25°C to 125C tumed out to be 3.28°/s and 3.27%¥sspectively. For reference,

theresult of one of the ADIS16255 gyroscggeor f i ve t her @wl cycl e:
12G@gt 6 0e/ s a msghowndigureB-b6t Ad eachotimermal cycle from

2 et 0 @,2ADI816255 showed significant increase in temperatepgendent

bias whenthe temperature went beyond & or outside the calibration rangend

thus ADIS16255 showed naelinear behavior of temperatutependent bias from

2 ¢ o Q ralefive thermal cycles.
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From the Simulink model, he simulated temperatutke pendent bias from
125eC at 60e/ s an gRgura3fl?. Thesinautatiomrasuliskowss h own i
that when the MEMS gyroscopeesx posed to a temperature r

1 2 5, th&€simulated temperatudependenturned outtobe s 3.. 23 e/ s

Table 3-5 showscomparison of simulation and experimental temperadepgendent

bias value of ADI S16 ZHe Simulatioro and éxf@egn@ntat o 1 2 5 ¢
results agredairly well beyondthe manufactr er 6 s recommended t empe
from2 5 e C tCoThéelsimbilgtion and experimental results confirm thatu n g 6 s

modulus and damping coefficient are the dominatergperaturalependent factors

for the temperaturdependent bias from2 5 e C tCo THe 2é@mgining small

difference between the simulation and experimental results is likely due to
unexamined factors, such as CTE mismaticermal expansigrtentrifugal force et¢

which were neglected to reduce the complexity of the simulation.
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Table3-5: Comparison of Simulation and Experimental Temperatiepeendent Bias
value of ADI S16838% from 25eC to 1

Temperature Dependent Bias
Experimental/Simulation Value (Deg/s)from 25'C to
125'C
Experimental Stationary Bias 3.28
Experimental Rotary Bias 3.27
Simulated Bias 3.23

Whenthe MEMS gyroscope wasubjected to 150°C or beyond, it was observed that

the angular velocity output of the MEMS gyroscope initially increased and then

started to descend at peak temperatBueh behavior othe MEMS gyroscope was

unexpected and it is believed that it was nefated to change in temperature
dependent par ameters such as Youngos mo d
expansion, CTE mismatcktc. Some unknown phenomenon took pléad requires

further research; however, it is beyond the scope of current studys, The

developed Simulink model cannot be used to simull&increasingdecreasing
temperaturalependent bias observed during the experiment when the MEMS

gyroscope was subjected60°C or beyond

The validation approach indicates that the developadulink model fairly well

simulates the temperaturdependent characteristic of the MEMS vibratory

gyroscope The simulation results show good agreement with experimental results

where temperaturdependent bias adhe MEMS gyroscope increase linearly mon

linearly with temperatures within and beyond manufactuee r ec ommended
temperature range. The validation approach also confim¥tbatt n g6 s modul us &

damping coefficient are the dominatingmperaturelependent factordor the
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temperaturaependentbias. Thus,when the valug o f Youngo6s modul us
damping coefficientt different temperatureare known the Simulink model can be

used to simulate the temperatgiependent characteristic of the MEMS vibratory
gyroscopeThe developed model cannm¢ used to simulate decreasing temperature

dependent bias at elevated temperatwvhich is not due to the variation in
temperatural e pendent par ameters such as Young

coefficient.

3.8 Conclusiors

1 With the known value of mass, spriatiffness and damping coefficient in the
drive and sense direction, the characteristic motion equations of the MEMS

vibratory gyroscope can be easily solved by the Simulink model.

1 The Simulink model shows a good correlation with experimental results to
simulate the temperatw@ependent characteristic of the MEMS vibratory
gyroscope. Thughe developed model can be used to ggtreliminary idea
on the behavior othe MEMS gyroscope priotto executing experimental

efforts.

1 Simulation results confimth&foungdés modul us and dampi n
the dominant factors affected by temperature change. It is recommended to
design the structure of the MEMS gyroscope robust enough to have these

factors minimally effect performance thfe MEMS gyroscope.

1 The deeloped model cannot be used to simulate decreasing temperature

dependent bias at elevated temperatubatis not due to the variation in

70



temperatural e pendent parameters such as Youn

coefficient.
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4.Hi gh Temper at ur eSo Rdikelriatba rlattwr e«
Revi ew

Solder joints are a very critical element of electrical and electronic systems as they
provide electrical, mechanical and thermal interconnections and pathways. Many
applications require that solder joints be robust at high teatyes, including

automotive, military, aerospace, and oil and gas exploration electronics, where
temperatures can reach up to 200 C. Eutect
high temperature applications dheefore,o0 its |
high leadbased solders those have high melting temperatures have been used for

these applications. Some examples of high-leeskd solders are 95B8Bn, 93.5Pb

5.0Sn1.5Ag and 95.5PR.0Snr2.5Ag. Although high leadhased solders provide

good ductility and fair wetting ability, high temperature industries requiring high
temperature electronics are looking for an alternative due to health risk, toxicity, high

cost and proposed extensions of ROHS regulation.

Due to the implementation of RoHS régfion that bans use of lead from electrical

and electronic components manufactured for standard temperature use after July 1st

2006, the electronic industries have shifted from eutectic Sn/Pb solder to SnAgCu
solders. Some of the popular SnAgCu soldees SAC105, SAC305 and SAC405

whi ch have mel ting/liquidus temperatures
temperature of eutectic Sn/Pb solder (183
SnAgCu solders presents an opportunity for them to be used for mgiersture

applications. However, further investigation is needed to determine the reliability of

SnAgCu solders under high temperature loading conditions.
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This chapter discusses the effects of high temperature onfrésadsolders,
summarizeshe results of previous studies conducted to assess the high temperature
reliability of SnAgCu solders and presents a possible way to improve the reliability of

SnAgCu solder for high temperature applications.

4.1 Effects of High Temperature on Leadfree Solder

When a leadfree solderjoint is exposed ta high temperature environmerthree
significant changes are noticeable within
reliability. These three significant changes are interfacial intermetallic growth,

coarsening of bulk intermetallics and void formation.

4.1.1.Interfacial Intermetallic Growth

During the reflow pocess, molten soldeeactschemicallywith the substrate and
initiates the growth of thanterfacial intermetalliccompound (IMC)layer. The
formation of this layer is very important for the structural integrityhefsoldergint.

However,excessive growtbf this interfacialMC layer creates reliability concerns.

Many studies have been performed to understand the growtiteofaicial IMC in
various solderg53] [54] [55]. It is known that interfacial IMC layer giowth is a
diffusion-controlled kinetic phenomenon highly dependenttioe temperaturfs6].
Interfacial IMC layers grovever time and growth accelerates at elevated temperature.
The faster growth ointerfacial IMC at high temperaturean adversely impact the
reliability of the solder joints, as it reduces the ductility of the solder joint. Excessive
growth of interfacial IMC layers can thus weaken the interface and promote

interfacial failure. Thus, a thicker interfacial intermetallic poses reliability concerns.
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Many studiesconfirm that individual interfacial IMC layer growth is due to

interdiffusion kinetis as petthefollowing equation57] [58] [59]:
Q Q¢ NOzo
Wheredo is the interfacialMC thickness after reflowD is diffusivity andt is time.

Diffusivity is a temperature dependent process which can be exprassed an

Arrheniustypeequation as follow

... 0
O OQwn Y
WhereDo is thediffusivity constant Q is the activation energyK is Boltzmanrd s

constant, and is temperatee in Kelvin.

In addition to increasing the thickness of interfacial IMC, high temperature exposure
has also been shown to change in the morphology of interfacial IMC. Led%8]al.
examined eutectic SnPbn&5Ag, Sn3.8Ag0.7Cu, and Sn0.7Cu solders at 125, 150,
and 170°C for 500, 1000 and 1500 hours. It was found tiinatscalloptype
morphology observed after reflow was changethy@rtype morphology after high

temperature exposure.

4.1.2. Coarsening of Bulk Intermetallic

High temperature exposure also leads to the coarsening of intermetallic particles in
the solder bulkMost SnAgCu soldes form AgsSn and CgSrs IMC particlesin the

solder bulkafter reflow Figure 4-1 (a-d) shows the results of a high temperature
exposure test in which an R2512 package was reflowed on an ENIG plated board

using SAC305 solder. Due to the presence of gold on the soldeAp8d, IMC

74



were formed along witlAgsSn and CgSrs IMC particlesin a Snrich matrix after

reflow as shown irFigure 4-1 (a). During high temperaturehe coarsening of all

three IMCs can be seen within 100 hours at’C83 he size of all the IMCs further
increased during subsequent high temperature exposure after 1000 hour<Cadsl 85
shown inFigure4-1 (d). The AuSn IMC morphology also changed from an acicular
(i.e., needlgype) structure after reflow to a laminar (i.e., pigtee) structure during
185°C temperature exposure. Similar findings @wSn, IMC growth during
isothermal aging have been reported in literature even at lower temperature. Tian et
al. [60] investigated a ball grid array (BGA) package reflowed with SAC305 solder
on a Au/Ni/Cu solder pad. After reflow, the presencégiSn, CusSns and AuSn

| MCs were found. During isother mal aging ¢
coarsening in AuSnIMC took place and its morphology changed from acicular to

laminar.

HV Wé Mag Det Spoll Tilt |X: 2.6 mm|Pressure —20.0pm—
20.0 kV|10.0 mm 2000x SSD. 5.0 0.0 °Y: 1.3 mm| 83.0 Pa

HV ‘\v‘.'D Ma]g ot Tt X:2.9 mm Pressure —20.0pm— )
20.0 kV 10.0 mm 2000x SSD_5.0 0.0 °Y: 1.7 mm 83.0 Pa
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(c) (d)
Figure4-1: R2512- SAC305 Solder Joint on ENIG Board @fiter Reflow (b) After
100 hours at 18% (c) After 400 hours at 185 (d) After 1000 hours at 185

SnAgCu solder with a high Ag content also produces lAgSn platelets. Kim et al.

[54] investigated SAC305, SAC357 and SAC396 where Ag content varied from 3.0%
to 3.9% by weight. They reported that larygsSn platelets appear in both SAC357
and SAC396 regardless of the substrate materials. pfégence of largé\gsSn
platelets found to be detrimental asacks can easily propagate through;&w
platelets A shift in fracturemode was also observed from ductile to brittecture It

was also recommended that Ag content should be kept beldd ®.2avoid the
formation of largeAgsSn platelets. Based on this finding, for high temperature
applications, SAC305 seems to be preferable to other higher Ag content SnAgCu

solder.

