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The miniatrrization of engineering devices has created interest in new actuation methods
capable of large displacements and high frequency responses. Shape memory alloy (SMA) thin
films have exhibited one of the highest power densities of any material used ira¢hes#on
schemes with thermally recovery strains of up to 10%. With the use of a biasing force, such as
from a passive |l ayer in a Abimorpho structure
shape memory effect provided they are thick enough tieatctystal structure is capable of
transforming. However, thick films exhibit lower actuation displacements and speeds because of
the larger inertial resistance. Therefore, there is a need to find a way to process thinner SMA films
with grain structures #t are capable of transformation in order to realize larger actuation

displacements at higher speeds. In this work, a-egaiatomic NiTi magnetron esputtering



process was developed to create nanoscale thick SMAdgrttgn as 120 nnBy using a metét

seed layer, it was possible to induce the crystallization of epitaxial, columnar grains exhibiting the
shape memory effects in nanoscale filmaging from 120° 400 nm It was also possible to
crystalize these SMA films at lower processing temperat(ag low as 325C) compared to
directly sputtering thicker films onto Si wafers. The transformation behavior associated with the
SME in these films were characterized usigay diffraction KRD), differential scanning
calorimetry PSC), and strestemperature measurements at wafer level. After quantifying the
shape memory effects at walewel, the SMA films were used to fabricate various microscale
MEMS actuators. The SMA fil ms were mated in
of plane curature in the lowtemperature Martensite phase. The curvature radius vs. temperature
was characterized on MEMS cantilever structures to elucidate a relationship between residual
stress, recovery stress, radius of curvature, and degree of unfolding. SMA BiEléSors were
fabricated and tested using joule heating to demonstrate rapid electrical actuation of NiTi MEMS
devices at some of the lowest powerd BBMW) and operating frequenciesykHz) ever reported

for SMA or thermal actuators. By developingmrcess to create nanoscale thickness NiTi SMA
film, we enabled the fabrication of MEMS devices with full, reversible, actuation as low as 0.5 V.
This indicated the potential of these devices to be used for high frequency, low power, and large

displacemenapplications in power constrained environments (i.e. on chip).



FABRICATION AND CHARACTERIZATION OF NANOSCALE SHAPE MEMORY
ALLOY MEMS ACTUATORS

By

Cory Ray Knick

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy

2020

Advisory Committee:

Dr. HughBruck, Associat®ean for Faculty AffairsChair

Dr. ChristopheiMorris, Branch Chief, UArmy Research.aboratory

Dr. Patrick McCluskeyProfessorDept. ofMechanical Engineering

Dr. Don DeVoe Professoand Associate ChaiDept.of Mechanical Engineering
Dr. Miao Yu, ProfessaorDept.of Mechanical Engineering

Dr. Ichiro TakeuchiDeans Representatierofessoof Materials Science and Engineering



© Copyright by

Cory Ray Knick

2020



Acknowledgements

To Liz: for inspiring me to pursue my passions and for the many wonderful adventures
and your companionship. For some of the most enjoyable and contemntsam my life. You
are my rock, my soulmate, and my forever, most trusted advisor. | dedicate this to you and our
little one on the way. To Chris, Gabe, and Wayne: for helping me to develop personally and
professionally. | am in large part where lamaog, because of all youdve
for your invaluable mentorship and filre wonderful homeaway from hore for several year3.o
Dr. Bruck: my advisor and academic role model. Thank you for your support in this PhD endeavor.
Without you support and guidancehisbody of workwould nothave been made possible my
parents and grandparents who from day one have always inspired and encouraged me to pursue
my dreams. Your love and support are immeasuaideso humbly and gratefully acknoadtgd
This project is dedicated to you all. To Zack
for always reminding me that Aoutsided is th
engineer, create, tinker, build, and change the wianidhe betterTo my friends: who have
encouraged mto try rockclimbing, yogarunning, and helping me keep a healthy balance and
perspective over the yeaiGheers to many more enjoyable adventufesmy lab mates and
colleagues: for the fruitful disssions. To Brendan: for your help with XRDo Brian: for your
tireless and dedicated support to bringing these devices to realization in the cledrateke:
for your informal mentorship and relationship buildiigo Da n: |l 6m gl ad that
our paths to cross. | 6ve greatly enjoyed my t
nanoindentation experiments is gratefully acknowledged, and | remain hopeful for continued
collaborations together. To the CMU SHRIMP Team (including Sarah andd}afhank you

for your fantastic efforts in continuing the legacy of this work. For giving NiTi a chance to blossom



into awesome mickbots. | am continuously inspired by your team. To all who helped me to invent

and maybe one day transition technologyour warfighter. To Andrew: for your longtime
friendship, and now dedicated and tireless service to our nation, and to all your fellow soldiers
who defend our freedoms and help maintain our global dominance. It is the greatest honor to work
and create foyou. To Darin and Adam: you are exemplars of smarts, innovation, and dedication,

and it has been my great pleasure to work alongsideTypAsher: for your help with TEM and

insightful discussions about metallurgy, and phase diagrams. To Ron: for Sedtgud standard

and showing us how ités done. May we all cont
us and giving us the freedom and confidence t
crossed at such a fortuitous time. Thank yomushowing me how to truly push the limits. To

Miguel and Jason: for taking a chance on me, and giving me the avenues to push the maturity and
application of this technology even more. To the youth of this world (our future): a career in
science, technobly, engineering, and matiSTEM) is most rewarding and impactful. Stay

curious. Keep asking questions.



Table of Contents

LI o1 (=0 B 0] =T o £ PP \Y
LISt Of FIQUIES.......iiiiiiiiiiiiii ittt eme e e e e e e e e e e s smnns s s s s nnnnnnnnnnsnenes V]
IS A ) = ] =S U ix
Chapter 1: Intnduction and Literature REVIEW.........ccceeeiieeeiiiiiieeeiii et enne e e 1
1.1. Shape Memory Alloy Thin FilMS........ooorrrie e 1
1.2. Shape Memory Thin Films in MEMS Applications............ccccceviiiiiiecevviiniiieeeennn 12
1.3. Photothermal Actuation of MEMS cantileVers.............cooooiciiimmmn s 36
1.4. Summary of Literature Review and Aim of Dissertation................ccccccevcmveeennnn. 40
Chapter 2: Fabrication and Characterization of NiTi thin film SMA...........cccccciiiimenninnnns 44
2.1. Cosputtering of NiTi and Ti target onto Si wafer...........cccccceeeievceeeviiiiieieee.. 45
2.2. Cosputtering of NiTi and Ti target onto Pt and Ru seed layers......................... 51
2.2.1. Sample PreparatiQn.............cccii s ceeeiiiiiss s e e e e e e e e e e seeeia s s s e e e e e e e aaeeaaaenaannne 52
2.22.  CharaCteriZatiON.......ccuiiiiiiiiie et rr e eeennnnes 53
2.2.3. Characterization by GIXRD mMeasurements............cccueueeeeeemiuumenneneeeeeeeeeeeens 55
2.2.4. Effect of RU and Pt SEed layer...........uuuiiiiiiiiiiieeeiiiiieiieeeeee e 65
2.2.5. Effect of deposition temperaturem(Jl..........ccccuuurimmimmiiireeiiiiieie e 66
2.2.6. Effect of Film ThICKNESS..........uuuiiiiiiiiii e ereern e e e e 67
2.2.7.  SUIMIMAIY . ..ottt e eee ettt rmmmr e e e e e e e emenn s 69
2.3. Co-sputtering of NiTi and Ti target onto polyimide (P1).........ccccoevviiiiiiiiannnnnnnnn. 69
P22 700 S P g o] o (=T o =1 o o 1SR 70
2.3.2. Sample Preparation for Nanoindentation Experiments...........ccccccevvveeeeeennn. 72
2.3.3. Characterization by Nanoindentation, AFM, and XRD..........ccccoeeeviiiieecennnnns 73
2.3.4. Summary of Nanoindentation EXPeriments.............c.uuueeerieemiuveennieeneeeeeeeenns 80
Chapter 3: Fabrication and Laderadiation of SMA MEMS Bilayer Actuators................... 82
3.1, Sample PreparatiQnl....... ... ceeeiiess e eeeer s e e e e e e e e e e e e e e e e nnna e 82
3.2. Device FabriCation PrOCESS..........coiiiiiiiiiiiinees ettt eennssssesesseeeeeeeeeeaeens 85
3.3. Device Testing and Characterization ProCESS.........ceeiiiiiiiieceeciiiciie e 86
3.4. ReSUItS and DiSCUSSIQMN.........ceeeiiiieiiiiiiieee e e e e e e et enee e e eeeeeeeeeeeeaan 87
3.4.1. Transformation RESPONSE......coeiiiiiiee e ieeeie e eeee e e 87
3.4.2.  Transformation MICrOStIUCIULE.........iiiiieieeee it 90
3.4.3. Residual Stress in Constrained NiTi and Bimorph Films.........cc..cccoooevieeee.. 96
3.4.4. Bending Characterization &eleased Bimorph Actuatars.............cccceeevvvvieee 98
3.4.5. Optical Irradiation of SMAMEMS..........oooiiiiiii e 101

G 78S T S 1 U1 0] 0= 1Y PP 102
Chapter 4: Fabrication and Electrical Actuation of SMA MEMS Bilayer Actuators........ 104
g R 1 1 o T U Tox 1 o o R 104
4.2. Modeling Curvature and Actuation of the SMA / Sbilayer............cccccevviiiiiis 104
4.2.1. Contour Plots for St on NiTi bilayer...........oooooiiiiiiiiiee 107

iv



4.2.2. Multi-objectiveOptimization Problem Formulatian..............cccccevvvvvieeeennnenn. 110

T T U | 0010 0 F= T Y2 PP 115
4.3. Material and Device Characterization and Fabrication...............ccccccvcevvvvennnnns 116
4.4. Device testing and actuation demonstratiQns................vvvvvimrereeeeeeeeeenni. 121

4.4.1. Electrical Characterization of the NiTi SMA Bimorph Joule Heater Actuat@g3
4.5. ReSUlts and DiSCUSSIQN...........uuuuuuuuuiiiiceeeeeetiieias e e e e e e e e ememsssa s aaaaeeeeaeeaaeeeeens 131
S 10 [ 101 1 = VPP PP PRSP 132

Chapter 5: Fabrication ofi¢ NiTi SMA MEMS Optical Micro Mirror Array...........cccceeeenn.. 134
00 I [ Vi 0 To [ Tod 1 o] o R 134
5.2. Fabrication and Characterization.............coooviiieiiiimnne e 134
5.3. Characterization and Device Testing of SMA Mirror Actuation......................... 137
S U | 1 0] 1 4 F= T TP 139

Chager 6: Summary and CONCIUSIONS...........ooiiiiiieeee e eee e 140
G I @0 o o] 1117 [0 o 140
6.2. Scientific and Technical Contributions..............cooviiiiiiicci i 140
IR T U 1 (1 1= 01V o o SRR 143

Chapter 7: PUDIICALIONS. ......coiiiii et e 146
4% N (o 10 [ F= U = o= S 146
7.2. Conference Proceedings PapeLS............oovuviiiiiiieieieeeeiiise s 146
7.3. Invention DiSClOSUIrES / PAteNLS............uuuuuuuiiiimreeeeiiiiise s eeneae e 147
A T = To o Q@ g T= T o] (-SSP 147



List of Figures

Figure 1. NiTi SMA Film on typical MEMS substrate (200 nm So@ Si wafer) from [38].....7

Figure 2. Schematic wafer stress vs. temperature hysteresis loop and definitions of phase change
temperatures and thermal hysteresis. From [4AL].........oooooiro e 8