4.1.3.Void Formation

In addition to interfacial intermetallic growth and coarsening of bulk intermetallic,
high temperature exposure also leadght formation of Kirkendall voids at the

interface between the €sin IMC layer and Cu leads or board finisfes] [62]. The
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formation of such voids at the interface can be detrimental to solder joint reliability as
voids significantly reduce the interfacial strength, promoting interfacial failure.
Kirkendall voids form due to the unbalanced interdiffusion of tin empper at the
interface. Cu has higher diffusivity in Sn compared to Sn diffusivity in Cu. Thus,
during migration, vacancies created by Cu atoms are not filed by Sn atoms.
Eventually, these vacancies coalesce and form microvoids at the interface or within
the CuSn IMC layer[61]. In this present work, in addition to Kirkendall vaids
unique kind of voidvasfound betweerthe CusSns IMC layer and solder bulk during

high temperature exposyrehich is discussed in detail in later chapter.

4.2 High Temperature Reliability of Lead-free Solder

This section compiles previous studies on thermal cycling and mechanical shock

reliability of various solders under high temperature conditions.

4.2.1.High Temperature Thermal Cycling Reliability Test

The literature on high tempeture thermal cycling reliability of leafiee solder is
limited. Few studies have examined thermal cycling reliability of solder at where

peak temperature ranges from XB@o 200C [63][64][65].

One of theearliestattemptgo evaluatehigh temperature thermal cycling reliability of
leadfree solder was conducted by the National CentelMfanufacturing Science
[63]. After peforming preliminary assessments on 13 solders, severfrieadolders
were identified for detailed analysis. A variety of components including chip resistors
(0805 and 1206), 20 I/O leadless ceramic chip carrier (LCCC), 80 I/Cthitrguad

flat pack (UrQFP) and 256 I/O ball grid array (BGA) were reflowed using these
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seven solders on FR PWB substrates containing imidazole finish. Thermal cycling
was performed from55 C t o 160 C. Based on the resu
LCCC, it was concluded th&AC405 solder performed as well as or better than

Sn3.5Ag solder.

George et al[64] examined SAC305 and Sn3.5Ag solders under thermal cycling

from-40 C t o itu8 pack&ges in¢lading 256 I/0O BGA, 14® BGA, 100

I/O QFP and chip resistors (1210) were assembled on polyimide board featuring
ENIG and custom Shased finishes. Test results showed that no statistical significant

difference in durability was found tveeen SAC305 and Sn3.5Ag solders.

More recently, Crandall65] investigated four leaftee solders including SAC305

and Sn3.5Ag solders. 23680 QFP and chip resistors (2512) were assemblednon
ENIG finish polyimide boards. Test boards were subjected to two temperature
profiles where the peak temperature exceeded 160°C. It was concluded that SAC305

exhibited superior durability compared t@thther three leafiee solders.

Fromthe above studies, it can be concluded that SAC305 and SAC405 are preferred
candidates for high temperature thermal fatigue performance. However, SAC305
would be a better choice than SAC405 because Kim E4lshowed that formation

of large AgSn platelets detrimental for solder reliability are found in SAC solders
with Ag content greater than 3.2%. This mightdoeason for better performance of
SAC305 than Sn3.5Ag unddre thermal cycling condition reported by Crandiai].

Thus, SAC305 solder seems to be the best pure SAC solder for high temperature

thermalfatigue performance.
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4.2.2.High Temperature Mechanical Drop/Shock Reliability Test

High temperature mechanical drop/shock reliability refers to the mechanical
drop/shock reliability of solder examined after high temperature expo3inee.

majority of the studieperformed to examine mechanical drop/shock reliability of

sol der under high temperature conditions
[66][67][68][69]. The summary of previous studies on meatalndrop/shock

reliability of solder with their findingss summarized iTable4-1:

Table4-1: Previaus Studies of Mechanical Drop/Shock Reliability

Solder,
Researchers Substrate,
Finish, Package

Temperature,

Duration Failure mode Findings

Chongetal. | SAC4050nOSP| 150 C f| Crackwas - For

[66] and ENIG board.| 240, and 390 | found at the SAC405/0SP
FPBGA Package| hours interface joint, the drop
between IMC reliability

and copper degraded more
pad. than 50% after
120 hours at
150 C, 8
severely reduced
to less than five
drops after 240
and 390 hours af
150 C dJ
thicker IMC
growth.

Mattila et al. | CSP 125 C f|Voidassisted | - Significant
[67] (Sn0.2Ag0.4Cu | hours cracking of decrease in drop
bumped) component count was
assembled on side CySn observed after
ENIG and OSP layer thermal aging
FR4 board with exposure.
SAC387 - Presene of
Kirkendall voids
was observed
within CuSn
layer on
component side.
- Drop reliability

79



was decrease by

cracking of
CusSn layer
through
Kirkendall voids.
Peng et al CSPassembled| 1 0 0 C 4 Interfacial Cracking
[68] onbareCuwith |1 25 C u fracture at the through interface
SAC387 1000 hours. interface of region was
150 C u CuSn/CySn dominant.
200 hours. and Kirkendall voids
CusSny/solder were observed i
on the package the CuSn layer
side. but did not
directly
contribute to
drop failures.
Lee et a[69] | BGA with 100 C a Before aging, NSMD and SMD|
electrolytic NiAu| 1 50 C f| for SMD solder
finish assembled| hours configuration, configurations
on OSP finish majority of the show 53% and
FR4 with failure 81%
SAC305 on occurred on the degradation,
NSMD and SMD package and respectively in
pad the board sid drop

configuration.

interfacial
IMCs.

After aging, for
SMD
configuration,
crack
propagated
between
(Cu,Ni)Sr
IMC and
CuwSn IMC
layers on the
board side.

performance
after aging at

1 5 0for600
hours.

For SMD
configuration,
board side IMC
was the weakest]
interface after
thermal aging.
Shift in failure
mode was
observed from
package side
interfacial IMC
to board side

interfacial IMC.

Several conclusions are apparent frim abovemechanicaldrop/shock reliability

studesc onduct ed

mechanical drop/shock load causes brittle fracture at the interfacial IMCs. A thick

after

t e mper. &itsuane foremog;0o sur e
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interfacial intermetallic formed after temperature expopases a reliability risk as it

can significantly reduce drop/shock reliability. A failure can occur by crack(s)
propagating through various locations including solder/IMC1 interface, IMC1/IMC2
interface, IMC2/solder pad interface, within IMC1, within IM@&Ad mixed mode. It

is also found that the presence of Kirkendall voids may expedite the crack

propagation and cause early failure.

Whenleadf r ee sol der is subjected to high temp
formation of thicker interfacial IMCs emtes an even bigger concern for solder

reliability under mechanical shock/drop loading. One of the ways to minimize the
degradation of leaftee solder mechanical drop/shock reliability after temperature

exposure is by suppressing the growth of interfdM&s.

The mechanical drop/shock reliability performance of SnAgCu solders is inferior to
the conventional SRPb eutectic solder. This is due to the fact that SnAgCu solders
have a higher modulus and a longer stress relaxation time compared to conlventiona
SnPb eutectic solder. Though conventionatneutectic solders exhibit superior
mechanical drop/shock reliability, it cannot be used for high temperature applications
due to its lower melting temperature. There is however a lack of documentation of
high temperature mechanical shock reliability of lé@@ solders, especially above

170 C.

As previously discussed in sectigh2.l] SAC305 solder exhibits superidrigh
temperature thermal cycling reliability performance d er max t emper at ur e
and 2IBoWwev& mechanical drop/shock resistance of SnCuAg solders is poor,

especially SAC305. This is a big concern for high gemature applications where
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mechanical drop/shock reliability performance is required. Thus, there is a need for

improving the mechanical drop/shock reliability performance of SAC305.

4.3.A Technique to Improve Drop/Shock Reliability of SnAgCu

Solders

Recenly, many researchers have investigated a unique technique to improve the
drop/shock reliability of SnAgCu solders. This technique features tailoring the solder
interconnect properties by alloying with small amounts of additional elements. A
wide variety ofalloying elements doped in SnAgCu solders have been investigated

including Mn, Ce, Ti, Y, Ge, Bi, Zn, In, Ni, Co €f¢0][71][72].

One comprehensive investigais was performed by Liu and Lgé0] [71] who
studied eflects of various dopants to examine improvement in drop performance.
These dopants include Ge, Ni, Mn, Ce, Bi, Y and Ti alloyed alone or in combination
to SAC105, a low Ag SnAgCu soldéfor comparison, four commercial solders were
also examined includingAC305, SAC387, SAC105 and Sn/Pb eutectic solders.
BGA packages were assembled on electroplated Ni/Au solder pad using commercial
and modified low Ag solders. The number of drops to failure for each solder is shown
in Figure4-2. It can be seen that drop reliability improvement was observed for Mn,
Ce, Bi, Y and Ti dopants where Mn and Ce dopants showed higher improvement and
Mn outperform compared totleer dopants. In addition to the dopant chemistry,
concentration also plays major role. There seems to be an optimum concentration
amount for the dopants to get the best drop performance as indicated with a dotted
line for Mn, Ce and Y dopants shown kigure 4-2. For Mn, the drop reliability

improved with increasing concentration up to 0.13 wt% of manganese. Adding Mn
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concentration beyond 0.13 wt% demsed the drop performance. Similar phenomena
were also evident for Ce and Y dopants. Looking at the drop performance of
commercial solders, high Ag solder including SAC305 and SAC387 performed the
poorest, and SAC105 performance was better than SAC305&8887 but much

lower than Sn/Pb eutectic solders.
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Figure4-2: Drop Test Results of Aseflowed Solder$71] [70]

Many important conclusions can be made fromrasilts published by Liu and Lee

[71] [70]. Clearly, SAC D5 solder has shown better drop performance when alloyed
with Mn and Ce dopants. It was also found that an optimal concentration exists for
these dopants to achieve superior drop performance. SAC305 solder exhibits poorer

drop performance compared to SAGIdblder.

Next section shows the detailed information on the advantages of Mn and Ce dopants

in SnAgCu solders.
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4.4 Advantages of Mn dopant in SnAgCu Solder

Many researchers have investigathd effects of the addition of a small amount of
Mn in various led-free solders. Effects of Mn dopant in lefaée solders have been
summarized for five categories including drop/shock reliability, interfacial IMC

growth, melting behavior, undercooling and mechanical properties.

4.4.1.Drop/Shock Reliability Improvement

Liu et al. [73] [74] examined 0.05 wt% Mn doped in SAC105 under drop test
conditions. Drop test was performed onreowed and various preconditioned test
boards. Compared to SAC105, SAC105+0.05%Mn exhibitezp dverformance
improvement of 20% for aflowed, 50% for thermally aged 100 hours at 150°C,
103% for thermally aged 250 hours at 150°C, and 48% forexpesed to 250

thermal cycles from40°C to 125°C.

Liu and Lee[71] also reported superior drop performance by adding 0.13% Mn in
low Ag SnAgCu solder. Failure analysis of-raflowed Sn1.1Ag0.64Cu0.13Mn

solder interconnectafter drop test revealed the shift in fracture pattern from
interfacial failure to increasing mixdgpe failure mode. It was also suggested that a

shift in failure mode indicates stronger bond strength of the interface.

More interestingly, Liu and Leg'1] [70] found that when 0.085 wt%, 0.13 wt%, 0.16
wt% and0.25 wt% concentrations of Mn doped in low Ag SAC solder was thermally
aged at 150 C for four weeks, hi gher drop

compared to the agflowed condition for all Mn doped solders. It was also suggested
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that drop relialtity improvement could be attributed to softening of solder material

during thermal aging.

4.4.2. Interfacial IMC Growth Reduction and its Possible

Mechanism

Various studies confirm that trace amount of Mn can help to reduce the growth of

interfacial IMCs.

Anderson et al[75] investigated Sn3.7Ag0.6Cu0.3Mn solder on bare Cu under
i sot her mal aging at 150 C up to 1000 hour
effective dopant to suppress the growth of botBStuand CgSry intermetallic layers
during isothermal aging. In additioMn was also able to suppress void formation
and coalescence at the interface betweest@@nd Cu substrate during isothermal
aging. Based on the atomic radius and electronegat&ifyarkenGurry plot was
developed to find substitution capability of MoriCu atoms. Due to the presenceof
higher concentration of Mn within G8n phase and G8n/ CySry interface, it was
suggested that Mn tends to substitute Cu into interfacial IMCs. This substitution
produces increased lattisgrain in the intermetalliayers and reduces interdiffusion

of Sn and Cu to suppress the growth og&uand CgSns intermetallic layers and

also void formation and coalescence at the interface betwe@m@uad Cu substrate.

Liu et al. [73] [74] also found reduction in the growth rate of board side and
component side interfacial IMC thickness of SAC105+0.05%Mn solder under
i sothermal aging at 150 C up to 1000 hours

it was also found that intacial IMC particles for doped Mn solder thickened more
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slowly than SAC105 sol der during 150
reduction in the growth rate of interfacial IMC could be due to inclusion of Mn in the

interfacial IMC layer.

Liu and Lee [71] reported that they observea small amount of manganese
containing particles after reflow near the IMC layer on.$A$0.64Cu0.13Mn solder
joint. As the manganese concentration increased from 0.13 wt% to 0.25 wt%, they
also reportecn accumulation of MrSn intermetallic particles near IMC layer. With
higher concentration of Mn dopant, Sn1.1Ag0.45Cu0.25Mn showed peesEn
MnSnr, intermetallic particles in the solder near the board side interfacial intermetallic
layer. The reason for Mn atoms migration and accumulation near the interfacial IMC

layer in the form of MnSpparticles was not given.

Ghosh et al[76] examined Sn3.64Ag0.7Cu+0Mb solder under isothermal aging at

100 C wup to 200 hours. They reported that

growth of CySrs during isothermal aging.

More recently, Crandall[65] examined Sn2.6%Ag0.8%Cu solder, doped with

0. 05%Mn wunder hi gh temperature isother mal

hours and 500 hours respectively. He found that the growth rate of board side

interfacid IMC was lowest in Mn doped solder compared to SAC305.

4.4.3.Effects on Melting Behavior

Liu and Leg[71] [70] found that addition o& small amount of Mn haa negligible
effect on the melting behavior of SAC105. Though it was demonstrated for low Ag

SnAgCu soldera similar response is expected for additiora@mall amount of Mn
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on the melting behavior of SAC305. This makes Mn dopant more attractive for high

temperature applications.

4.4.4 Effects on Undercooling

Lin et al.[77] studied SAC105, SAC105+0.15%Mn and SAC105+0.50%Mn solders.
They reported that addition of Mn dopant drastically reduces undercooling. The
reported undercooling for SAC105+0.15%MndaBAC105+0.50%Mn solders were

9.5 C and 6.8 C respectively; whereas unde

Similar observation was also found by other researchers. Kim Et8hlexamined
SAC305 and SAC305+0.109n solder. They also found that small addition of Mn

in SAC305 remarkably suppresses the undercooling.

Boesenberg79] conducted a detailed study to examine the undercooling effect of Mn

dopant in SnAgCu solder. He examined 0%, 0.01%, 0.05%, 0.10%, 0.15%, 0.20%

and 0.25% manganese alloyed in Sn3.5Ag0.95Cu solder. He fountielzatdition

of a smallamount of Mn, even 0.01% Mn, significantly reduced undercooling from

12 C to 4 C and remained near 4 C wup to O
was also found that 0.01%, 0.05% and 0.10% Mn showed presence of Ag3Sn blades

or platelets IMCs. Thus, an thmal concentration of Mn exists that suppress the

formation of Ag3Sn platelets in the solders they examined. Addition of Mn greater

than 0.15% in Sn3.5Ag0.95Cu promoted heterogeneous nucleation and limited

Ag3Sn blade formation.
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4.4.5.Effects on Mechanical Progrty

Liu and Leg[71] [70] found no change in hardnesshaflk solder due to the addition
of Mn dopant. Liu et al[73] [74] also reported that addition of 0.05%Mn in SAC105
did not change tensile strength, yield strength and Young's modulus. However, %

elongation oductility was found to be higher for SAC105+0.05%Mn than SAC105.

In contrast, Kim[78] reported that ultimate tensile strength was slightly increased by

doping 0.10 wt% of Mn in SAC305. In addition, they alsmnd significant

improvement in ductility for SAC305+0.1%Mn compare to SAC305. It was also
reported that Mn al so ¢ aus-#mddendrites whicpr eci pi t
was believed to be the reason for higher strengthassignificant improvemenin

ductility.

Lin et al. [77] [80] studied SAC105, SAC105+0.15%Mn and SAC105+0.50%Mn.
With the addition of Mn dopant, they reportededuction inultimate tensile strength
(UTS); however, ductility was improved. In addition, nanoindentation results
indicated that SAC105+0.15%Mn and SAC105+0.50%Mn solders esdilmwver
elastic modules compare to SAC105. It was also indicatectteatuction in edstic

modules of solder might help to improve drop life time.

More recentlyMukherjee et aJ81] [82] investigated timalependent creep response
of SAC105 and SAC105+0.05Mn. They found ttedt the adiion of Mn increases
the creep resistance SAC105 solder by one to two orders of magnitude at the tested

stress levels ofi20 MPa.
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It is clear fromtheabove summary that addition @gmall amaint of Mn in leadfree
solder has positive results on improving the properties of-flead solder. Only
limited studies have been performed to assess reliability improvement on Mn doped
solders. These limited reliability studies have primarily investy&aC105, a low
Ag SnAgCu solder. However, high silver content solders, such as SAC305 and
SACA405, are typically used for high temperature application; it is thus necessary to

study effects of manganese in high silver content solder

4.5 Advantage of Ce dopanin SnAgCu Solder

It has been observed that a minute amount of Ce addition can greatly enhance the
properties of an alloy. Effects of Ce dopant in l@# solders have been
summarized in five categories including drop/shock reliability, interfacial IMC

growth, melting behavior, microstructure and mechanical properties.

4.5.1.Drop/Shock Reliability Improvement

Liu et al. [73] [74] examined 0.02 Wbt Ce doped in SAC105 under drop test
condition. Drop test was perfoed on aseflowed and various preconditioned test
boards. Compare to SAC105AC105+0.02%Ceexhibited drop performance
improvement of 21% for asreflowed condition 223 for thermally aged 100 hours
at 150°C,233% for thermally aged 250 hours at 15040d 6P6 for preexposedo

250 thermal cyckefrom -40°C to 125°C.

Liang et al.[83] investigatedSn2.5Ag0O.5CUSAC2505) alloyed with 0%, 0.03%,
0.05% and 0.1% concentrations of Ce. Drop testing was performedrefioaged

and thermallyaged e st boards at 125 C for 300 hours
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asreflowed boards, SAC2505+0.03%Ce showed the best drop test performance
among all sol der . However, drop testing pe
300 hours, SAC2505+0.10%Ce outpgermed other solders. In addition,
SAC2505+0.10%Ce showed no observable degradation in drop performance after

thermal aging compare to -esflowed condition. 0.03% and 0.05% Ce doped in

SAC2505 also showed better drop performance than SAC2505 after lthgmta

More interestingly Liu and Lee[71] [70] found that when 0.037 wt% Cdoped in

SACl105s ol der was thermally aged at 150 C for
observed for thermally aged compared taefowed condition for Ce doped solder.

It was also suggested that drop reliability improvement could be attributed due to

softening of solder material during thermal aging.

45.2. Interfacial IMC Growth Reduction and its Possible

Mechanism

Wu et al.[84] examinedeffect of 0.25% and 0.50% concentrations of combined Ce

and La dopants in Sn3.5Ag and Sn0.7Cu solders. Sn3.5Ag and Sn0.7Cu solders were

also analyzed for comparison. It was found thataddtion of both 0.25% and 0.50%
concentrations dopants suppressed the growth ggrgand CyuSn interfacial IMCs

in both Sn3.5Ag and Sn0O0.7Cu solders durincg
hours. Addition of 0.50% concentration of Ce and La restttéide lowest interfacial

IMC thickness. It was suggested that the reason for interfacial IMC reduction during

thermal aging was attributed due to fact that Ce and La reacts with Sn near the

interface between solder and¢gSu; IMC and form SA(Ce,La) compound-ormation
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of Sn(Ce,La) compound lowers the activity of Sn at the interface and thus reduces
the further growth of C4bns and CySn IMCs during isothermal aging. This study
di dnot show t h(€ely rcanporind cat theosblder@MC interface.
Howe\er, It was also mentioned that the size of(6e,La) compound would be very

small and accumulation can only be observed under a slow cooling solidification.

Law et al.[85] investigated 0.05%, 0.1% and 0.2%%ncentrations o€ombined Ce

and Ladopants in SAC357 onopper coupons. Thermal aging was performed at

170 C for 100, 200, 500 and 1000 hours. |
showed reduced growth of €ins and CySn interfacial IMCs during isothermal

aging. It was suggested that inhibition of interfathéCs growth in Ce and La doped

solders could be due to lower activity of Sn at the interface due H{f&ha)

compound formation.

Liu et al.[73] [74] foundareduction in the growth rate of board sideerfacial IMC

of SAC105+0.2%Ces ol der wunder i sother mal aging at
selectively etching interfacial IMQayer, it was also found that interfacial IMC

particles for doped Ce solder thickened slower than SAC105 solder disthgC

isothermal aging. It was speculated tlaateduction in the growth rate of interfacial

IMC could be due to inclusion of Ce in the interfacial IMC layer.

4.5.3.Effects on Melting Behavior

Chen et al[86] examined melting behavior of various concentrations of Ce including
0%, 0.025%, 0.05%, 0.1%, 0.25%, #h5and 1.0% in SAC387 solder. With the

addition of Ce doping in SAC387, l i qui ds
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225 C. Thus no significant change in metin

of Ce dopant in SAC387 solder.