Figure 3. NiTi stressemperatte loops for various thickness NiTi films on Si, showing

di mini shing SMA properties below 100 nm from
sputtered Ti Ni fil ms f.ar..s.hap.e..memo.r.y..2a0pplica
Figure 4. Actuation stress (MPa) vs. actuation strain (%) for common smart material actuators,
highlighting that NiTi SMA can achieve simultaneous high stress and high strain, leading to the
highest actuation energy density. Adapted from Lagudasaeikib...................ccceevvveeeeennnn. 14

Figure 5. Specific actuation energy Density (J/kg) vs. actuation frequency (Hz), highlighting

SMA as the highest energy density, but overall slow in frequency response (<100.Hz).16

Figure 6. Methods (extrinsic and intrinsic) for inducing reversible shape change in SMA

LA E LT = 1 PP 20
Figure 7. Constant stress SMA ad¢tuaexhibiting the tweway shape memory effect (TWSME)
[Lagudas DOOK ON SIMAL......oi i e e s enern e 27

Figure 8. Typical actuation of a bimorphudiNiso.g/ Si cantilever; the tangents (solid lines) to
the single pase segments of the plot converge to deposition point FD (zero deflection point)

Figure 9. Predicted influence of reference temperature on the deflection ofstes8ate
cantileve (ck = um, ¢ = 100 pum, L = 20 mm) during the martensitic transformation cycle in the

Ti Ni . (left). Predicted influencesMNifosSBIAbstr at
film-based cantilever {& pm, d= 100 um, L = 20 mm) during the mantgtic transformation

cycle. (MghL). FrOMIL33]... .. ittt rene e 32
Figure 10. Ef fect of grain size on aging micr
of a lowrtemperature agedi10.8 at.% Ni Hoy. Adapted from [136]............eveiiiiiiiiiiicenns 33

Figure 11. The volume average stress as a function of temperature for a continuous film and
micronlines measured parallel and perpendicular to their length adapted84]................. 35

Figure 12. MOEMS shutter actuated with 1.3 V DC bias. This group had fabrication issues
where the device would collapse into the substrate due to stiction and lack of rigideyli®t

1.5 pm thick Al film. From [149].. ..o 38
Figure 13. Electrostatically actuated MEMS shutter eyelid for sensor protection from.[158].
Figure 14 Schematic of AJA exputter tool used in the development of NiTi SMA film recipes.
.......................................................................................................................................... 46
Figure 15. TEM of NiTi on Si (100) sputtered at A) RT martensite structure B)

austeitic, columnar grains at 15, C) equiaxed grains near NiTi Si interface and D) equiaxed
grains at 150C in aUSTENITE PRASE.........uiiiiiiiiii e 47
Figure 16. TEM of NiTi on Si (100) sputtered at 7@ A) RT martensite structure B)

austenitic, columnar grains at 150, C) equiaxed grains near NiTi Si interface and D) equiaxed
grains at 150C in the austenite Phase..........ccuueeeeiiiiiiiicesiiiiiieieeeeeeeee e A9

Vi



Figure 17. Plot of 4 waferdewing excellent repeatability in the NiTi film stress vs. temperature
plots: 2 NiTi wafers sputtered at 700°, and 2 wafers sputtered at 800°C; all other deposition
parameters fixed: i.e. 5 mTorr, 60 sccm Ar, 60 minutes deposition, 375 W NiTi, 250.W 50.
Figure 18 stress vs. temperature measurements for the NiTi on Ru wafers as reported in our
paper on ultrahin, low temperature crystallization of NiTi on Ru seed layer [164]........... 55
Figure 19. GIXRD spectra above and below R to B2 transformation: (a) NiTi films with different
deposition temperaturesp F 600 °C, 400 °C and 325 °C, and same film thickness, t = 225 nm,
and (b) NiTi films with different thickness t = 450 nm, 225 nm, 120 nm for lowest deposition

temperature, O = 325 CC.C . it rr e e e e e e e e e annnr s 58
Figure 20. Peak position shift in the NiTi on Ru samples showing transformation between
augenite and Rohase as reported iN [164].........uuuuiiiiiiiiiiiiieeeieee e 59
Figure 21 XRD plots for NiTi deposited onto (a) Pt and (b) Ru seed layer at substrate
temperatures of 500, 400, and 325°C.........ouuuuuiiiiii i rnrn e e 61
Figure 22 XRD plots (utilizing SSRL beamline) for NiTi on (a) Pt and (b) Ru showing reversible
transformation between-phase and austenite at RT and 130°C.........ccccoevviiiiiiiceciciennnnn. 62

Figure 23. Electrical resistivity measurements for NiTi on Ru films showing reversible
transformation between-phase and austenite (with narrow hysteresis) as reported in our paper

on controlling crystallization of NiTi 0N RU [164].........coovriiiiiiiiiiieeeeeevee e 64
Figure 24. Local mechanical behavior of NiTi films deposited on polyimide substrates at
different temperatures as found through nanoindentation at room temperature............. 14
Figure 25. Room temperature AFM height image of residual indent in NiTi film deposited at
EoToT 0 e OSSPSR 75
Figure 26. Room temperature AFM phase image of residual indent iniNiTdéposited at

ESTo 0 e OSSO 75
Figure 27. AFM scans on the NiTi film deposited at 550°C. From top left, the indent array on
the film surface at room temperature (RT), 60°C, 80°C, and 100°C............ccccceevimmeenennns 77
Figure 28. Height profile of center indent in array at various temperatures for the NiTi film
deposited ONtO Pl at 550°C......ooiiiiiiiieiiiiee et 78
Figure B. XRD profile for NiTi film deposited at 400 °C onto polyimide.............ccccceee.. 79
Figure 30. XRD profile for NiTi film deposited at 450 °C onto polyimide......................... 80
Figure 31. XRD profile for NiTi film deposited at 550 °C onto polyimide......................... 80
Figure 32 Process flow for NiTi on Pt MEMS SMA actuators with dry release and experimental
SELUP TOr ACTUATID EESTS.......eeiiiieeee e e et e e eeer e e 86

Figure 33 DSC curve for a) amorphoussputtered NiTi in DSC crystallization scan, b) 2 um
NisoTisp annealed to 600 °C in the DSC, c) NiTi flakes after patterned anctidiysed fsm Si

ES 1015 = 89
Figure 34 Residual stress as a function of temperature for (a) 200 nm Pt on Si (100) wafer
starting with 150 MPa tensile stress, (b) same stress scan on 200 nm Pt on &urg2a®d in
vacuum for 1 hour at 600°C, whereby Pt interdiffuses with Si and gets converted into platinum
silicide. We confirmed P&i peaks using XRD measurements..............couuuvvumeeeeeeeenennnns 91
Figure 35 XRD scan for A200 nm thick, doeam evaporated, (1td)iented Pt on Si (100) and

B) same 200 nm Pt film on Si (100) after vacuum anneal, 1 hour, 600°C, whereby Pt mixes with

vii



Si to form various platinum silicide compounds that result in order of magnitude increase in fil
tensile stress; 2.2 GPa as measured with wafer bow.taql..............c...eevieeviiiiiiiiiiiiennnnnnn. 92
Figure 36 RT XRD scan: ~1 pm thick NiTi on 200 nm Pt on Si (100). Various Martensite peaks
(B196) ar e meas urum®ilicidepeaksd(ykliow +).a.n.....1..0.....R.l..a.83i n
Figure 37 RT XRD scan of 269 nm thick NiTi overlaid with 1.6 um thick NiTi on Si (100)

wafer. 1.6 um wafer appears to have more significant volume fractionpifdde compared to

269 nm thick NiTi. A volume fraction is computed asdgunts/Acounts and expressed as a %.
.......................................................................................................................................... 94
Figure 38 XRD spectra for a)-gitu crystallized NiTi on Si (100) wafer of vaus thickness, b)
insitu crystallized Ni Ti or various thickness
sputtered onto Si at 600 °C, wet etch patterned, and dry released in (bielepasd, and (red)
thermally activated CONAItIONS............coviiiiiiiiiiiieee e e e e e e e e ennes 95
Figure 39. Stress vs. temperature plots for NiTi sputtered at 600 °C under different pressures
onto 200 nm Pt for NiTi A) near 1 um thickness, B) near half micron thickness, C) approaching
100 nm minimum fin thickness for SMA PrOPeItiES........cccccuuuiiiiiiiiiireeiiiiiirreee s 98
Figure 40 A) optical microscope video frame from thermal actuation, B) SEM images of various
released structures from the 600 nm NiTi on 20 nm Pt fabricatiostructures with 16200

pm Re (scale bars 100 pm), C) SEM of 1.4 um NiTi on 200 nm Pt bimorphs in as released
(curled down) and thermally activated (curled up) poSitions............cccoovvvviieeen e, 100
Figure 41 A) acuation time vs. laser irradiance for 600 nm NiTi on 20 nm Pt bimorphs, B)
calculated and measured curvature radius for thermally activated NiTi on Pt bimorphs (1.4 pm
on 200 nm Pt) C) Demonstration of passive laser irradiated dspemfic actuation wit a 532

nm figreenod | 3is2milliseconds Br th&//l.4 pm thick NiTi device stack.102
Figure 42 plot of deflection of NiTi / S8 beam. NiTi thickness is varied. Constant in the
calculation is iti = 80 GPa, NiTi recovery stress of 400 MPa&bhodulus of 2 GPa, S8

Figure 43 Calculated Deflection of NiTi cantilever éd®n NiTi recovery stress (MRa)....107
Figure 44 Relation between recovery stress (MPa) and NiTi film thickness (nm) adapted from

1 OO 108

Figure 45 Optimization contours for the case where83ilastic modulus is 2 GPa. Variables
considered are individual layer thicknesses: Nitags) and SLB (Y-aXiS)......ccvvvvvveeeeeennn. 109

Figure 46 MATLAB generated contour plot of Curvature Radius [m], against the primary design
VariableS (1..NITi ANT BUB)- - +vvrrrrrrrrririiiiiiiiie et eeat ettt et e e e e e e e e e e e e e s e mnne e e e s e e e s eb s eeeenas 112

Figure 47 Optimal Solution for simultaneous multijective optimization of déection and

(oL Y= L £ = o [ SR 114
Figure 48 Maxi mum bi morph deflection wBth a
Eo =] PP PP PP P TP URTRPPPPPP 115

Figure 49 Stress versus. temperature hysteresis loop for 270 nm thick SMA film on Si wafer (5
mTorr deposition pressure) depicting important parameters includjri AMs, My, recovery

stress, residual stress, and thermal hySteresIs..........coeiiiiiiieeee e eeeee e 116
Figure 50 Process Flow for S®Jon NiTi MEMS actuators..........cccooovvvvviiiiceeer e 119
Figure 51. Schematic of the fabricated MEMS SMA bimorph actuators (top down view), and
cross section. NiTiis grey and SBUS DIUC........ccoovvviiiiiiiiii i 120



Figure 52. Modeled and measured radius of curvature for 50 um length cantilevers, 5 um wide of

1 pum SU8 on 270 nm NiTi for various S18 postbake temperatures...............cceeevvvvvieenn. 121

Figure 53. Snapshot of the LDV experiment with patterned NiTi probe pads, joule heater resistor
(upward curl), and laser spot focused on a single beam of the joule hdaterd@i)............ 122

Figure 54 measured current and voltage (IV) data used to determine device resistance in the NiTi
joule heaters for 10 um wide beams of varied length...............cccoorreeer 124

Figure 55 measured current and voltage (V) data used to determine device resistance in the NiTi
joule heaters for 15 pm wide beams of varied length................ccooiii i 125