Wu et at. [84] also found a negligible effect from the addition of Ce and La on the
melting temperature of Sn3.5Ag solder. The observed melting temperature of
Sn3.5Ag+0.25% (Ce,,ap. nd Sn3. 5Ag+0.50% (Ce, La) wer e

respectively, as compared with 221.4 C fo

Liu and Leg[71] [70] found that ddition of small amount of Ce (0.037 wt%asa

negligible effect on the melting behavior of SACXafder

Above studies show negligible effect of Ce dopant additiorvarious leadree
solders. This makes Ce dopant more attractive for alloying with solders used for high

temperature applications.

4.5.4 Effects on Microstructure

Chen et al.[87] conducted a dailed study to examine the effect of Ce on the
microstructure of SnAgCu solder. They examined 0%, 0.025%, 0.05%, 0.1%, 0.25%,
0.5% and 1.0% concentrations of Ce in SAC387 solder. With the addition biti@e,
dendriterefinement was observed. Further lgas showed that Ce atoms aggregated

on the boundaries of primarf-tin dendrits and formed a welike structure
surroundingb-tin dendrites. Since the atomic radius of Ce (0.183 nm) is around 33%
larger than Sn (0.141 nm), Ce is less likely to play k& o a solid solution
strengthening by replacing Sn atoms. Instead, Ce atoms accumulate at the high energy

region such as the boundaries fin dendrites. Thus, aggregation of Ce on the
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boundaries of primarf-tin dendritewas observed which led to reément of primary

b-tin dendriteduring solidification.

Wu et at. [84][88][89][90] investigded effects of Ce and La on various |degk
solders including SnZn, SnAg and SnCu. They found that the addition of Ce and La
in leadfree solders refinels-tin dendriteand decreases the size of;8g and CgSns

IMCs in solder bulk. Such behavior of Ce and La is due that fact that Ce and La are
active (surfaceactive) elements and they accumulate at the interface of various
phases during solidification. The absorption of these surface active elements
decreases #hsurface energy which reduces the further growth of the interface of
phase during solidification which leads to refinement of the microstructure. In
addition, Ce has higher affinity for Sn than for Cu and Ag in the solder matrix. Thus,
effect of decreasm the size ofb-tin dendriteis more apparent with addition of Ce

and La.

Law et al. [85] investigated SAC357 doped with 0.05%, 0.1% and 0.25%
concentrations otombined Ce and Ldopants They found thathe addition of Ce

and La rtie demdrite dizethe size © dendrites reduced from 10 to 20
microns for SAC357 to 5 to 10 microns for SAC357+0.25% (Ce and La). An
additional phase containing Ce and La was not detected due to the small amount of
dopant and due to its fine dispersion. In addition, they also fobat @.1%
concentration for La and Ce resulted in the best wetting behavior. An excessive
amount of Ce and La concentration (0.25%)erioratedhe benefit of these dopants

on wetting behavior.
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4.5.5.Effects on Mechanical Property

As the microstructure of soldés refined by the addition of Ce dopant, it is foreseen

that mechanical properties will also improve.

Chen et al.[87] examined 0%, 0.025%, 0.05%, 0.1%, 0.25%, 0.5% and 1.0%
concentrations of Ce in SAC387 solder. They found that 0.1%Ce in SAC387 resulted
in the highest @eprupture life. Adding concentration of Ce more than 0.1%
deteriorated creep performance and SAC387+1.0%Ce resulted in the lowest creep
rupture life. The ultimate tensile strength was increased slightly. Ductility was also
increased for Ce concentratidrom 0.025% to 0.25%. However, adding higher
concentration above 0.25% resulted in a significantly lower ductility. Compared to
SAC387, addition of 0.025%, 0.05%, 0.1%, 0.25%, 0.5% and 1.0% concentrations of
Ce resulted in an improvement in elastic modudfisl.2%, 1.8%, 8.9%, 36.6%,

45.8%, and 55.7%, respectively.

Wu et at.[88][89][90] reported that addition of 0.25% and 0.50% Ce and LSni@u,

SnAg and SnZn solders resultedanincrease inJTS of about 23%, 15% and 18%
respectivelylt was also reported that the addition of 0.25% and 0.50% Ce and La to
various solders also resulted in a reduction in the elongation or ductility. Reduction in
elongation or ductility could be due to the fotioa of hard Ce or La bearing
particles. In addition, significant improvement in creep performance was observed

with addition of Ce and La dopants.

Liu and Leg[71] [70] found no change in hardness of bulk solder due to the addition

of Cedopant.
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It is clear from the above summary that addition of small amolu@te in leaefree

solder improves the properties of lefade solder. However, only limited studies have
been conducted to assess reliability improvement on Ce doped solders. These limited
reliability studies have primarily investigated SAC105, a low AAGCu solder.
However, high silver content soldersuch as SAC305 and SAC405, aypically

used for high temperature application; it is thus necessary to study effeCéesirof

high silver content solder.

4.6 Research Gap

The literature cited above suggests that small amounts of Mn and Ce added to various
leadfree solders offer significant improvement in solder properties, thus resulting in
substantial improvement in drop reliability. However, there is a lacksystemat
evaluation of Mn and Ce dopant in SAC305 solder. Since SAC305 solder has shown
superior high temperature thermal cycling reliability, Mn and Ce are the potential
dopants which can be alloyed in SAC305 solder to improve its drop/shock
performance withouaffecting melting temperature of SAC305 solder. If Mn and Ce
dopants also show drop/shock performance improvement in SAC305 solder, a
suitable leadree solder alloy can be available for high temperature applications that
exhibits both high temperatureettmal fatigue and mechanical drop/shock reliability

to replace currently used high lead based solders for applications véthtiop

temperature up to 200°C.
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5,Experi mental Selections

This chapter describes various experimental selections decisioe foadthis
research. After careful literature search of potential dopants, Mn and Ce dopants were
selected to examine in this study. The detail information on solder selection,
component selection, printed circuit board (PCB$ignand fabrication, PCB flew
assembly, test board inspection and printed wirsgembly (PWA)re discussed in

following sections.

5.1Solder Selection

Many SnAgCu based commercial solders are available in the market. Some of the
commonly used SnAgCu based solders include SAC185%%85n1%Ag0.5%Cu),
SAC205 (97.5%Sn2%Ag0.5%Cu), SAC305 (96.5%Sn3%Ag%0.5Cu), SAC405
(95.5%Sn4%Ag0.5%Cu), Sn3.5Ag (96.5%Sn3.5%Ag), Sn0.7Cu (99.3%Sn0.7%Cu)
etc. SNAgCu containing high levels of Ag (viz. SAC305 and SAC405) are known to
exhibit inferior resistace to mechanical loads like shock/drop and vibration. Thus,
SAC105 solder, that contains only 1% of Ag, is recommended for better mechanical
fatigue resistance. However, reduction in Ag content also reduces creep resistance of
solder which compromises iteermal fatigue reliability as SAC405 solder exhibits

far better thermal fatigue reliability than SAC105 solder. Because of these two
extremes, SAC305 solder that contains 3% Ag is considered to be an optimum and
thus became industry standard in applicaiovhere both thermal and mechanical
fatigue resistance are necessary. For this reason SAC305 soldselected as a

baseline solder
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Though SAC305 solder is an optimum choice for combined thermal fatigue and
mechanical shock/drop loading environmentise thermal fatigue resistance of
SAC305 is better than its resistance to mechanical loads, which limit its performance
in harsh environment applications. Thus, the goal of this research is to find a
combination of dopant and its concentration which rasultetter performance than
SAC305 in combined high temperature thermal fatigue and mechanical shock
loading. Based on positive results observed in literature where Mn and Ce dopants
reduce interfacial intermetallic growth during thermal aging and impnoeehanical

drop reliability when added to SAC105 solder, two different concentrations of these

dopants are selected for comparison in this study.

Commercially available SAC305 that contains 96.5% Sn, 3.0% Ag and 0.5% Cu (by
weight) was manufactured forishstudy by Indium Corporation. This paste used no
clean flux, type3 (mesh size325/+500 linegerinch, average size = 36 micron)
solder paste particle size and 89% metal load. Four additional solder pastes were also
used each containing one of two di#nt concentrations of either Mn or Ce dopants

in SAC305. For manganese doped SAC305 solders, the two different concentrations
of Mn dopant were 0.05% and 0.17% by weight. While for cerium doped SAC305
solders, the two different concentrations of Ce dopaere 0.07% and 0.13% by
weight. These four custom pastes also used no clean flux;3typgesh size-
325/+500 linegperinch, average size = 36 micron) solder paste particle size and 89%

metal load which was same as SAC305 baseline solder.
In summary, flowing five solders were considered for comparison in this study:

(1) SAC305
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(2) SAC305+0.05%Mn
(3) SAC305+0.17%Mn
(4) SAC305+0.07%Ce
(5) SAC305+0.13%Ce

In order to simplify further discussion, the selected solders in this study will be

labelled as shown below:
(1) SAC305(SAC305)
(2) Low Mn (SAC305+0.05%Mn)
(3) High Mn (SAC305+0.17%Mn)
(4) Low Ce(SAC305+0.07%Ce)

(5) High Ce(SAC305+0.13%Ce)

5.2, Component Selection

It is known that the amount of time a solder joint takes to fail depends on package
type (i.e. leaded or leddss), package sidee. big or small) packagdead material,

and packagéead finish. Based on packafgad material and packadgad finish, the
interface between solder and package results in different kinds of interfacial
intermetallic layers after reflow that havefdient effects on the tir®-failure for a
solder joint. Thus, in order to have comprehensive understanding of the correlation
among type of interfacial IMCs at package/solder interface, package size, solder
material and their effects on solder reliapiliive package types were selected in this

study.
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These five packages were a gilad packi 256 (QFP256), two quaftat no-lead
package types (viz. 44 pad (QFN44), and 32 pad (QFN32)), and two surface mount
resistors (viz.2512 (R2512) and 2010 (R201@). five packages were dummy
components used for solder evaluation purposes. QFP256, QFN44 and QFN32
feature daisy chained dummy die inside the package to simulate a functional die in a
real package and are used in the electrical and electronic industrisler to
measure resistance continuity during solder testing. The-Z8B6P QFN44 and
QFN32 leads were also aligned with copper traces on the board to form continuous

circuit path.