Figure 56 measured current and voltage (IV) data used to determine device resistance in the NiTi
joule heaters for 20 pm wide beams of varied length................coooiii 126

Figure 57 measured power vs. voltage fer 10 pm wide beam Set..........ccccvvvvviiiiiceennnen. 127

Figure 58. NiTi SMA Joule heater device & @nd actuated with 1.0 V........ccccooevvieeennenen. 127

Figure 59. Optical profilometaneasurement of S8 on NiTi SMA beam at room temperature

AN 100 °C ON NOTPIALE. ...ttt nnee e 128

Figure 60. SEM image of released Joule heateB®d NiTi SMA bimorph device............ 128

Figure 61. NiTi joule heater cantilever displacement vs. timet ®@ith a 1.0 V excitation

PUIS et e e e e e e e e e e e e e e e e aeeer e e e e e e e e e eeeeee ettt ——————————eaeetetttettrtta—————————————nrns 129

Figure 62. NiTi joule heater cantilever displacemes voltage showing a twon actuation

VOIAGE, Vact = 0.5 Vi e e e e e e e e e e st a e e e e e e e e s 129

Figure 63 measured device deflection at 500 Hz square wave actuatian..................... 130

Figure 64 measured device deflection at 1 kHz square wave actuation....................... 131

Figure 65 Measured displacement in the&bh NiTi actuator at 3 kHz, 1.0 V pulsed actuation
........................................................................................................................................ 132

Figure 66. Streseemperature loops for NiTi SMA micromirror wafer fabricatians........... 135

Figure 67 SMA Shutter or dtom..r.r.a.r.o...a.r.r.alg6 i n th
Figure 68. SMA Shutter arr.ay..i.n.t.he.. Ahlg& o cl o

Figure 69. SEM of released NiTi SMA optical mirrgsingle device)...........cccovvvvvvvvrnnneee. 138
Figure 70. SEM zoomed in look at the nested hinge actuator concept. Easily distinguishable is
the bent segment, rigid segment, and bent segment, resulting in increasegetip.a......... 138

Figure 71. Measured deflection change of the shutter at room temperature and 80 °C
corresponding to a thermally actuated pixel moving through 29.9 degrees of rotation..139

List of Tables

Table 1 deposition parameters and composition of NiTi films grown on Ru seed. layer..52
Table 2 measuregrain size for NiTi on Ru films deposited at temperatures betweet@2%.

......................................................................................................................................... 53
Table 3. Measured transformation temperatures determined from electrical resistivity vs.
TEMPErature EXPEIMENIS. ..ottt ieee bbbt e e e e e e e eeeet e e e e e e et et e e e aaeeaeeeesammmeeeeeeeeas 63
Table 4. Deposition parameters for NiTi on polyimide (P1) study.................eeeeecceeeeeee. 70
Table 5 EDX measurements for equiatomic NiTHspuitter recip development.................... 88



Table 6 Deposition parameters used for NiTi film in the&ah NiTi joule heater actuator

(=1 o] 1072 11 (0] o L= PP 118
Table7 Parameters used to fabricate-8'0n top of patterned NiTi actuatar..................... 118
Table 8 NiTi joule heater device resistance inferred from current and voltage measurdrdénts.



Chapter lintroduction and Literature Review

AThereds pl ent y :AnfinvitatiordonEnter & New lrield db Rhysitsp m h e
famous lecture by physicist Richard Feynman in 1959 at the American Physical Society meeting
at Catech, inspired resgchers to explore the nanoscale. He opened up the possibility of direct
manipulation of individual atoms as a more powerful form of synthetic chemistry than those used
at the time. Since then, there has been a rapid explosion of research into micrméechnalogy.

This workseels to miniaturize &ascinating, multfunctionalclass of materials known as shape
memory alloys (SMA) based on the physical control of atomistic and crystal structures at the

micro and nano scales.

1.1. Shape Memory Alloy Thin Ifs

SMAs are a class of functional smart materials. They have the ability to remember their
original form after thermamechanical deformation at a high stress level (over 500 MPa) and large
recoverable strains (up to 10%). Additionally, the work outpet (mit volume) for SMAs is
highest among all smart material actuators, making them competitive in both high force and high
displacement applications. SMA applications are found in aerospace, automobiles, robotics,
micro-electromechanical systems(MEMS), ad biomedical tools. MEMS/aho
electromechanical systemsENIS) is a multibillion dollar, worldwide market that can benefit
from technological development of miniaturized functional or smart materials likesSM#e to
their high work output (~1Q@/n?), Nickel-Titanium (iTi) alloy is one of the most well researched
and most promising alloy classes. With miniaturization comes the promise of overcoming

1



inherently slow thermal response timdige to small thermal mass aadarge surface area to
volume ratio(SVR). The aim othis workis to show that in combining some of the thinnest NiTi
actuators with MEMS/NEMS scale actuators (such as small volume joule heaters), the device can

be cycled faster, and through greater ranges of motion than anyb@b&&l dees to date.

Of the many SMAs available, NiTi has become one of the most widely used due to its
exceptional physical and mechanical properties including shape memory effect (SME) and
super/pseudelasticity (SE), including large recoverable strgibg To understand the reason
behind the SME/SE in NiTi, it is necessary to first understand the crystallography. Thi®basis
SME/SE is the switching between two different crystallographic phases, namely the high
temperature phase known as austenite (or) the parent phase, and the low temperature phase known
as martensite. The crystal structure of the austenite phase is &/@sB8P cubic structure and the
|l ow temperature martensite phase S a compl
martensitic transformation is a diffusionless sdlidte phase transformation. During the
martensitic transformation, the metal aton®/mcooperatively in the matrix under shear stresses.

As a result a new phase is formed from the parent phase. To accommodate the internal stresses
caused by the transformation to the B1906 phase
martendic variants is possible, resulting in a twinned martensite crystal form, also known as self

accommodated martensite.

The first ever reported thin film version sputteredsshape memory alloy was done by
Walker (of Bell Laboratories) in 199@]. The first several accounts of SMA film characterization
on Si wafers showed measureable shape memory effects, pbasdétransformations happened
below ambient conditionswhich is of no utility for thermal actuators operating at amibie

conditions.This wasin part due to the fact that the films tended to bei®h in composition if



starting from equiatomic NiTi sputter target, due to the different sputter yields of Ni and Ti. Ni has
a higher sputter rate than Ti, and Ti has a tengdénaeact with any residual oxygen in the
deposition chamber. In order to make high performance thermal actuators, it is necessary to
undergo thespecificprocessing to ensure transformations are measured above ambient conditions.
This is no easy task, buan be done by carefully controlling Ni/Ti ratio and thermal processing
(i.e. annealing). Krulevitch presented one of the earlier accounts of thin film NiTi as SMA for
micro actuation[3]. One of the first SMAased MEMS actuators was reported out of Case
Western University in 2001, based on a sputtered NiTi film capdlverovering about 250 MPa

according to their stredemperature loop oa4 inch Si wafer[4].

Regardng the insitu crystallization of NiTi, Gisser also observed that the films deposited
on (100) silicon (Si) substrates at 733K (equivalent to°&)&Ghowed a (116)riented crystalline
structure[5] of the austenite phase. Hou also observed that the films deposited onto quartz and
polyimide substrates above 623K (equivalent to¥5howed a strong (11-@)ientedcrystalline
structure[6]. There is significant room for improvement of shape memory effects concerning
texture, as it has been reported that the (111) orientation of austenite would exhibit even greater
shape memory effects doe larger recoverable stra[i], but this orientation has been hard to
realize. Dominant martensite peaks@m temperatureend to be (200) and (022). This range of
crystallization temperatures of thaTi films suggests that the crystallization process is affected
by the surface condition of the substrates. Howevemitislear why the heated substrates lowers
the crystallization temperature and enhances tcpkar orientation for the NiTihin films. This
is due to lack of understanding the process of film growth during deposition. The composition and

structure of spttered NiTi SMA films are significantly affected by the sputtering conditions: target



power, gas pressure, target to substrate distance, deposition temperature, substrate bias voltage,

etc.[5, 816].

NiTi films with transformation temperatures above room temperature are difficult to
manufacture due to compositional shifts in the film deposited onto substrates like glass or Si
wafers. Sputtering processes typically produce films with reduced transformation temgsera
(i.e. below room temperature), prohibiting their use as practical actuator material. The reason for
this is that a shift of as little as 1 atomic % can reduce transformation temperatures Gy H60
and Carman showed that NiTi films deposited demoy up to 2 atomic % in lower Ti compaosition
whencompared to target compositiofgs 17, 18] Thus, certain methods must be employed to
ensure that the film composition is near equiatomic or Ti rich, in ordepoensure reliable shape
memory properties above room temperature. Additionally, important issues like formation of film
texture and its control are not yet understood, but it is important to identify and control their

preferential orientation, as it@crucial factor in determining the extent of the strain recav@gry

Barber[19, 20]looked into sputter deposited NiTi onto Si from separate Ni and Ti targets
using a 1 um per dur deposition process, and 2 um thick filnis.was shownthat phase
transformation frommartensite taustenite happens above room temperature for equiatomic and
Ti-rich films, and belowoom temperaturtor Ni-rich films. Through aanoindentation technique,
it was determinedhat Nirich films exhibit SE effectand Tirich samples exhibit SME. The
mechanism for deformation is different in SE and SMA NiTi films. For austenite films,
deformation can cause transformation into martensite and detwinning; while in martensite phase,
only detwinning takes place. Beinning is metastable in the austenite phase and thus reverses
upon unloading, where as it is permanent in martensite phase until a temperature is applied to

convert the sample into austenite.



In 2017, Reddy (of the Indian National Institute of Technologgkéd at the influence of
annealing temperature on structural, morphological, mechanical, and surface properties of NiTi
thin films [21]. They sputtered NiTi (unheated) onto Si (100) substrates using DC magnetron
sputtering with separate Ni and Ti targets and performeedapsisition crystallization annealing

study.Crystallinity increases up to 58C, but decreases at 630 due to recrystallization.

For MEMS integration, there is a need for an electrically and thermally insulating or
sacrificial layer. Therefore, the study of NiTi film deposition on differgpes of substrates is an
important topic of researdi4]. In MEMS, mechanical property of materials has an important
role on the performance of devices. Characterization of the mechanical properties of MEMS
materials has been an active research area during the recent yedasetisl. first evaluated the
mechanical properties, including yield stress, elongation, and ductility of sgafiesitedNiTi
thin films [22-24]. Besides Fu et al. presented their researches on residual cftrgsstter
depositedNiTi thin films [10, 12, 14, 15, 227]. SMA films have been deposited by sputtering
and evaporation. A films with high performance have been realized for MEMS such as 600

MPa recovery force and recovery strains of 6%, which are sufficiently useful properties for

MEMS actuation [27]. Afewresearalse have reported on micro hard

of sputterdepositedNiTi thin films[28]. Youngo6s modul us i sustpnliea s e
is around 80 N®a, and fomartensite 20 40 MPa. Clearly, the lower temperature nenste phase

is more compliant thathe high temperature austenite phase.

The preferential orientation of NiTi thin films is a crucial factor in determining the shape
memory behavior. The texture has a strong influence on the extent of the strain reSbuest.
albusing firecoverabl e shaveahowndthataexturais axceucias factorein o f

determining the SME in polycrystals and strong textures may lead to anisotropic shape memory

de

N



behavior[7, 29]. Concerning the texture of NiTi thin filmsedosited on Si (100) substrates,
different behavior has been observed between amorphous filrsudtring annealed and those
sputtered at elevated temperatures (> 4DPWhere the films are crystalline as deposited in the
latter case with substratediang. A postdeposition annealing of amorphous NiTi films leads in
many cases to a weak texture or almost 80¢ probably due to a homogeneous nucleation
mechanism by which the crystalline phaserfs[31]. For films crystallized during deposition, a
strong (110) fiber texture is commonly observed for the B2 BCC cubic strybjuseggesting
that the crystalline phase nucleates on the surface of the heated substnati@@ an orientation
that minimizes surface energi€®2, 33]. The effect of annealing temperature on amorphous

sputtered NiTi was investigated in these wdg&& 28, 34, 35]

In the case of films deposited on thermally Si oxidized substrates, Su et al. observed a
strorgly (110)}textured B2 on films presenting a good adhesion to the/SiiGubstrate (200 nm
SiO2 layer)[36]. These films were gmsited at room temperatuaed subject to an annealing at
560 °C. Wuttig showed that there exists an interface that is able to crystallize into the austenite
(B2) phase on the order of 50100 nm thick that is not abléo thermally transform between
martensite (B19) and austenpbase[37], as shown irFigure 1. To overcome this problem in
SMA films, it is very common to ensure a NiTi thickness ef2lum or greater in order to ensure
measureable, reversible SMA properties. In other words, there exists a thin layer of NiTi at the
interface of substrate thdoes not contrilte the shape memory effedthis is a key reason why
generating reliable, and reversible phase change above room temperatusmiarsalihickness

films is often very challenging.



Figure 1. NiTi SMA Film ontypical MEMS substrate (200 nm Si@n Si wafer) fronj38].

On the othehand, Kim et al. have mentioned the formation of an (20@ntedNiTi film
(100 nm thick) deposited at 58CQ on a Si oxide/Si substrate (300 nm Si oxide lajg9). This
work also has showthat (110)oriented NTi films (also 100 nm thick) are obtained when a Pt
randomoriented layer is deposited on top of the Si oxide substratedattemperaturebefore

the deposition of thBliTi film at high temperature.

For relatively simple and straight forward characterization of shape memory effect in
sputtered films of NiTi (esgrially those onto Si wafer)there exists the wafer bow versus
tenper ature measur ement . This experiment uses
curvature ger a temperature range (e.g. room temperaiut®0 °C), and can routinely be used
to determine the Nitinol residual stress, recovery stress, and phadferrzation temperatures
shown inFigure2. The assumption under this method is that the film is much less thick than the
substrate, so therefore ~1 pm thick NiTi on ~525 pum thick Si certainly meets this criteria.
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Secondly, it isassumed that the compositional uniformity across the wafer is highly uniform, and
there exists no compositional gradient in the radial direction that would lead to changes in phase
transformation temperature. This second assumption is generally lesssuradiel composition
gradients can naturally exist, but we cut back on these effects as much as possible by rotating

substrate during deposition to maintain highest possible levels of uniformity.

The Case Western Groupdidy Materials Science Prof. A. Her showed some of the
first comprehensive quantitative phasensformation behavior in NiTSMAt hi n f i | ms on
wafer[40]. Combining XRD and stress verdsigsnperature measurements (i.e. wafer bow), they
demonstrated that NiTi filmare suitable for microactuator application due to low residual stress
and relatively large amounts of recovery stress, at least for NiTi films betweéh dm in

thickness.

Stress

=

Temperature

Figure 2. Schematic wafer stress vs. temperature hesie loop and definitions of phase change
temperatures and thermal hysteresis. Fidi] .
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Stoneyds equation (s hownandtradk thevresideabstresshire us e
Ni tinol film on Si wafer substrate. E i1 s the
wafer. Hs denotes thickness of substrate (which is much larger than that of film), h denotes the
Nitinol film thickness, R is the initial radius of Si wafer, and R is the radius after deposition of
Nitinol. The higher nonlinear stress versamperature loop show iRigure 2 is typical of the
Nitinol phase being thermally transformed betwemartensite (at lower temperatures) and
austenite (at higher temperatures). Recovery stress is a good indicator of the amount of stress than
can be harnessed to actuate a MEMS cantilever actuator based on Nitinol. The residual stress is a
good indicatoas to how much residual stress deformation would be expected in a released MEMS

structure.

Ishida looked into the thickness effect on shape memory behavior of TiNi thin films and
found that there are two kinds of constraints due to surrounding grairsigface oxides, where
surface oxide constraints are especially important in submicron[f#hsHou and Hamilton have
donesome very nice work on submicron SMA filf#2] using the biased tagtjion beam sputter
depositionof Nitinol. NiTi thin films showed a uniform crystallite orientation distribution or a
typical [110] fiber texture depending on sputtering condition, and the transformation strain was
almost the same, irrespective of direction in the sputtered films. In keeping with the theme of
thickness effects, Fu showed a lower limit of SMA transformation {ffordonfined to substrate)
of 105 nm, using the weknown wafer curvature approafti]. Figure3 shows the SMA stress

temperature loops for films of decreasing thieks. The 48 nm thick film did not exhibit any



measureable SME, for reasons indicated above. Namely, there exists an interfacial region between
NiTi film and substrate it is deposited onto that does not undergo reversible transformations. This
interfaciallayer has been shown in some instances to b480 nm in thickness. Therefore, when
coupled with the oxide surface layer that also imposes restraints on transformation, there exists a
critical thickness for which a film must be in order to exhibit awersible phase change to drive

a microactuator.
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Figure 3. NiTi stresstemperature loops for various thickness NiTi films on Si, showing
diminishing SMA properties below 100 nm frgii), A On t he | ower t hi ckne
sputtered Ti Ni films for shape memor

Gisser et. & [5] hawe shown a preferential development of <110> oriented grains of the
B2 phase since the beginning of the deposition has been observed (without and with the application

of a substrate bias vioditustdyefthe struciudlsevolmmalthes 90 V)
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growing Nii Ti film as a consequence of changing the Ti: Ni ratio during deposition (on a TiN

<111> layer) has also been performed. The preferential growth of <110> oriented grains of the

NiTi B2 phase has been as well observed despite the gagicipiof TeNi during the deposition
ofaTir i ch Ni Ti film fraction. Functionall-y grad
wayo shape memory effect which is a plus for
the field of micreelecto-mechanical systemgl3]. Specialthermemechanical treatments can

generate precipitates with preferred orientations phatote the growth of p e c iarfensitem

variants on cooling.

Ternary films of NiTiCu have also been investigated, and can generally lead to above
ambient transformation properties coupled with nartogrmal hysteresifl5, 26, 27, 447].
Interfacial microstructures of TiNi thin films RF sputtered on to Si (100) andgpwetaled at 400
T 700°C for 30minuteshave been investigated using analytical and-négolution transmission
electron microscopy. For annealing temperatures bé@OC, a very thin amorphous (Si, O)
rich layer is observed at the interface. Ni atoms are the primary diffusing species arfdiiSI
triangularly and epitaxially towards the Si substrate. TiNi films initially crystallize after 30tesn
at 500°C. Siand Ti atoms begin to migrate in specimens annealed &@G0@ 30 mirutes At
this temperature, a ne@isNisSiz phase in triangular Nigiand a neafiNiSi phase in the TiNi
film are simultaneously nucleated and grown at the interface. For the spe@meealed at 700
°C for 30 minutes two layers of TiNisSiz and TiNiSi form at the interface with the sequence
TiNi/TiNiSi/Ti aNi4Siz/Si. Triangular NiSi islands are now embedded in theNiiSi; layer. A
mechanism of interfacial microstructure evolutisiproposed to explain the temperature effect on
the interfacial reaction layers between the TiNi film and the Si (1D6yver processing

temperatures or metallic seed layers should be expected to minimize some of these effects.
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Islague[48] found that NiTi films containing an excess of Ti (524t were crystallized
when deposited on $100) substrates heated up to only 473 K (equivalent t6 RMNITi/Si(n)
Schottky diodesilV characteristics showed a temperature dependerdieating structural

transition in the NiTi electrode.

Kotnur completed aPhD dissertation on SMA films on flexible substrates leading to
crystallized films on polyimide (PIJ13, 49] These results helped lay the groundwork for
extending NiTi sputter deposition towards monolithic integration with flexible substrates, such as

those required fosoft bodied micro robotics.

1.2. Shape Memory Thin s in MEMS Applications

NiTi thin films are in demand for applications in actuators for MEMS because these films
exhibit large displacement, accompanied by the shape memory effect (SME) through the B2
austenite to B1906 monoc Makenforexampée ratlCpmsthick MiTit r an s
film, 2 mm wide, that could easily generate over 500 MPa of recovery stress. Such an element,
resistively warmed, or thermally actuated to modest temperatures, could exert over 10 N of force
or lift a 1 kg mass. Highlpptimized NiTi films have potential to double this capagi§]. The
majority of NiTi films are fabricated by RF or DC magnetron sputtemeghods, and these films
are amorphous, unless the substrates are heated during depd€ifidr2, 14, 15, 50]Post
deposition annealing at a temperature above 700K (equivalent t&C)Zér crystallization is
necessary for the films initially deposited in amorphous condition to show the shape memory effect
[8]. In fact, one specific studpl] showed that NiTi fins (with Tirich compositions) sputtered
onto Si (100) at 300C and 400°C were amgrshous, by XRD. Even additional fobour anneals
at 300°C and 400°C was not sufficient to induce crystallization. Only by annealing aC&d

600 °C for fourhours, vas crystallization of the NiTi confirmed. It is noted that NiTi thin films
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sputterdepositechit ambient temperature asenorphous, thus require pesguttering crystallizing

at elevated temperature to obtain the desired shape memory p{8peB#] It is also possible to
crystallize NiTi films during deposition by utilizgn a heated substrate above an ambient
temperature. The NiTi films deposited in this manner exhibit interesting behaviors such as lowered
crystallization temperature and oriented crystallographic strudtire For example, Ikuda
observed that the NiTi film depiosd onto a glass substrate at 673 K (or 40) produced
crystallinity in the NiTi film. Other, more recent studies also looked into the SMA properties of

in-situ annealed NiTi film$53, 54]

Figure4 highlights that SMAs have the highest actuation stress (MPa) compared against
piezo ceramics, magnetostrictive ceramics, shape memory polymers (SMPs), and electrostrictive
ceramicsFigure4 also highlights that metallic SMAs like NiTi also can undergo large amounts
of actuation strain, between&8% reversibly for many cycles. Only SMPs can undergo higher
strains owing to their extreme f | eatvebyilowi ty (I
speeds, often requiring many seconds to fully unravel or actuate, in part due to the poor thermal
conductivity and slow heat transfer of polymers. Most recently, Sharar et. al showed that bulk NiTi
shape memory alloys are highly promising cdatks for soliestate thermal energy storage, based
on the high latent heat of transformations associated with the reversible martensitic
transformation$55]. The high thermal conductivities of the NiTi alloy {28 W/mK) are suitable
for transportng heat. These authors expanded up@work to show that physical properties of
the NiTi could be tailored tbugh manipulation of grain size (~40 nm to +60) through different

solution annealing procedurgss.

Figure 5 also highlights the impressive actuation energy density of SMAS® (kQ).