The QFP256 package has gullwing leads made of copper and plated wightima
finish. During reflow, the matte tin finish dissolves in the solder which then forms a
tin-copper interfacial intermetallic between the copper base metal of the gullwing
lead and bulk solder. QFN44 and QFN32 packaipesot have protruding leadsit
feature a big pad at the center underneath the package and many small terminal pads
on the periphery of the central pad made of copper and plated with matte tin finish.
Similar to QFP256, during reflow, QFN44 and QFN32 formcwpper interfacial
intermdallic layers between the copper pads and bulk solder. R2512 and R2010 have
nickel terminals plated in matte tin. During reflow, both resistors form niakel
interfacial intermetallic layers between the terminal pads and the bulk solder, which is
different from QFP256, QFN44 and QFN32. More details on these packages are

summarized imMable5-1.

Depending on package type, package siaekagdead material and packatgad

finish, packages were expected fail at different time intervals. QFP256 features
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gullwing leads which minimize stress and strain on the solder joint due to its
compliance behavior. QFN44, QFN32, R2512 and R2010 lack any protruded lead and
thus causehe solder joint to experience more stress and strain compared to leaded
package like QFP256, which results in early solder joint failure. More specifically,
QFN44 and QFN32 packages were bigger than R2512 and R2010 packages and
featured smaller solder wohe per solder joint. It is thus expected that QFN44 and

QFN32 packages will fail more rapidly than R2512 and R2010 packages.

Table5-1: Details on various package types selected in this study

Package Type QFP256 QFN44 QFN32 R2512 R2010
100TH OF AN INCH
34506 8 9
1 2 3 4
Package
Image
Length 28.00 7.00 5.00 6.35 5.08
(. mm)
Width 28.00 7.00 5.00 3.20 2. 54
(. mm)
Thickng 3.93 1.00 1.00 0.65 0.56
(. mm)
# of p 256 44 32 2 2
Pitch 0.4 0.5 0.5 - -
(. mm)
Lead/ pad . .
mat er i Copper Copper Coppe Ni ckel Ni cke
Lead/ pad Matte ti Matt e Matt e Matt e Matt e
pl atin
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5.3 Printed Circuit Board (PCB) Design and Fabrication

A schematic and layout for the printed circuit board (PCB) was created using KiCAD
opensource softwareDue to space constraints, fewer large QFP256 packages were
used on the test board than for the smaller QFNs and resistors. The PCB layout
consists of two QFP256, eight R2512, eight R2010, four QFN44 and four QFN32 as
shown in Figure 5-1. Each package was connected with a separate daisy chain
configuration to a common ground forming 26 individual daisy chained connections
on each test board. All packages were placetherprimary side of the PCB only.

The secondary side of the board features via and copper traces for the circuit
connection. For QFP256, QFN44 and QFN32 packages, test pads were placed near
each side of the package to identify the location for a soldarfglure after testing.

The PCB layout was designed with redundant common grounds such that any
package can be removed from the PCB without affecting circuit continuity of other
packages on the board. 14 Aaated mounting holes with diameter of 0.12&re

added on the border of the PCB board. These mounting holes facilitate assembling
two 0.25" thick aluminum frames attached together on top and bottom side of the
PCB with 14 nuibolt assemblies. These aluminum frames provide additional rigidity
to thePCB to increase its reliability under harsh environment testing which was also
representative of field condition usages of electronic assemblies in harsh environment

applications. An additional 28 neiated drilled holes were placed near the
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monitoring wre region to facilitate the attachment of monitoring wires with a strain

relieving mounting system.

Figure5-1: Printed Circuit Board Layout

The goal of this study was to examine solder performance under harsh environments
including high temperature aging and mechanical shock. Since high temperature is a
concern for PCB material, it was thus necessary to fabricate the PCB with a polymer
featurng high resistance to thermal degradation under high temperature. Polyimide
was selected as the PCB fabrication material due to its higher glass transition
temperature (Tg) of 260 € PCBlaypu filessdn t o
Gerber format were sed the PCB manufacturer for fabrication. The PCB was
constructed from two layers of polyimide board and then plated with electroless
nickel immersion gold (ENIG) finish. ENIG was selected as the solder pad finish due
to its success in literature as afdion barrier to minimize the growth of board side

interfacial IMC during thermal aging and thermal cycling. The schematic of
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polyimide PCB layers is shown iRigure 5-2. The primary and secondary side of

fabricated PCB is shown iigure5-3 andFigure 5-4, respectively.

ENIG

Cu

Polyimide

Cu
ENIG
Figure5-2: Schematic of PCB layers
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Figure 5-4. Secondary side of PCB



5.4 Printed Circuit Board (PCB) Reflow Assembly.

PCB reflow assembly was carried out by Schlumberger Technology Center in Sugar
Land, TX, using stencil printing to apply the soldessteaand a pick and place
machine for accurate package location. A CAD simulation of the PCB assembly,
shown inFigure 5-5, was developed to verify the placement of all packages on the

board.

I-_';H LIy QHIHIHIHI HILJ

Figure5-5: A CAD Simulation on PCB Assembly

There were 110 PCB bods which were assembled with five solder pastes that
include SAC305,Low Mn, High Mn, Low Ce and High Ce 22 boards were
assembled with each solder paste icoavection reflow ovenThe norcommercial

solder pastes that were doped with Mn and Ce traoseelts do not have an optimum
reflow profile. However, the amount of Mn and Ce trace element in SAC305 is low
enough that it has negligible effect on the melting temperature range of SAC305 base
materi al (217 C [B19 corfirn® th&l when $E105 €lonaAgu r e
SnAgCu solder) was doped with various concentrations of Mn and Ce (0.10%Mn,

0.13%Mn, 0.16%Mn, 0.02%Ce and 0.037%Ce), the melting behavior of modified
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SAC105 solders in comparison to SAC105 were unaffected. All five solder pastes

were refowedvi t h a peak temperature between 245
profile provided by Indium Corporation as shownHigure 5-6 for the reflow of

lead free SnAgCu sder paste with melting point approximately around Z17The

assembled PCB after reflow is shown Figure 5-7. An enlarged view of each

package type is shown with scaleFigure5-8.
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Figure5-6: A General Guideline on Reflow Profile for SnAgCu Soldgindium
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Figure5-7: Assembled PCB after Reflow

105



QFP256

nnnnnn

U

Figure5-8: An Enlarge View of Each Package Tymdter Reflow Assembly

5.5Test Board Inspection after Reflow Assembly

All 110 test boards were first visually inspected after reflow assembgnfpomissing

packages or misaligned packages. No such abnormalities were found. Test boards

were then inspected for continuity by probing with a multimeter. During this exercise,

it was found that QFP256, QFN44, QFN32. R2512 and R2010 packages resulted in

0.0 Y, 1.0 Y, 0.8 Y, 0.35 Y, and 0.33 Y c
assembly. All test boards were also inspected usinayXor the presence of voids. A

sample Xray image for all package types is showrFigure5-9. It was found that

the void percentage for all packages was less than 25%, meeti#g-&20D voiding

acceptability criterid92].
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Figure5-9: X-ray Image of Each Package Types

5.6.Printed Wiring Assembly

In order to completdast stage ofthe board assemblyrocess, test boards were

mounted iRbetween top and bottom aluminum frames with1l4 nuts and bolts, as

shown inFigure 5-10 and Figure 5-11. High temperature Teflon coated wires were

used for irsitu resistance monitoring dog test. A strain relieving mounting method

was used to attach monitoring wires to the test boards to minimize any additional

stress

and

strai

n duri

ng test.i

ng.

Eut ecti

used to attach monitoring wires to ENIG platplateethroughholes (PTH) on the

test boards. The other end of the monitoring wires was connecte® Donnector

which was later connected to a data collection system fsitunmonitoring. Glass

107

c



tape was used to secure the monitoring wires whisb provided wear and tear
protection during testing. Finally, the monitoring wire region was potted with an
epoxy on primary (top) and secondary (bottom) side to provide additional rigidity to

monitoring wires during testing.

Top Frame _‘1' Potting Material

Iﬂ'gh Temperature Wires

.'3./ == - — .,’. S - . - 5 s roomn

Blot (Total #14) High Temperature Glass Tape —‘_;\/(/ (

Figure5-10: Primaryside of Assembledest Board
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Bottom Frame

‘.’ ’ - o - g o . X - 4 7 'y f
) ?, Nut (Total #14) —2
Figure5-11. Secondanside of Assembled Testoard
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6.Design of Experi ment, Test Equ
Syst ems

The design of expements matrix, test equipment, and monitoring system were
designed for the investigation and assessmethefreliability of leadfree solders
exposed to high temperatureetimal stress (viz. isothermal ag)ngnd mechanical
stress (viz. mechanical shqakith the goal of determining the most reliable solder in
these environments. SAC305 solder is known to perform well in thermal fatigue but
suffers under mechanical loads, and thus the goal here was to find a combination of a
dopant and its concentratioimnat when added to SAC305 will result in better
performance under both high temperature mechanical stress loading. Two tests were
thus developed for this purpose. The first test was a high temperature isothermal
aging test and the second test was religbtest utilizing mechanical shock stress

conditions.

All solder pastes used in this study were -eotectic solders with melting
temperature ranges between ~217 C and ~220
above 150AC were sel ec) hk sqevtionzof thds&8 5 C ar
temperatures was based on field conditions observed in high temperature applications

such as oil and gas wedlrilling where electronics can be exposed to such high

temperatures during operations.

6.1Aging Test

The isother mal aging test was conducted at

aging test temperatures were very <close t
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~220 C) of the selected solders. The
operating tempature of solder in Kelvin scale to the melting temperature of solder in
Kelvin Scale), at 185 C andy 2:6%0.985 arido r
Th (207 @P65 respectively (Note: Due to onset of melting at the liquidus
temperature of Z1. C, It was considered as the
solders the homologsutemperature calculationpue to such high homologous

temperatures, significant diffusion and formation of thick interfacial IMCs were

expected in the solder joint.

6.1.1.Design of Experiment (DOE) for Aging Test

The purpose of the isothermal aging test was to determine the growth of interfacial
IMCs for selected solders. Out of five package types selected in this study, three (viz.
QFP256, QFN44 and QFN32) had copper lpad/plated with matte tin finish and
soldered to ENIG plated board. During reflow, these package types resulte¢sim Cu
based interfacial IMCs on the component side an@mMbased interfacial IMC on the
board side, which grew further during isothermaingg Two package types (viz.
R2512 and R2010) had nickel terminals plated with matte tin finish and soldered to
ENIG plated board. During reflow M8n based interfacial IMCs form on both
component and board side on resistor packages, which also grew fduttireg
isothermal aging. This study captured the growth ofSBuand NiSn interfacial

IMCs on component side and -Snh interfacial IMC on board side from selected
package types. In order to have optimum package types for analysis to cover all
interfacid IMCs of interest, QFN44 and QFN 32 packages were selected for the aging
test to be representative of Gm interfacial IMCs on component side and 3y
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interfacial IMC on board side, while R2512 package was selected for aging test to be

representative dfli-Sn interfacial IMCs on both component and board side.

Six aging time intervals were selected for each of the two aging tests. These intervals
were 0 hour (baseline), 100 hours, 200 hours, 400 hours, 600 hours and 1000 hours.
Time=0 (0 hour) conditiorafter reflow assembly was used as a baseline for both
aging tests. The design of experiment (DOE) for the isothermal aging test is shown in
Figure 6-1 and Figure 6-2. Two solder joints for each selected package types at

various aging intervals were examined for IMC thickness measurement.

Aging Temperatures: 185°C and 200°C
Package Types: QFN44, QFN32 R2512
Solders: SAC305, SAC305+0.05%Mn, SAC305+0.17%Mn, SAC305+0.07%Ce, SAC305+0.13%Ce

I
v v v ! v v

0 hr (Baseline) 100 hrs 200 hrs 400 hrs 600 hrs 1000 hrs

Figure6-1: Design of Experiment (DOE) for Aging Test

Baseline 185 Deg C Aging 200 Deg C Aging
Package Solder
Type 0 Hr 100 Hrs | 200 Hrs | 400 Hrs | 600 Hrs | 1000 Hrs | 100 Hrs | 200 Hrs | 400 Hrs | 600 Hrs | 1000 Hrs
SAC305 X X X X X X X X X X X
Low Mn X X X X X X X X X X X
QFN44  High Mn X X X X X X X X X X X
Low Ce X X X X X X X X X X X
High Ce X X X X X X X X X X X
SAC305 X X X X X X X X X X X
Low Mn X X X X X X X X X X X
QFN32 High Mn X X X X X X X X X X X
Low Ce X X X X X X X X X X X
High Ce X X X X X X X X X X X
SAC305 X X X X X X X X X X X
Low Mn X X X X X X X X X X X
R2512  High Mn X X X X X X X X X X X
Low Ce X X X X X X X X X X X
Hich Ce X X X X X X X X X X X

Figure6-2: DetailedDesign of Experiment (DOE) for Aging Test
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6.1.2.Test Equipment and Measurement Systems for Aging Test

Two Despatch benchtop convection ovens were used to conduct isothermal aging
tests. One benchtop oven was programmed t
programmed to run at 200 C, each for 1000
assessed for tempeuad stability by placing three thermocouples inside each oven for

two days (48 hours). Temperature data were collected at every 30 seconds using an
Agilent 34970A multiplexer unit. It was found-Bitu temperatures for both ovens

were within the range of OC and +2 C of the targeted te
9701A standard guideline for isothermal aging {88{. Prior to aging, samples for

each selected package type were carefully removed from the test boards using a
diamond circular saw and then placed in various containers labeled with aging time

interval for aging test. Since samples were separated from test boards prior to aging,

no in-situ monitoring was performed for these samples during isothermal aging test.

6.1.3.Crosssectioning, ESEM, IMC Measurement, EDS and WDS

Procedure

After removing samples at various time intervals from aging tests, samples were cold
mounted in 1.25" diameter cups with mixture of epoxy resin and epoxy hardener.
Samples were then removed franounting cups and manually ground on 240, 400
and 600 grit silicon carbide grinding papers until an area of interest was reached.
After ensuring the surface was free of voids and large scratches, samples were
prepared using Buehler Automet 250 aptdisher which can hold up to six samples

at once. Based on many trials, two different polishing methods were developed for
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QFNs and resistors. Step by step procedure of polishing steps for QFN44 and QFN32

is shownin Table6-1, and for R2512 is shown ifiable6-2.

Table6-1: Polishing Stepfor QFN44 and QFN32

o ' Time Load Base Head | Base and '
Polishing Material . Speed | Speed Head Fluid
(mins) | (Ibs) oo
(rpm) (rpm) | Direction
800 Grit Adhesive SiC Papg 5 1 150 50 cw Regular
Water
1200 Grit Adhesive SiC 5 1 150 50 cw Regular
Paper Water
Ultrasonicfor 10 minutes
3 um Diamond Suspension
(Glycol Based Deionized
Polycrystalline) 4 1 100 50 cw Water
(Polishing Cloth: FinalA)
Ultrasonic for 10 minutes
1 um Diamond Suspension
(Glycol Based Deionized
Polycrystalline) (Polishing 4 ! 100 50 cw Water
Cloth: FinalA)
Ultrasonic for 10 minutes
0.05 um Colloidal Alumina Deionized
Suspension 2-3 1 100 50 cCcw Water
(Polishing Cloth: Final)
Ultrasonic for 10 minutes
Table6-2: Polishing Steps for R2512
o _ Time Load Base Head | Base and .
Polishing Material . Speed | Speed Head Fluid
(mins) | (Ibs) L
(rpm) (rpm) | Direction
800 Grit Adhesive SiC Pape 5 1 150 50 cw Regular
Water
1200 Grit Adhesive SiC 5 1 150 50 cw Regular
Paper Water
Ultrasonic for 10 minutes
1 umAlumina Suspension Deionized
(De-Agglomerated) 4 1 100 50 Cw Water
(Polishing Cloth: Spe€loth)
Ultrasonic for 10 minutes
0.3 um Alumina Suspensior Deionized
(De-Agglomerated) 4 1 100 50 CwW Water
(Polishing Cloth: Spe€loth)
Ultrasonic for 10minutes
0.05 um Colloidal Alumina Deionized
Suspension 2-3 1 100 50 CcCcw Water
(Polishing Cloth: FinalA)
Ultrasonic for 10 minutes
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After completion of grinding and polishingll samples were analyzed using an
environmental scanning electron microscope (ESEM). For QFN44 and QFN32,
around 10 images for each solder joint on each samples were captured at 2500x
magnification. Due to large solder joint area, 10 images for eaclersmoht on

R2512 samples were captured at 2000x magnification. These images captured the
entire interfacial IMCs on component and board side of a package and later were used
for determining an average interfacial IMC thickness. All 10 images were aisttef
measurement to capture thickness variation across the interfacial layer. Two image
processing software packages, Imdgand XTDocument, were used for calculating
average interfacial IMC thickness. Using the software, the total area of an interfacia
IMC was measured first and then divided by horizontal distance to calculate an
average interfacial IMC thickness. A total of 20 measurements were obtained and
averaged to get the sample average interfacial IMC thickness. Standard deviation of
these 20 masurements was also measured to find the variations among the total
measurements. Apart from an average thickness of interfacial IMC, wavelength
dispersive spectroscopy (WDS) and energy dispersive spectroscopy (EDS) analysis
were also performed to confirthe stoichiometric composition of interfacial IMCs

and to study the distribution of dopants within solder bulk and interfacial IMCs.

6.2 Mechanical Shock Reliability Test

This test was selected to evaluate mechanical shock reliabilitye e€lected solders.

In order to study the effects of high temperature isothermal aging on the mechanical
shock reliability of solders, mechanical shock was performed oaged and
thermally aged test boards.
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6.2.1.Design of Experiment (DOE) for Mechanical Shock Test

Two temperatte intervals and three time intervals were used for mechanical shock
testing. These two temperatures were 185 C
the three time intervals were 0O hour, 400 hours and 1000 hours. 0 hour (Time=0)
condition represents teboards after reflow. It was decided to test two boards per
solder for every selected interval. This means, a total of 50 test boards (two boards
per solder for five solders = 10 test boards total at each interval) were tested for
time=0, 400 hours/18€, 1000 hours/18%, 400 hours/20@ and 1000 hours/200
intervals. The design of experiments for the mechanical shock testing is shown in
Figure 6-3. Due to high temgrature exposure during isothermal aging and thermal
cycling tests, interdiffusion rates will be high, resulting in thick interfacial IMCs. Itis
hypothesized that these thick interfacial intermetallics will cause solder failure to
occur more quickly in mchanical shock testing. To avoid any catastrophic failures
due to high G forces, a lower-lével was preferable for mechanical shock testing.
Thus it was decided to use a shock pulse of 500G with 1.3 millisecond duration for
mechanical shock testing. At&b of 100,000 mechanical shocks were performed on
all aged test boards. For 0 hour of aging (Time=0) condition, it was decided to test

until 600,000 mechanical shocks.
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Mechanical Shock Testing
Shock pulse of 500G with 1.3 millisecond duration

[ 185°C Aging } ‘ 200°C Aging ‘
0 hour of Aging 400 hours of 1000 hours of 400 hours of 1000 hours of
(Time=0) Aging Aging Aging Aging
(600K Shocks) (100K Shocks) (100K Shocks) (100K Shocks) (100K Shocks)

Figure6-3: Design of Experiment (OE) for Mechanical Shock Test

6.2.2.Test Equipment and Measurement Systems for Mechanical

Shock Test

A custom shock machine was used in this study. The two test boards designated for
each solder were tested together. In order to mount two test boards on tke shoc
machine, a shock plate was designed with holes drilled on inside which were identical
to the holes on the top and bottom of the aluminum frame of the test board. The shock
plate also featured eight mounting holes on outside to mount the shock platieeonto
shock machine. The designed shock plate is showigire6-4. After mounting two
boards on the shock plate, the shock plate assembly was mounted on metgtnical
machine using eight bolts as showrFigure6-5. An accelerometer was attached on

the shock plate at the center near the front edge of the shock plate. The shock
machine was set up to record a shock pulse of 500G with 1.3 millisecond duration on
this accelerometer. A typical shock pulse profile recorded by this accelerometer
during mechanical shock testing is shown kigure 6-6. Three additional
accelerometers were also used at various locations on shock machine during the

testing for feedback control purpose.
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Figure6-6: Shock Pofile for Mechanical ShocKest
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During mechanical shock testing-situ resistances of all packages on the two test
boards were monitored using an Agilent 34970A multiplexer unit. One shock takes
around two seconds to complete one cycle. Based on the limitation of the data
collection system, irsitu resistance data were recorded every 10 seconds or every
five shocks. The test was continued until 100,000 mechanical shocks were completed
on the two test boards. This process was repeated to complete 100,000 mechanical
shocks on 40 agetkst boards and 600,000 mechanical shocks on ifged test

boards

6.2.3.Failure Criteria for Mechanical Shock Test

In-situ resistance of all packages on the test board was monitored to determine solder
joint failure. The failure criterion was developedskd on the guideline provided by
IPC/JEDECG9703 [94] (Mechanical Shock Test Guidelines for Solder Joint
Reliability) and JESEB111[95] (Board Level Drop Test Method of Components for
Handheld Electronic Products). A soldeint was considered to be failed at the first
indication of package resistance above 100 ohms followed by three such indications
during five subsequent shocks. An example of package failure during mechanical
shock testing is shown iRigure 6-7 where QFN44, QFN32 and QFP256 failed at

7665, 12020 and 55310 shocks, respectively.
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Figure6-7: Packagéd-ailure during Mechanical Shock Testing (a) QFN4&4de at
7665 Shocks (b) QFN32 Failed atGP®D Shocks (c) QFP256 Failed aB3b $ocks
(Note: Package Resistance is in Ohm Unit).
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7.Ef fects of Mn anti CeoPopant umea
Mechanical Properties of SAC305

This chapter discusses the effects of additions of Mn and Ce on microstructure and
mechanical properties of SAC305 solder that were observed in this study. As
reflowed QFN44 and QFN32 package tyder all five solders (SAC303,o0w Mn,

High Mn, Low CeandHigh Cé@ were cold mounted, crosectioned and polished for

examining microstructure and characterizing mechanical properties.