From this figure, weee that SMASs simply cannot actuate as fast as MSMAs, electrostrictive and
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magnetostrictive ceramics, and especially piezo ceramics like lead zirconate titanate (PZT).
Therefore, one of the most obvious rooms for improving SMA would be to increase tht@actua
bandwidth, or rate that SMA can be actuated. By shrinking the SMA volumettutiridiTi films)

we can therefore enable improved surface to volume ratios (S/V) which would improve the rate of
heat transfer. The main focus of this PhD therefore th@miniaturization of NiTi SMA MEMS
devices, to enable rapid heat transfer and rapid, reversible actuation, and move the actuation

frequency (Hz) to the right for SMA, making in more appealing for higher frequency actuation

applications.
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Figure 4. Actuation stress (MPa) vs. actuation strain (%) for common smart material actuators,
highlighting that NiTi SMA can achieve simultaneous high stress and high strain, leading to the
highest actuation energy density. Adapted from Laguegtbook.
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One major smaaterial actuator in addition to SMAs is the piezoelectric ceramic
actuators, one common example being {eiacbnatetitanate (PZT). As you can see, PZT can
only undergo reversible strains up to 0.1%. This makes senseviltultiecause PZT is a brittle
ceramic, a class of materials with strong atomic bonding, characterized by brittlesstigss
response. By comparison, the NiTi SMAs, being from the metallic class of alloys can undergo
reversible strains up to-B0%, makimg it much more desirable than PZT or other ceramics for
large displacement actuations. PZT is of course much more competitive for lower forces, but rapid
cycling (into the MHz) such as would be required for RF MEMS components like variable
capacitors (varors), MEMS RF contact switches, oscillators, and resonators for applications
such as filtering and tuning in RF communications front ¢6@s 58] NiTi could certainly be
made more attractive in higlandwidth applications if its bandwidth could be improved upon.
One natural room for improvement is in device desgaling both in terms of device size and film
thickness. If one can achieve an overghsicant reduction in volume of SMA actuator needing
to be heated, then the thermal cycling problem can be significantly improved upon and NiTi could

compete in this space.
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SMA as the highest engy density, but overalllow in frequency response (<100 Hz)

NiTi (Nickel Titanium) is a shape memory alloy (SMA) known for shape memory effect
and superelasticity. The shape memory efferd auperelasticity allows NiTi to be strained
reversibly unto 8%. NiTi thin films are of technological interest as actuator materidd=MS
because they possess a large deformation and recovery force compared to other performance
materials proposed fdabricating microactuators . Several early attempts were made to fabricate
NiTi thin films and build NiTi thin film based microactuator prototypes, such as micropumps and

microvalves, microgrippers and microsensors.

Functionally graded shape memory aldiFGSMAS) have also been of great intej&3}.

One obvious advantage of functitigagraded shape memory alloys is their widened
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transformation stress and temperature windows that provide improved controllability in actuating
applications.AbuZater, et al. [60] Lambrecht ha a few very recent studies orartensitic
transformation and nanoscale actuation in nanoscale thickness SMA bimorphs of NiMnGa on Si
[61]. In 200 nm thick NiMnGa films, they show a 3% change in maximum beédlectien per

beam length in agreement with finite element simulations. The thermal bimorph effect competed
with the SMA phase change cause deflection to go in opposite directions. Observance of shape
memory effect strongly depends on SMA/Si thickness .r&to nanoactuators there exists a large
temperature gradient along the beam length. Optimal SME were exhibited for SMA / Si ratio of

90 / 250.

Although there have been numerous studies of SMA film properties in the early years, a
very recent paper added this comprehensive understanding. Refftly looked at NiTion Si
(100) deposited by DC magnetron sputtering (without intentional substrate heating), and from
separate targets of Ni and Ti. Films were annealeddesasition for 60 minutes at 38CQ, 450
°C, 550°C, 650°C. XRD revealed that crystallinity increasup to 550C, but decreased at 650
°C. They showed NiTi films have a strong tendency to show ®rOthe surface. The hardness
and Youngds modul dGhutidecreased atH683d Theirfilmg were 5350nm

thick.

Phase transformation behars of shape memory alloys (SMASs) are strongly affected by
size reductior{62] as shown in shape memory alloy wires. In 2003, Carmen deratatsta
miniature shape memory alloy actuator capable of cycling at 100 Hz due to an active cooling
design[17]. Lehnert studied the influence of annealinggoaeters on the martensitic phase
transformationin sputterdeposited Ti rich Nii films is systematically studied by differential

scanning calorimetry and by transmission electron microsi&gjyHe found that NiTi sputtered
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at 500°C has fine grain size and is homogeneous. Transformation properties could be significantly

altered by changing film composition or annealing procedure.

Liu [32] studied the effect of crystallizing procedure on microstructure and characteristics
of sputterdeposited TiNi shape memory thin filf@&2]. Ti-r i ¢ h  Ti Ni shape memor
sputter deposited by different crystallizing procedures, may display quite different microstructures.
For the room temperature ylms deposited on Si
at 600°C, the stucture at room temperawiis martensite When nartensite is present abom
temperaturen the NiTi film, then physical actuation resulting from significant changes in film
stress lead to actuation abawem temperaturan the MEMS device. The grain g4s a few um
and al most no texture exists. DIOO°Canddrystallizadgh t e
in-sity, the structure at room temperature is austenite. The grain size is only several tenths of a um
and a strong texture is able to develbipus, with small grains, and ncamtensite phase present at
room temperaturehis shows that 508C, in-situ annealed NiiTwould not exhibit actuation due

to M <> A-phase change above RT in MEMS applications.

I n an i mpressive papdroyt i(tSIMAD MBlsaepe MVemrs
with 60% Deformation Rate and 1.6 kHz Actuation Séddo t hese researchers
laser actuation of a FIB milled SMA wire. They integrated a force sensor that was capable of
monitoring force as a function of time for pulsed laser optitdliced heang actuation of an in
place stretching SMA actuator. As the laser irradiation power increased from 5 to 50 mW, the
reaction force increased and the force saturation time, which is the time required when the average
force measured during 10 ms reachegs foghe maximum force, decreased. The rates and forces

of the reactions did not increase linearly and eventually became saturated as the laser power
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increased. The optimum laser conditions for actuation are those that indunexineum force

and highesspeed

They selected a 355 nm UV laser source due to its high absorption coefficient when applied
to metals. As with all metals, NiTi absorbs more light in the UV region than in the visible or
infrared region. In addition, lasers with wavelengths of 355hare small spot sizes and high
peak powers, meaning they can be used as alternative heating sources for microscale SMA
actuation.The actuation speed of their device was slower than piezoelectrically driven actuators
(less than tens of kHz), but almost 8Mes faster than the highest previously reported SMA

actuation speed (50 Hz).

Kwok looked into Fabrication and characterization of sputtered NiTi shape memory thin
films using insitu crystallization in some samples, and solution treatment ofCQhdaging
treatment of 400C on amorphous sampl§s5]. He looking into RF and DC sputtering. The
substrate heated sample showed only B2 phasmat temperaturen the XRD scans (i.e. only
austenite, nonartensite), so the film would not actuate abmamn temperaturelhe 1 houi 700
°C sample + 1 hourt@00°C also only showed B2 phasaabm temperatureso would not make
a thermal actuator. Only the 6 hour aged fim(A00) showed appreciabl e am
atroom temperaturevhich would make for a thermal actuator. The nucleation and ly@iiTi

thin films has been systematically studied using TEE].

Actuation based on shape memory films has been shown in bimorph and trimorph
configurationg66, 67] The bimorph configuration is desirable in nanoscale thickness SMA films
because other implementations could prove challenging with such small amounts of SMA to work
it. Other methods known to create tway shape meory effect (TWSME) or reversible shape

change are localize annealing, functionalized gradients (composition gradient), and dead weight
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bi as. Dead weight bias could be tricky i n MEM
additional elements wodlbe negligible to cause any significant biasing mechanism. Oriented
defects or oriented precipitates are alternative methods, but there is kmovet way to control

or predict this effect, making an actuator like this would only come from luck rdther t
Aengi neer eHdgura&shawsa thd noethads to engineer reversible shape change using

extrinsic and intrinsic biasing mechanisms.

Reversible shape change

Intrinsic biasing

Extrinsic biasi mechanism
xirnsie wasing e Two-Way Shape
mechanism Memory Effect
* Mechanical (Oriented defects)
construction *  All-around effect
(Dead weight load, Bias (Oriented precipitates)
spring, Push-Pull design, * Localized annealing
etc.) (Joule’s annealing, Laser
* Bi-layer structure annealing)
[Polymer, Metal or SMA * Ton projection /
Bimorph, thin film on a homb.
substrate (residual stress)] (Implantation, intermixing)
s Special processing

(Melt spinning, multi-layer
deposition technique, elc.)

Figure 6. Methods(extrinsic and intrinsic)dr inducing reversible shape change in SMA
materials

NiTi films of 100 um thickness were used in conjunction with stress layers to fabricate
SMA-bimorphs, albeit a bit larger than true MEMS sdél@). Stress layer thickness were on the

order or 2- 6 um and structures sizes were 10 mmntength. Nonetheless, this was a very nice

20



study of SMA Bimorph actuation and it would be interesting to the MEMS community to see if
similar actuation applies auch smaller scales. That is in part, the pursuit of this PhD thesis:

measure shape memory MEMS8ale actuation in sumicron thick NiTi films.

A MEMS device based on NiTi on SiN was fabricated and tested. The MEMS- SMA
bimorph actuator was caused to aysivard due to the residual stresses that develop in NiTi, and
the SMA beam uncurled when heated do to shape memory effects. The uncurling was only partial
and this group did not quantity the radius of curvature or uncurling, rather they presented
microsc@e pictures on hotplate. Various MEMS bimorph actuators based on shape memory alloy
have been demonstrated alre46§, 6871]. MEMS thermal bimorph actuators have also been
demonstrate@i72]. In plare bucklebeam actuator design is wé&thown[73]. NiTi SMA has even
recently been integradl with Si photonics to form a physically actuated optical coupleddeler
type device with excellent narpositioning accuracy to within 4 nm and on/off ratio of 9[@8,

75].

Residual stress in MEMS thinlfis has caused curling of microstructures in many
documented cases. Of course, thinner cantilevers have potential for tighter curling radius because
stiffness scales with the cube of thicknd3s. Chris Morris used highly tensile stressed Cr on
relativelyneutralstressAu to create tightly folding microgrippef6], that were limited to single
use scenarios. A similar approach was demonstrated for single cell gripping, with much smaller
curling radiusby mating residual stress bilayers with tensile and compressive |pygrdNickel-
Vanadium (NiV) alloy isalsowell known to be a highly tensile stressed metal as repor{@@]jin
at 1.8 GPa tensile stress. Mismatch in stress across a common boundary leads to folding of released

structures as reported in several other c§88s 80] As another examples0 - 100 nm of
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evaporated Cr on Spenerally has aesidualtensile stress of around 1P& which could

alternatively be used to bend released NiTi bilayermpart a TWSME

It was suggested that SMA materials and effects coutnl kldsused for Nano actuation
[81], which would enable new applications. However, in order to achieve such further
mi niaturization, the actuator thin ylms need
structure sizes need to become smaller, from millimeters, over micrometers)cimeaters.
Therefore, it is necessary to investigate if there is a limit concerning the functionality of SMA
materials with decreasing size and if the shrinking of lateral device dimensions is accompanied
with scaling effects. For the characterization ofmmi to nanoscale SMA materials and devices,
the following parameters and their scaling dependence on lateral structuring need to be monitored:
1) occurrence and reversibility of the phase transition; 2) phase transition temperatures; and 3)
width and shap of the thermal hysteresis. It can be expected that these effects will be strongly
dependent on the materials used and the way they are processed. In the literature, scaling effects
in nanostructured SMA materi al thattheshapmemdrg nt i y e (
effects are shifted to lower temperatures or are even suppressed for the smallest structures. For
different material systems, it was found that a decreasing grain size leads to decreasing
transformation temperaturd82, 83] Fu etal. attributed the change in the transformation
characteristics t o d4ldyer and theintezfacial dager betiveen dulestrateo p T
and thin vyl msithtagsmissiRkreeteerantmicsoscope (TEM) nanocompression tests
on NiTi nangillars have been performed, showing that a stregisced transformation from the
austenite (B2) to the mogbnic mar t ensi te (B196) occurs even f

sample size below 200 nm [9].
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The role of yl|l m -gansiomatior yp roonp etrité egh.dsfe 1. 1
rich) thin ylms was ¢ o mgamwidedtrifeirf84]:cAn incteasaaf o u s
the transformation interval was found and implications are that MEMS devices (such as simple
cantilever actuators) may not necessarily behave as continuous films (i.e. NiTi on Si wafer bow

measurements).

A study of 1 micron thick amorphous NiTi films was perfornj@d]. The conclusion was
that if you anneal too hot, or too long, yasé a significant amount of martengitease detected
with XRD at room temperature. In fact, the paper seems to show that more ideal shape memory
effects could be achieved for a 480 anneal for 5 or 10 minutes, compared to 660 °C anneal for
1 hour. Another study looked at incomplete martensitic transformations in NiTi thin film by
running wafer bow thermal stress scans, but interrupting thentcgioéing the sample) before

complete transformation from Jdhase to austenitg85]

Ishida[24] studied the thickness effects on shape memory behavior5d.0at.%Ni thin
films. They did TEM and XRD on NiTi films of.6, 1, 2, 5, and 7 um. All films were annealed
for 300 seconds (equivalent to 5 minutes in vacuum at °&)0 They draw the following
conclusions: The films show an equiaxed structure with an average grain size of about 5 pm.
Thickness effect on the shapemory behavior becomes prominent below 5 um, whereas it is
negligible above 5 pum thickness. As the thickness decreases from 5 um, the transformation strain
and residual strain increase gradually and then decrease rapidly after showing a maximum around
17 2 um NiTi film thickness. The variation of the transformation and plastic strains with thickness
can be explained in terms of two kinds of constraints from surface oxide layers and neighboring
grains. Surface oxidation affects also the transformationdeatyre when the thickness is less

than 1 um. In this PhD dissertation, some of these clamaserifiedto be true; namely that 600
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°C anneal for 1 hour afterroom temperatudiT sputter in the 0.51.5 um film thicknessange
leads to very small anuaits of recovery stress. Alternatively for 0.8.5 pm thick NiTi films
sputtered in unheated condition and annealed fol® minutes at 460C, exhibit exceptional
amounts of recovery stress (via wafer bow), and significant amounts of reversibleat&forim

MEMS-scale bimorph actuators.

Another relevant study looked into the relationships between sputter deposition conditions,
grain size, and phase transformation temperatures in NiTi thin {82k An in-situ NiTi
annealing study on 3 um thick NiTi films shed that crystallization and SMA properties can be
controlled by substrate deposition temperaty&ey. Another study summarized some recent

developments in shape memory thin film technol[88}.

Thickness and films stress effects on t@asitic transformation in equiatomic NiTi thin
films has been investigat¢8i7]. It was fiown here that if thermal stress in austenite exceeds ~300
MPa, the martensitic transformation occurs 1in
lower residual stress follow a twsiep transformation of B2 <>-Rhase <> B196. For
than400nm thickness, the transformation temperature decreases rapidly with diminishing film
thickness, thus making it incredibly difficult to obtain shape memory actuators based on films
400nm or thinner. Models for phase transformation behavior of an SMA donstrained to

substrate have been discussed in the literfiBdie

The crystallization process is a direct consequence of the grain nucleation artd ajrowt
elevated temperatures. As a result, the annealing temperature and time will influence the structure
as well as property of NiTi thin films and their shape memory behavior. A connection between the
annealing temperature and phase transformation tetapesaof NiTi thin films has previously

been reported by Surbled ef{35].
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Photo lithographically defined NiTi actuators e8] and can generally do before med
using chemical wet etch, ion mill, or Reactive ion etching (RIE). The isotropic nature of the wet
etch prevents small MEMS features (below a few microns) to be refiatirned, and anisotropic
methods like ion mill or RIE should be used instead. Another novel aspect of this PhD is the
development of lowpower ion mill etch recipes that are compatible with typical MEMS
photolithography and allow us to pattern smaiB(@@m) wide NiTi actuator beams, useful in the
scale down of SMA MEMS actuator devices, such as joule heater actuator, MEMS switch, and

MEMS optical mirror arrays (OMAS).

In order to obtain useful foredisplacement product from NiTi SMA film, it is necasy
to plastically deform the artensite through a biasing mechanism such as elastic bias spring. Such
a fAbiasod can be obtained due t d89-81l] Lotatimagest i a |
taken from NTi samples showed that grains larger than 150 nm undergo a martensitic phase
transformation at a temperature of approximately&0while neighboring grains smalleraii 50
nm do not transform into antensite, even in a liquid nitrogen environm@2{, providing further
evidence for a minimum grain size in order for shape memory effects to be observed. The effects
of substrate conditions on Nanocrystalline NiTi films fabricated by magnetrspudtering[93]

was studied, where they found that phase transformations are impeded in small grains.

Waitz showed using TEM measurements, that with decreasing grain size, the Martensite
transformation isompletely suppressed below GS = 60 nm due to increasing energy barrier for
the transformatioff4]. The Rphase transformation, which is only responsible for relatively small
amounts of transformation strains is observed for GS between 15 and 60 nm. In grains below 15
nm, only B2 austenite phase is present, indicating no phase transforhemens for GS below

15 nm.This is a really nice paper ohitkness and grain size dependence of B2 <> R martensitic
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transformation behaviors in nanoscale TiNi filj@8]. Size effects relating to the SMA or SE
properties of NiTi have been invegted in nanoscale dimensiof@2, 9699]. Several PhD
dissertations have looked into NiTi SMA films, characterizing nanoscale thickness SMA or
MEMS devices based on SMA films in nanoscale thickness range. Huioogfrom PSU
developed biasethrget ion beam deposition (BTIBD) of NiJ42]. Konig looked at nanoscale

objects based on SMA00].

Although not the topic of this dissertation, a class of high temperature shape memory alloys
exist to enable shape memory or superelastic properties in more extreme environments. In fact, it
may be relevant for MILSPEC, due to the fact théti generally transforms somewhere between
well-below ambient and up to about-80 °C max, which does not meet the MILSEE
requirement to operate in environments up to 70 dtG0To prevent, unintended actuation, the
military design engineer may be Wslited to choose one of these other NiTiX alloys for higher
temperature fAactuati onodo de-SMAg)rae generalyidgfihedtoe mp er
have operating temperature above 100More well know classes of alloy consist of NiTiPt, and
NiTiPd. A model was developed to predict the crystallization of laser annealed amorphous NiTi

[101].

Shape memory alloys (SMAs) have early on been considered as a potential solution for
efficient microactuators as these materials offer attractive properties like-pdvigit to weight

ratio, large deformation and the capability to be processed at the-saialef102].

Figure7 shows the extrinsic twavay shape memory effect (TWSME). One way to achieve
the twoway shape memory effectin MEMSc al e actuator i s t[60ough t
68-71]. Residualstresses, formed in part due to CTE mismatch and elevated temperature

depositions or crystallizations will cause the NiTi film to bend once released from substrate. The
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bulk, macro scale analogy is that of the mass hanging from SMA spring. The SMA issshape

into its tightly coiled configuration, the hanging mass causes the NiTi to go from twinned
martensite (in unstressed configuration) to detwinmegtensite (stressed configuration). Once
heatedthe NiTi will phase transform into austenite and rapidlyrph into its shapset position.

The hanging mass makes this a reversible process. There is also a documented tendency for these
transformation temperature to shift towards higher temperatures under high stresses. So in the case
of NiTi bimorph actuatas, the large degree of bending could actually prove desirable for ensuring

that the phasehange happens above room temperature.

STRESS

s

Detwinried Iartens :
{stressed) bsteate

-
TEMPERATURE

AF

Figure 7. Constant stress SMA actuator exhibiting the-may shape memory eff¢GtWSME)
[Lagudasbook on SMA]
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Low temperature processing of NiTi is also of interest to enable integration with CMOS
and soft materials (polymers, polyimide, 8Uetc.). Islague showed the NiTi could at least be
partially crystallized when deposited as low as 200bnb Polyimide films[48] by using a ™
rich composition (~52 at%). Whether or not these films would exhibit any appreciable shape
memory effects is uncleas they were not investigated in this wokkecent paper reviewed NiTi
SMA thin films for MEMS application$103]. In this paper they compared NiTi SMA vs. other
actuator technologies. They quoted SMA actuation time as 30 milliseconds. Using miniaturized
joule heaterghis dissertation showedtastic reductions in response time of SMA actuators down

to 400 psec.

Even by using the narrow thermal hysteseRipha® transformationyesearchers could
only achieve a maximum of 125 Hz actuation frequencies in NiTi SMA diaphragm agfugstpr
In fact, it was predicted that maximum frequency for SMA actuatorsdyaateau around a few
hundredHz. One particularly novel aspect of thisOPHissertation was miniaturization of NiTi
MEMS device, to enable electrically actuated SMA up to 3 kHz, pushing the state of the art in

actuation frequency up from hundreds of Hz to several kHz.

Kohl presented an SMA microgripper with integrated gotasm with the following specs:
max displacement of 180 um, max gripping force of 17 mN, electrical power of 22 mW, and
response time of 32 millisecond®5]. This device wa made from 100 um thick NiTi which was
laser cut to sizeA comprehensiveaview of SMA MEMS applications presented ifil06] and
[103]. MEMS switclesmade from thin film SMA and carbon nanotube (CNTYlemonstrated in
[107. Radi o controll ed SMA c owasshownidlog}. Additional or A wi
review papers on SMA MEM&re given in25, 109] Planar extrinsic biasing of SMA MEMS

actuatos is documented if89]. Micromachining processfor NiTi SMA are described ifiL10].
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Intrinsic Twoway SME (TWSME) in SMA actuatorsvas achieved inf111]. Mechanical

Properties of SMA filmswere characterized if112]. Characterization of loemperature
deposited Ni Ti on A s][df3]tHetersgerecus structuresscombining &iTip ol y
and PZT cantilevergiere described ifb8]. Development of NiTpolyimide actuatof114]. Bi-

stable, laser actuated NiTi devidel5]. SMA pump for microfluidic transpoftl16]. Controlof

internal stress in SMA bimorph actuatpre]. Mechanical properties and optimal design of SMA

actuatorg112].

High temperature SMA actuators for applications where operation temperature >100
[117]. Micro thermostat array of NiTi devicefl18] has been demonstrated. Tailoring
microstructure in SMA filmg$53] is an important area of study, as crystal orientation is known to
influence shape memory effects, recovery stress, and recovery strain. The influence of processing
and texture in SMA transformation prapes is discussed if21]. Nitinol can be laser cwith
CW and femtosecond las¢t19]. In additional to sputtered thin films SMA, there also exists
additive manufacturing approaches to fabricate SE and SME structures based specifically on NiTi
based alloys. SLM additive manufacturing of NiTi SMA20] is discussed. SLM and DEM
(directed energy melting) of NiTi heterostructufégl] is also an area of study. A review of

additive NiTi is presented hef#22]. Additional additive NiTi references includi&20-124].