Microstructure of the solder was examined by comparing five attgbuThese
attribut es wtegrans,rsizerobAgHn ol fMCb part i ctines, numti
dendrites, area fraction of -te wendrites.i c regi
Mechanical properties of the solder were investigated by comparing elastic modulus

and hardness of the bulk solder.

7.1.Microstructure Analysi s

The details on microstr uctnagraires, siaecbAgnsi s 1| nc
| MC parti cl ety ,dendritlesnérearfractooh of butectic region and area

f r act itimdendatds are discussed below.

7.1.1.Number of b-tin Grains

In orderto findt h e n u mtn grains infthe $older joint, Leica DMEP polarizing
microscope system was used. Both left and right side of solder joint on QFN44 and

QFN32 were examined -tingrairfsifonad five solless]l number o

121



Figure 7-1 and Figure 7-2 show the crospolarized image of léfand right side of

solder joint in QFN44 and QFN32, respectively. Each individual grain is marked with

a number. It I's I mportant t o-timipeaehint hat i
solder joint, the presence of a few small grains is also found.tb their smaller

sizes, they were difficult to distinguish and count for analysis. Thus, such small grains
were not considered in this analysis. In additiofo-tin grains circular or elliptical

bright spots can be seen within the solder joint. Theggt spots are process voids

that occurred during refl ow asthgransiny. The
each side of solder joint in QFN44 and QFN32 is showifiahle 7-1. Figure 7-3

showsa v er age ntin grains offiveosbldefs observed in QFN44 and (32N

It is clear fromFigure 7-3 that addition of Mn and Ce dopant in SAC305 increases

total number ob-tin grains

(a) SAC305 (Left and Right) Solder Joint

(b) Low Mn (Left and Right) Solder Joint
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(d) Low Ce(Left and Right) Solder Joint

.

Figure7-1: Crosspolarized Images of Left and Right Side of Solder Joint in QFN44
Packagda) SAC305, (bLow Mn, (c)High Mn, (d) Low Ce (e)High Ce

Joint

RN

(a) SAC305 (Left and Right) Solder

T

® sy = oo o
;:
S SR N 2

(b) Low Mn (Left and Right) Solder Join

ﬁ 7 ’ = A
n (Left andRight) Solder Joint
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Figure7-2: Cr

i -~

osspolarized Imag

es o Left and RigSide of Solder Joint in QFN32

Package(a) SAC305, (b).ow Mn, (c)High Mn, (d) Low Ceg (e)High Ce

Table7-1: Tot a |

N u #tirbGrains in EachfSide of Soldesidt in QFN44 and

QFN32

SAC305 SAC305+ SAC305+ SAC305+ SAC305+

0.05%Mn 0.17%Mn 0.07%Ce 0.13%Ce

Left thgh Left Right Left Right | Left thgh Left | Right

Pad Pad Pad Pad Pad Pad Pad Pad

Pad Pad

ooy | 3] L | s 1 5 | 5 | 3| 2| 3| 2
(T?n':eNiZO) 3 | 1 5 3 5 2 3 | 5 | 3 3
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6.0 -

= QFN44 (Time = 0)
= QFN32 (Time=0)

5.0 A

4.0 -

3.0

2.0

Average Number of p-tin Grain

1.0

0.0 -

Figure7-3: Av er ag e -tiNGritsefrVarious Sdders Observed in QFN44
and QFN32

7.1.2.Sze of AggSn IMC Particles, Nu mb e r-tindé&ndribes, Area

Fraction of Eutectic Region andArea Fraction of b-tin Dendrites

An ESEM image (at 2500x magnification) of solder bulk microstructure for each of
the five solders for QFN32 and QFN44 packages is shoviagure 7-4 and Figure

7-5, respectively. By comparing microstructure of solders in QFN32 and QFN44, it
can be seen that microstructure for the same solder alloy looks similar in both QFN32
and QFN44 package types. Bhuas expected, the size of QFN package has no
obvious effect on the microstructure of solder alloy. It is also noticeable that dendrite
in Mn modified SAC305 solders seem larger and the dendrites in Ce modified

SAC305 solders seem more elongated thapdog SAC305 solder.
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(a) SAC305

Tilt |X:-0.0 mm
0 °Y:0.7 mm

oM

V.r

(b) SAC305+0.05%Mn ~ (c) SAC305+0.179

HV W | Mag | Det |Spot| Tilt |X: 4.7 mm|Pre ——20.0pm— HV WD | Mag | Det |Spot| Tilt |X:-2.6 mm|Pressure| ——20.0pm—
20.0kV|10.0 0100 °lY:1.2 mm 20.0kV|10.0 mm|2500x|SSD| 5.0 |27 *|Y:-05 mm| 83.0Pa |

Figure7-4: ESEM Image at 2500x Magnification of Various Solders in QFN32
Package(a) SAC305, (b).ow Mn, (c) High Mn, (d) Low Ceg (e)High Ce
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(a) SAC305

HV WD  Ma Spot Tilt X:51 mm Pressure —20.0pm——

(b) SAC305+0.05%Mn | (c) SAC305+0.17%Mn

HV WD
20.0 kV 10.0 mm

7 mm Pressure —20.0pm—

(d) SAC305+0.07%Ce

(e) SAC305+0.13%Ce

HV wD g Det Spot Tilt X:-4.3 mm Pressure 20.0pm—
20.0kvV100m 5.0 -0.5 ° Y:0.5 mm_83.0Pa

Figure7-5: ESEM Iage at 2500x Magnification of Various Solders in QFN44
Packagda) SAC305, (blow Mn, (c)High Mn, (d) Low Cg (e)High Ce
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In order to measure various attributes of microstructure, ESEM images were retaken

at higher magnification (7000x) and image processing techniques were performed to
extract microstructure attrilbes. Imageprocessingsoftware, Imagd’ro Plus, was

used to calculate size of &n | MC par t i c-dingendritedobesydrear of D

fraction of eutecti ctinderdgteson and area fract

In order to calculate size of AGn IMC particles,dngth along major axis and width
along minor axis of Agsn IMC patrticles were measured. First step in ImagePRrs
software was calibrating an image from the scale bar gatghe bottom of the
ESEM image. After performing spatial scale calibrationghitness and contract were
adjusted to have the Agn IMC particles stand out. For the next step, scale bar at the
bottom on an image was removed and gray scale thresholding was performed. Gray
scale thresholding selects all the particles of a given begktwithin an image.
However, the selection criteria of gray scale thresholding should be such that no
CusSns IMC particles (darker than A§n IMC) andAuSn, IMC patrticles (brighter

than AgSn IMC) get selectedrigure 7-6 shows an example of this process where
Figure7-6 (a) shows ESEM imagef solder at 7000x agnification whereag=igure

7-6 (b) shows slectedAgsSn IMC particles in the solder bullAfter performing gray

scale thresholdig, length along major axis and width along minor axis were

measured to calculate average size ofSgIMC particles.
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20.0 kV/9.9 mm 7000x/SSD| 5.0 -0.2 °Y: 0.0 UU 83.0 Pa

(a) (b)

Figure7-6: (a) ESEM Image of Solder at 7000x Magnification (b) Seleap®n
IMC Patrticles in the Solder Bulk

In order to calculate the remaining attributes of solder microstructure, such as number

o f -tinbdendritedlobes,ar ea fracti on of eutectthc regio
dendrites a r egi on r e p rtielsbeswas magually travn, 8s shosvn o f b

in Figure7-7( b)) . The ma ftinlabled aye highlightednin yielv color;

whereas their respective area value is shown in green color. By measuring the area of

e a c-tin déndriteswithin an image, tharea fraction of eutectic regi@nd thearea

f ract i-onndendriteswbre also calculated. In addition numbers ffin

dendrites/lobes were also calculated from this measurement.

129



g
20.0 kV/9.8 mm|7000x/ SSD| 5.0 -0.2 °Y: 0.0 UU 83.0 Pa

(a) (b)
Figure7-7: (a) ESEM Image of Solder at 7000x Magnification (b) Selected Region
for b-tin Dendrites

Figure7-8 shows an example of microstructure in one unit representative area (URA)
for all five solders. Column (a) ifFigure 7-8 shows ESEM image at 7000x
magnification, column (b) shows detecteflgsSn IMC particles and column (c)

shows selectefk-tin lobes for all five soldes.

For calculatingsize of AgSn | MC par t i c-tinedsndriteflobesiarear o f

b

fraction of eutect i ctindeadyitesormall fieensdldes,ifoera f r act

URAs were considered for analysis from different locations on the solder joint. The
calculated atibute values from four URAs by image processing were averaged and

plotted in bar charts which are presented next.

130



a) ESEM Image at 7000x

Magnification (b) AgsSn IMC Particles (c) b-tin Lobes

HV | WD Mag Det Spot Tit X:-0.0 UUPrassurc
[20.0 kV/10.0 mm 7000x SSD 6.0 -0.2 * ¥:0.0 UU 83

HY | WD | Mag Def [Spot Tit X:-0.0 U
20.0 kv9.9 mm 7000x SSD) 5.0 0.2 * Y:0.0 UU 83.0Pa

HV | WD  Mag Det Spot Tit X:-0.0 UU Pressure
20.0 kV10.0 mm 7000x SSD 6.0 -0.2 ° ¥:0.0 UU_83.0Pa

| (D) SAC305+0.07%Ce o |

o o
5 ‘..4’ o

HV | WD  Mag Det Spot| Tit X:0.0 UU|Pressurc 10.0pm—
20.0 kv/10.0 mm 7000x SSD 6.0 -0.2 °Y: 0.0 UU| 83.0 Pa




(E) SAC305+0.13%Ce

vyl e

Figure7-8: Column (a) ESEM Image at 7000x Magnification, Column (b) Detected
Ag3Sn | MC Particl es, -tirmLobes:(A) 8ACR0H,(B)Love )

Mn, (C)High Mn, (D) Low Ce (E)High Ce

0.7

B Mean Length of Ag-Sn IMC
B Mean Width of Ag-Sn IMC

o 4 o o I
LS w = ] L]

Mean Size of Ag-Sn IMC Particle (num)

o
P

o -
SAC305 SAC305+0.05%Mn SAC305+0.17%Mn  SAC305+0.07%Ce SAC305+0.13%Ce

Figure7-9: Mean Length and Width of A§n IMC Particles for Solders
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Figure7-12 N u mb-8nrdendrites/lfmbes

Number of §-Sn Lobs

Table 7-2 shows %change in microstructure attributes oidimied SAC305 solders
compared to SAC303.0o0king at the change in the size (length and width) gSAg

IMC particles, High Mn solder showed significant increase; wheredgih Ce
showed smallest increase in the size 0§$xyIMC particles. Looking at the change

in %area fraction of eutectiegion High Mn showed highest increase; wherdasy

Ce and High Ceshowed reduction ioarea fraction of eutectiegioncompare to
SAC305. Comparing %éifmdemdgtesiobes rHigmQeshbveed o f
highest increase; whereas, batw Mn andHigh Mn showed considerable reduction

i N n u miiredendrael obds compare to SAC305.
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Table7-2: % Change in Microstructure Attributes of Modified SAC305 Solders

Compared to SAC305

Mean Mean oArea voArea Number-
Solders Length of | Width FrEactloq of Fre;)c'gll_qn of Tin Dendrites
AgsSn | of AgsSn utectic -n /Lobes
3 Region Dendrites
SAC305 - - - - -
SAC305+0.05%Mn 15% 9% 3% -2% -57%
SAC305+0.17%Mn 79% 64% 18% -9% -82%
SAC305+0.07%Ce 17% 17% -13% 8% 4%
SAC305+0.13%Ce 5% 6% -8% 5% 108%

7.2 Mechanical Properties of Solders

Mechanical propertiesof solders were characterized using nhanoindentation
equipment, (i.e., Agilent G200 nairedenter). The measured mechanical properties

of solders include elastic modulus and hardness. A continuous stiffness measurement
(CSM) technique was used for the meastwent. Parameters used during the
indentation were measurement window = -300 nm, surface approach velocity =

10 nm/s, depth limit 300 nm, strain rate target 0’05armonic displacement target =

2 nm, frequency target 45 Hz.

It is important to notdhat elastic modulus and hardness measured from an indent
strongly depend on its location. Since solder is a composite materialumadedif b
dendrites and various IMC particles, depending on the location of indentation,
measurement values may vary. $hin order to minimize measurement uncertainty,
30 measurements were performed for each solder samglee 7-13 shows a few

examples of indentatienon the solder sample.
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Figure7-13. Example of Indentations in Solder Bulk

Figure 7-14 plots the average elastic modulus of solders as measured by
nanoindentation test. It appears that addition of Mn dopant reduces the elastic
modulus of SAC305 solder. Increase in Mn dopantceatration further reduces

elastic modulus. Such an observation has been previously reported in literature by Lin

et al.[77] [80]. In this study, lte reduction in elastic modulus by Mn dopant could be

due to microstructur al c hangtmnsendtitesabtn doped
a coarser and legsacked eutectic region. Reduction in the elastic modulus of solder

helps to improve drop/shock fiermance as the compliant solder bulk can absorb

more energy during deformation and thus transfers less stress to the interfaces. Unlike

the Mn dopant addition, it appears that the addition of Ce dopant has no observable

effect on elastic modulus of solde
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Figure7-14: Elastic Modulus of Various Solders
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Figure 7-14 presents the average hardness of all five soldersneasured by
nanoindentation testing. Large scattering in the data was observed for all five solders.
It is due to variation in hardness measurement from different locations in the solder
bulk. It appears that addition of Mn and Ce dopant has no obsewfédte of the
hardness of the base solder (SAC305). Similar observations have been previously

reported in literature by Liu and L¢£1] [70].
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Figure7-15: Hardness of Various Solders
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8.l nterfaci al |l ntermetal |l i c Growt
at '€8&ndC 20 QFNYUHMN3a2ndPackages

This chapter discusses the growth of interfacial IMCs on QFN44 and QFN32
packages observed during isothermal aginggalC and 200C up to 1000 hoursn
addition to measurement tfie interfacial intermetallic layer thicknesmalysisof
voiding observediuring agingat the interfacdetween th€usSn; IMC layer and the
solder bulkis also presentedrhe results otheseaging tests help to understand the
reliability of selected solders subjectedthe mechanical shock testingsdiscussed

in chapterl0.

Both QFN44 and QFN32 packages featatarge pad underneath the package called
thei Ce nt roavhich pravides extra rigidity to the pieage and alsassists in heat
transferwhen soldered to the boarfo test the worst case condition, the centrakpad

of the QFN44 and QFN32 packageavere not soldered to the PCB boarthus
permitting the solder interconnects of the QFIsexperience Igher stressefoth
QFN44 and QFN32 also feature dummy die to simulate the effect of real die of
functional QFNsS.ESEM image of QFN44 and QFN3%ackagesafter reflow are

shown inFigure8-1.
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QFN32 Package
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6500 yM 2000 pm

Figure8-1: An ESEM Image of QFN44 and QFN32 after Reflow

8.1.Interfacial Intermetallic Formation during Reflow on QFN

Packages

QFN44 and QFN32 packages haperipheralcopperinterconnectpads plated with
matte tin finish. QFNs were soldered to ENdated board. A left and a right solder
joint of QFN44 after reflonare shown inFigure 8-2. During reflow,the matte tin
finish dissolhed in solder allowing direct access to the copper pad. This tedih
direct interaction between tin (from solder) and copper, padch formed CusSrs
interfacial intermetallic layeat the component side. The average thicknesthef

CusSns interfacial IMC layer after reflow was found to be around 4 to 5 microns.

On the board side, copper traces were plated with ENIG finish. During refiew,
gold onthe ENIG finish dissolve in solder allowing direct access between nickel
from ENIG and tin from solder. With copper diffusing frahe component pad to the
board side, the interfacial intermetallic layer at the board side was found to be
(Cu,Ni)%sSns. The average thickness tie (Cu,Ni)Srs interfacial IMC layer after

reflow was around 2 to 3 microns. Both interfacial intermetallic layers formeal on
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QFN packageare shown inFigure 8-3. In addition to interfacial IMCs, bulk IMCs

such as AgSnand CySn; were also formed during reflguas shown irFigure8-3.

X
Y.

(a) Left Solder Joint S (b) Right Solder Joint

Figure8-2: Left and Right Solder Joint of QFN44

Copper Pad on Component Side

Ni (P) Layer
ENIG Plated Copper on Board Side

HV wD Mag | Det |Spot| Tilt |X: 2.9 mm Pressure —20.0pm
20.0 kV 10.0 mm 2500x SSD| 5.0 |0.1 °|Y: 0.7 mm| 83.0 Pa

Figure8-3: Interfacial IMC Formation on QFNPackage during &low (SAC305i
Time=0)

8.2 Effect of Isothermal Aging on QFN Package

In this study, isothermal aging was conducted & 5 C a mnumgto Z2000thoufs.

The aged QFN samples were removed and analyzed at various time intervals
including 0, 100, 200, 400, 60@nd 1000 hours. During isothermaging, two
different phenomenwaere observed. One was the growth ogéifacial IMCs andthe

otherwasvoid creation and coalescence at the interface.
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8.2.1.The Growth of Interfacial Intermetallic Layers during

Isothermal Aging

It is well known that interfacial intermetallic growth during isothermal aging is a
diffusion-controlled mechanismdependent ontime and temperatureDuring
isothermal aging, significant growth was observedGogSrs IMC layer after just
100 hours of temperateiexposure at both 8 5 C a maging @~0Adlios.Muring
further analysis, a secondterfacial IMC layer,CuSn was also found between
CusSns andthe copper pad on the component side. Formatiothisflayer has been
previously observed in the litetae. The interfacial IMC layer othe board side
(Cu,Ni)%Sns, also thickes during aginghowever, the growth dhe (Cu,Ni)Sns layer
was much slower thathat of theCusSnlayer observedn the component side. Bulk

IMCs (AgsSnand CySrg) also coalesakand increasein their sizewith aging

8.2.2. Void Creation and Coalescence at the nkerface during

Isothermal Aging

Two types of voids werdound near the component sidgerfaces that weraot

present befe agingor after reflow

One type of void whiclivassubmicronin size (called micrevoids)wasfound at the
interface betweerthe CusSn layer and the copper pad orthe component side as
shown in Figure 8-4. This type of voidhas been previolysreporedin the literature
as being preserdt the interface between €&n IMC and copper pad during high
temperature exposure for extended pexi@6][97][61]. These voids are known as a

Kirkendall voids and they formdue to the unbalaed interdiffusion of tin and
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copper at the interface. Cu hasigher diffusivity in Snthan Sn doesin Cu. Thus,
during migration, vacancies created by Cu atoms are not filled by Sn,a&oichs
eventuallythese vacancies coalesce and form muwiols at he interface or within

theCusSn IMC layer[61].

Copper Pad on Component Side

~ s -

~ CuSnIMC Layer

el

~
- I e g e
- 2 & <"

77ot s (CUNDSEHIMC Layer™ . - & ous g P
i R G5 m U AGSHAT el

ey

"~ Ni (P) Layer—

ENIG Plated Copper on Board Side

HV WD Mag | Det |Spot| Tilt |X: -4.8 mm|Pressure
20.0 kV|10.0 mm|2500x|SSD| 5.0 [1.0 °| Y: 1.3 mm | 83.0 Pa

Figure8-4: Interfacial IMC Growth and Void Cré&an during Isothermal Aging
(SAC305-1 8 510@hours)

The second type of voidias found at the interface betwete CusSns IMC layer
andthe solder bulk and isalsoshown inFigure 8-4. These voids were quite large and
significantly reducd the contact area betwedhe CusSry interfacial IMC and bulk
solder. This type of voidhas not been previously reportedtire literatuwe. These
voids ould not be clas$ied as champagne voids or plamaicro-voids becausthey
were bigger thamhe reportedsize ofchampagne voids artieywere neither related

to galvanic corrosion during immersion plating of silver metal nor formeadhglthie
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reflow procesg97]. During high temperature aging, thesaids form at multiple
interfacial locationsgnlarge during subsequent agirgnd eventually coakce with
neighboring voids to form even bigger voids at theStyl IMC layer/solder bulk

interface as showin Figure8-5.

4

Kirkendall Voids (micrevoids) CuwsSnIMC Layer

\Voidj CusSns IMC Layer

(Cu,Ni)sSns IMC Layer

\

Figure8-5: Interfacial IMC Growthand Void Coalescinduringfurtherlsothermal
Aging (SAC305- 1 8 6/600 hours)

The mechanism of sualoid formation is unknown. It is believed that high diffusion
rates during high temperature agirsge related towoid formation. A detailed study is
recommended téurtherunderstand the mechanism of such void formation; however,
it is beyond the scopef this study. Both types of voids discussed earlier can have
detrimental effects on the lofigrm reliability of sdder joints, especially in
mechanical shock/drop loading. The eféethese voidshave on the longterm

reliability of solder joints have not been well studied.

143















































































































































































































































































































































































