Ni Ti SMA micropumps papers (fab and devi ce
work. [47, 116, 125, 126]Review of additively manufactured NiTi22]. Nanocrystalline NiTi
SMA fabricated from cesputtering techniqui®3]. Grain size effects on shape memory properties
in nanocrystalline NiTi SMA has been repor{@8]. Thickness and film stress effects onlNi
phase transformation is discussed[87]. NiTi thin films micro cantilevers array havseen

fabricated in[127]. Grain size effects in sputtered Ni83]. Effects of film dimension on
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transformation propertig84]. A NiTi SMA-based microgrippawxas fabricated and characterized
[128]. Characterization of NiTi SMA using temperature controlled AFM9] has been
demonstreed. Effects of film composition on NiTi propertigX] is known to play a crucial role.
Fabrication of NiTi/Cu SMA bimorphs was shown[i#1]. Texture and anisotropy play a critical
role in shape memory and superelastic properties in additive manufactured 3diDouble

layer SMA bimorpks [131] have been shown to have interesting properties. Effects of annealing

can influence on SMA properti¢34].

Prediction of thermalhcontrolled actuation for shape memory alloy fibased bimorph
cantilevers was modeled and experimentally verified6B]. Their model takes into account
temperature dependent changes in material property of NiTi as it is driven through its phase
transformation from martensite tauss t eni t e . Defl ection is <calcul
formula for bimetallic strig132]. These authors developed a useful model to predict the actuation
(i.e. tenperature induced deflection) of NiTi SMA bimorph cantilevers (showsgare8) which
is extensible to other substrates. Clearly the influence of substrate (i.e. cantilever in which NiTi is
deposited) rigidity or ungdés modul us is apparent. Mor e ¢
materials like Quartz and Brass with lower modulus (72, and 1R4),Ghould exhibit more
significant actuation changes in deflection during the SMA phase change as compared to cantilever
substrates that are more rigid like Mo and Mica (329, and P&} & shown ifrigure9. Si for

reference is 130 B, which is in the middle of these extremes considered.

The deposition temperature also playsiticad role in the amount of deflection incurred.
The caveat, is the system of consideration here is NiTi sputter codtiggh s#mperature onto a
free standing Si beamAs is the case for more realistitTi MEMS actuator fabrications, NiTi

gets depositkonto Si wafer and then patterned, prior to device release. The NiTi sputtered directly
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onto Si is allowed to bend after deposition completes during the entire cool down period. These

two cases are expected to be considerably different in terms of géresstion and relaxation.

Typical depositiongire done at 50€C to 600 °C to ensure good crystallization of the NiTi film.

The increase in bending likely comes from the additional curvature imparted into the bimorph at

higher deposition temperature (igriven by the larger changes in temperature for fixed CTE

mismatch, as in the case of NiTi on Si beam). In these scenarios, their NiTi film is 2 um thick, and

the free standing Si cantilever is 100 um thick, therefore active NiTi to Si cantilever 12¥#o is
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Figure8. Typical actuation of a bimorph zkiNiso.s/ Si cantilever; the tangents (solid lines) to
the single phase segments of the plot converge to deposition point FD (zero deflection point)

[133].
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There is currently no effective approach to control thghRse transformatioid34]. It is

not easy to largely separate the temperature domainnpfhRa s e and sBelpfade mar t e

transforméion, especially in the presence of an external force. Grain size and aging

microstructures each have an influence on the transformation behavior. After full solution

annealing, neaequiatomic NiTi alloys show (upon cooling) a estege themo elastic martensitic

transfor mat.i

on bet ween

B2

austenite

(A)

crystallographic defects (e.g. dislocations, coherenTidli precipitates), a thermoelastic

transformation between austenite and rhombohedrphéRe) has frequently been observed as an

intermediate step between austenite and martd4itd 04, 134, 135Microactuators have been

built and thermally actuated utilizing theghase <> austenite phase transfation[104, 134] In

general, this transformation results in much lowegorery strains (0.2 1.0 %), but has the

32

anod



advantage of narrow thermal hystersis5(0C) to allow for faster thermal cycling or thermal
actuation[42]. It is will establishd thatgrain size of NiTi can be grown using for e.g. a 7G0
anneal for prolonged amount of time ranging between just several minutes to 1,000+ minutes (15+

hours)[136] as shown irFigure 10.
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Figuel0.Ef f ect of grain size on aging microstruct
of a lowtemperature agedi10.8 at.% Ni alloy. Adapted frofd 36].

Certain papers deal with looking at influence of substcainditions on nanocrystalline
NiTi sputtered from elemental Ni and Ti targets. Substrate conditions can include temperature
setpointiseed | ayer 0, o.1inomBtudy,ithaysontbarded veth Ar rams lusing a
-100 V substrate bias during Nifiilm growth, and 300°C substrate setpoint. They used XRD to

measure crystallization. Theyeported martensite peaks at room temperatundicating the
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potential for phase transformaiton upon heating. Average grain saize of ther nanocrystalline
samples as thename suggests was quite small at jB8t- 50 nm. Generally speaking, ion

bombardment during film growth leadio measurabliarger grain sizef3].

Effects of film dimension have also been studies and show some interesting bgBdyjiors
i.e. lithographically patterned lines posses a strain profile that significantly alters the phase
transformation behaor. Amorphous NiTi 1.1 um thick, and Ti rich (52 at% Ti) was sputter coated
onto 200 m SiNx coated Si wafer. Usinghotolithography and wet etch, 5 um lines xrifh,
and 13 pm spacingere patterned on the wafé&facuum crystallization was used (44Dfor 20
minutes). AFM and SEM were used as characterization, along with standard XRD. Wafer
curvature was used to monitor stress on a full wafer betweérnl@b °C. TEM revealed Grain
size (GS) on the order of 2.5-9.5 um for the films, and 1.7 -H0.4 um for the patterned lines.
Diffuseness of the XRD patterns indicated no significant texture in the films. An important
limitation of their work, is that no microcantilevers were actually patterned and tested; all of their

testing was done at wafer level.
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Effects of Fatigue on NiTi:

Although fatigue is not the main focus of this body of work, it is nonetheless important to

highlight thepractical engineering aspects of using NiTi in high cycle applications. Of particular

relevance to this PhD study is thermal fatigue; defined as the operation of NiTi actuator over many

heating and cooling cycles. DSC has shown that NiTi transformatiqretatnres decrease over

the course of just 100 thermal cycles, for the case of unstressed NiTi. The mechanisms are a bit

more complicated in thin films under constant bias stress/strain during thermal cycling. Thermal

fatigue, mechanical fatigugl37]. Dislocation density increased from 4@ 5x10“ after 100

thermal cycles. The obsvations of dislocation bands suggest that the moving martensite

interfaces act

as

crystall ographic

66snowpl ow:

cross slip) and then become locked in the sessile bands at the interface plane. Dadggesu
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transformation cycles, additional dislocation debris becomes more tangled, shorter, and more
curved after multiple cycles. These dislocations further impede the motion of the martensite
interface, thereby requiring a larger driving force, and equently lower temperatures, to initiate
transformation. Hamilton et. Al looked into functional fatigue of NiTi flms on Si substrate up to

100 thermal cycleEL38].

Ultralow fatigue SMA[139] is important for high cycle applications such as elastocalorics
cooling[140] and stents. Ternaf$39], andquaternary alloys based on NiTi have been developed
for these purposdd41]. Transformatiorinduced plasticity during pseudo elastic deforomain
NiTi microcrystals was shownyhere they utilized a single crystal NiTi pillar ~20 um diameter
that was FIB milled from a polycrystalline sample with grainsiz200 pm, which was facilitated
by a 20 hour anneal at 1,000 °C and rapid quenching to avoid the formation of precipitates (since
extended time in the precipitaséable region of phase diagram would lead to formation of
precipitates). It is generally egpd in the community that as long as strain is kept below.5%,

then cycle tims can go well into the millions.
1.3. Photothermal Actuation of MEMS cantilevers

Photo thermal (i.e. laser induced heating) actuation allowsviireless means to harness
directed energy over large distances. Optical actuation (i.e. foldinghdirtzy has been shown in
shape memory alloy (SMA), other polymers (albeit slow actuation), thin metal films, and carbon
nanotubes. One major drawback in some of these applications@vasdd for mirrors or lenses
to focus laser beam to 160 0 0 0 6 s 2¢1#2]. MMboaldnbe advantageous if laser actuation
thresholds coul d b éorlessvnehisalidsertation, hidrdsscond &ctualidnc m
time scales vth irradiation levels below SV/cn? is demonstratedThe SMA actuation response

was showro be faster than 100 ms, with irradiance levels as low as 2 #V/cm
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Lasers can be used to heat MEMS cantilever like deyigk%145]. Laserswere used to
soften polymers and allow bending of microgrippers that were actuated due to residual stress in
thin films [76, 77, 79, 80, 146] Stressed Cr was wused to bend
Wireless binorph actuated MEMS bimorph cantilevers (BMC) were actuated with a pulsed laser
[147]. They used Au on Pol§i cantilevers based on PAlWUMPS process. Nd:YAG laser of 355
nm wavelength and 12 ns pulse was used to heat the bimorph device. Cantilevers varied in length
(2 mm, 850 um, and 500 um). Pgby was 1.5 unthick, Au was 500 nnthick. Devices released
with upward curl due to residual stresses developed in the process. ~85 pJ per pulse (1 mm
diameter laser) generated max displacements of 100 um in the 1,000 um lengtiiB\V&thors

claimedthis opens up wireless microactuation (i.e. micropumps or miqoepeos).

Optical actuation of meromirrors fabricated by microrigami techniquevas shown in
[148]. The most deflection they were able to achieve in a rigid micromirror waeg.3 his was
at an optical power density of ~400 mW/fnThe Air Force Research LaMEMS group
published a paper ohé@rmally-actuated micreghutter for MOEMS applicatiorj$49]. These used

joule heating and traditiongthermal actuatorsasedon hot and cold beams.
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Figure 12 MOEMS shutter actuatedithr 1.3 V DC bias. This group had fabrication issues where
the device would collapse into the substrate due to stiction and lack of rigidity in tthe5Jut
thick Al film. From[149].

An additional concept for MEMS shutter was the electrostatic, artificial eyelid. Using
stressed sheets of rolled up thin films, these devices Maited in success because they required
100- 300 V in order to actuaf@50] and would more often than not stick to the substrate and not

return after the voltage load was removed.

conductor insulator

substrate 80pm 300X
Figure 13. Electrostatically actuated MEMS shutter eyelid for sensor protection [ft&60].
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Another type of microshutter array was developed by NASAJames Webb Space
Telescopgl51]. In this design, the microshutters can be selectively addressed using a combination

of electrostatic and magnetic forces.

Baglio et al. showed Modeling and design of novel pitbesmoemechanical
microactuatorg152]. One huge disadvantage to their approach was the need to micro machine
lenses to focus the light source onto the suspended MEMS cantilever. Alsdl, raaliation is
absorbed: consider for example in the visible spectrum that Al reflects about 90% of light, therefore

the absorption coefficient would be 10%.

In a noAMEMS application[153], a bulk SMA spring was actuated with laser powers
ranging from 5i 50 W with bias loads of 1.5, 2.5, aBdb N to deform the spring at room
temperaturean martensitephase. Upon laser irradiatioatemperature rise convertedTVinto
austenitephase anda maximum displacement of ~30 mm was measurkd COMSOL

Multiphysicsmodelwas used to study the heat generated during laser irradiation.

The electrostatic artificial eyelid requires more than 100 V to actuate which limits
precticality [154]. In one journal paper a digital micromirror device (DMD) in combination with
wavelength multiplexing allowed for selectigpectral filtering in defined regions of interest in
the scene. The system offers the possibility of automatic attenuation of dazzling laser radiation in
the visible spectrurfl55]. One paper looked at a comparison of various methods to protect sensors
from laser dazzlingl56]. Some of the mentioned benefits of a MEMS thermal shutter was fast
response and wavelength agnostic operation principle. In 2009 a MEMS thermal shutter was
presented149]. Anot her paper titled ACompl ex MEMS

space appl i cizd iheo recert degselopmmaras of the JWST microshutter arrays
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developed by a large team of NASA scientists and engifilegl} An earlier work (1996) entitled
Remote optical detection using microcantilevgi®7] started simply withCOTS AFM

cantileversA laser beam with 6 mm diameter, 786 wawelengthandcantilevers ranging from
180- 320 um in length. Excitation (or pump laser) was modulated frek@QLHz. Peak power
was 18.5 mW, equating to 65 mW/&nAu/Cr was the bimorph aleent. SiN was 600 nm thick.

Cantilevers werd8 um wide, spring constant (i.e. bending force) of ~ k =-0.02 N/m.

Additionally IR laser actuation of bimetahntilever was usetb close a switclin [158].
They showed a remarkable power threshold 800~-nW.50 nm thick Au patchesformed
plasmonic absorption structures, and a small air gap of ~500 nm required only very small

defl ections of the bimorph to ficlose the swit

Severalmechamss ar e at play with Aoptical actwuat.
(negligible because the photon mass is much less than MEMS structure), photo induceshdtress,
t her mal expansion by heating. To put hsome n
experiment byj148], where F=(PA)/c, P is light power density, A is mirror (or irradiated area),
and c is speed of light. At P = 450 mW/fm=5E2 mn?, then F = 7.5 & uN, which causes
negligible deflectionTherefore, actuations can be primarily attributed to thermal mismatch or

phasechange effects.
1.4. Summaryof Literature Revievand Aim of Dissertation

After a thorough review of the prior literature, several research oppttunvee
identified which would benefit the community at large. Specifically, if the processing temperatures

of NiTi SMA could be lowered, then NiTi could be practically integrated with material sets that
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the high processing temperatures of SMA curreatipde. These additional platforms or materials

setswould include CMO&nd soft polyrer materials.

At the onset of this PhD endeavor, the fundamental limitations for shape memory MEMS
were related to 1) how thin could one go and still be able to messtersible shape memory
effects, 2) how fast could one conceivably actuate the SMA MEMS device (limitations previously
existed that would not allow for heat transfer to happen much faster than several 10s, or at most,
100 Hz, and 3) could a micromirror fabricated using shape memory alloy and demonstrate large,
reversible deflections for future applications in beam stgeLIDAR, and medical imagind@By
shrinking the volume and heat capacity of the SMA MEMS actuators, it was shown for the first
time, that reversible actuation beyond 1 kHz frequencies was possible, verifying that the heat
transfer (in other words, the heating and cooling of shape memory alloy), could happen more than
1,000 times per second. Co mb i n e displacenments, &XWMA 0 s
high work densities, the efforts laid out in this dissertation have demonstrated major breakthroughs
in the bandwidth, or speed with which NiTi could be actuated, and thus enabled additional
possibilities to use NiTi in microelectroniaad MEMS. Shape memory MEMS can certainly now
be used for higher frequency actuation applications such as mechanical logic, signal routing, and

switching, and at relatively low power and energy consumption.

In this PhD dissertation, specific focus is @dcon the extrinsic biasing mechanism
enabled from residually stressed or CTE mismatched material8.rf¢dative epoxy photoresist
can be patterned and developed on top of Nitinol, and based ehgkestemperatures around
200°, and the unusually high EBf SU-8 (~52 ppm/K), to cause significant upward curl in Nitinol
MEMS bilayer actuator. In each of these cases, the NiTi is crystallized, or shape set into a flat

configuration, MEMS patterned into a suitable size, and then biased into a bent coofigupat

41



device release. This clever setup achieves a relatively simple bilayer actuator that can be thermally
actuated between curled and flat states based on the reversible phase change inherent to Nitinol,
and the biasing stress to enable extrinsiciway shape memory effect (TWSME). For example,
without the constant biasing force, the Nitinol actuator could only exhibit the one way shape

memory effect (OWSME).

This PhD dissertation demonstrated stressed metal films and stress@drsSWiTi
bimorphscapable of reversible actuation. This resulted in tight radius of curvature actuators that
were not possible in those previous demonstrations using relatively thick and rigid Si cantilevers
as the bias spring. By using thin (~1 um) and low modulus matdikal SU8, and ultrathin
stressed metals like (Cr and Pt), we achieved large, reversible bending of NiTi film actuators at

MEMS scale.

In Chapter 2, lowtemperature crystallizatiofas low as 328C) is shown on metallic seed
layerswhich enable epitaal growth of nanoscale thickness SMA films exhibiting reversible

phasechange

Additionally, there is significant room for improvement in SMA MEMS frequency
response as well as a need to reduce the optical irradiance required to induce therrchigpigase
To address these limitations, in Chapter 3, MEMS bilayer actuators are fabricated and due to their
extremely low volumes, they are able to be actuated with low power laser irradiation. Chapter 4
demonstrates the low power and fast cycling of SMA MEMSnay of jouleheating. In this
chapter, pulsed electrical currents are used to generate heat in the NiTi actuators allowing for the
study and characterization of hifffequency actuation. An impressive cycling bandwidth up to 3

kHz was demonstrated, advamg the state of the art.

42



Finally, Chapter 5 documents the first attempts at fabricating and characterizing an SMA
activated micromirror array device. Due to impressive deflections offered by SMA-giesge,
a mirror was deflected up to 29.9 degreestdtionwhich based on developments in Chapter 2
4, should be capable of fast and low power application suitable for power constrained

environments (i.e. cohip).
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Chapter 2Fabrication and Characterization of NiTi thin filBMA

As highlighted in thdntroduction,Shape memory alloys (SMA) are a class of functional
materials characterized by their "memory" &fprevious structure after a firstder phase
transformation. During this thermallyriven austenite> martensite transition, recoverable stres
is built up within the film, which can be manipulated to do work. NiTi, one of the most widely
studied SMA is known for its exceptional chemical resistance, highest work output per unit
volume, and biccompatibility, with great potential for applicati®im the medical, aerospace, and
robotics industries. Thin films of SMAs have also shown promise for applications in MEMS
devices requiring friction free, large displacement, andvibrational movements. However,
applications of NiTi films remain limitedue to high deposition temperatures (>425 °C) required
to achieve a high degree of crystallinity to attain the critical SME. Most of the studies have focused
on either substantially thi 3, 1833 159560]qr po& € m)
annealing methods where the temperatures are still above the NiTi crystallization temperature (425
°C) [87, 161] Deposition and posinnealing processes at high temperatures have several
disadvantages. The choices of available substrates are limited, as materials (soiginass)
which degrade at high temperatures cannot be utilized. High residual stress due to thermal
gradients can also result in warps or cracks in the film. Furthermore, formation of unwanted
complex precipitates can occur at the interface caused lioreawith the substrate which reduce

the thickness of the active NiTi layer contributing to SME.

This work exploresanoscale thickness NiTi SMA films deposited at temperatures ranging
from 325°C to 800°C andthicknessesanging from 120 nm up to 1e8n. The thicker NiTi films
deposited at higher temperatures are used to confirm the SME. These developments are

documented irsection2.1 and serwtas a reliable basisom which the necessary reductions in
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temperature and thicknes®reexplored. Sectio2.2 details the use of thin metallic seed layers
such as Ru and Pt, which seth@s a pseudepitaxial layer to enable crystallizations at lower
deposition temperaturesn this section, NiTi filmswere confirmed to have reversible shape
memory effects irfilms as thin as 120 nm at processing temperatures as low a€3Emally,
Section 2.3 documents characterizations related to NiTi films sputtered onto polyimide (PI) films
attemperatureas low as 400C andas thin as 400 nm proving that shape menedigcts can be

achieved when directly deposited onto soft polymeric materials.
2.1. Co-sputtering of NiTi and Ti targetnto Si wafer

In thissection NiTi films are sputtered onto Si wafers and characterized using/strass
temperature, XRD, anttansmisgn electron microscopyTEM) methods Figure 14 showsa
schematic othe AJA co-sputter tool used in the development of NiTi SMA film reci@sbstrate
rotationwasused to maintain high uniformito-sputteringvasperformed using DC magnetron
sputtering from arequiabmic NiTi targetand pure Ti target in order to finely tune the fifims
composition.TEM was performed in order to gain additional insights into the crystallization of
NiTi on Si (100).Threesamplesvere analyzedall of which were deposited fanehour onto Si
(100) wafer in heated substrate condisiah600°C, 700°C, and 800C. Based on a very thorough
literature review, and the additional suite of characterizations performed, crystallinagah of

the samplesvas expectetb be apparent.
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Figure 14 Schematic of AJA esputter tool used in the development of NiTi SMA film recipes.

Figurel5shows the TEM data for NiTi on Si (100) féwet 800°C sample. Thickness was
revealed to be 824 nm. Figure 15A the martensite structure is observed for image recorded at
room temperaturdn Figure15B the columnar structure with ~100 nm grain Wwidtasrevealed
for sample imaged at 15(C, corresponding to the austenite phased-itjure 15C the equiaxed
grainswereapparent at the NiTi Si interface, wasthe interfacial region where intermixing at

high temperatures is egpted to happen.
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Same area at RT and 150 C

Equiaxed grains

Figure 15. TEM of NiTi on Si (100) sputtered at 80D. A) RT martensite structurB)
austenitic, columnar grains at 15, C) equiaxed grains near NiTi Si interface anyl
equiaxed grains at 150C in austeni¢ phase.

There appe@&dto be a layer of equiaxed grains at the bottom of the film, where NiTi is
grown on Si.Figure16 showsTEM of NiTi on Si (100) sputtered at 70CQ. InFigurel6A the RT

martensite structun@asapparent, and film thicknesgasmeasured to be 880 nm. Figure16B
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the austeniticphase columnar grains at 150 were approximately 25 nm in width, or about
twice & wide as wameasured in the 80 sample. IrFigure16C equiaxed grains near NiTi Si
interfacewere apparent. Note: during TEM sample prep, all but the bottom %2 NiTi film was
accidentally removed. Ifigure 16D equiaxed grainsvere observea@t 150°C in the austenite

phase.

Same area at RT and 150 C
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Figure 16. TEM of NiTi on Si (100) sputtered at 7800. A) RT martensite structurg)
austenitic, columnar grains at 15, C) equiaxed grains near NiTi Si interface anyl
equiaxed grains at 15TC in theaustenite phase.

Figurel7shows a combined plot &fur wafers showing excellent repeatability in the NiTi
film stress ersustempeature plotsTwo NiTi wafers were sputtered at 70G, and twowafers
were sputtered at 80C. All other deposition parameters were fixed between all four sputie:

5 mTorr chamber pressure during the sputtering, 60 sccm Ar flow, 60 minutes depasiep
375 W to the NiTi targetand 250 W to the Ti targeSome interesting resuligere apparenwhen
comparingthe sputtered NiTi at 700C and 800°C. The NiTi films seerad to have very
comparable residual stress (~50 MPa), but one main differertbe I800°C sample had an
additional~100 MPa recovery stress. Based on the shape of the dingeQuld be attributetb

the presence ofRhase in the 800C sampleThis was confirmedn other samples where only
R-phase <>austenite transformation ppenedabove room temperature. In each of these many
cases, the narrow hysteresis transformation is ~100 NIRa.Rphase is indicated by the
additional, narrower hysteresis portion of the SMA curve. The@&ample hda recovery stress

of ~450 MPaandthe 700°C sample hdrecovery stress of ~350 MPa. All other recipe parameters
were held fixedtherefore it was concluded that deposition temperature alone can significantly

impact the nature of the shape memory effect.
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Figure 17. Plot of 4 wafers showing excellent repeatability in the NiTi film stress vs. temperature
plots: 2 NiTi wafers sputtered at 700°, and 2 wafers sputtered at 800°C; all other deposition
parameters fixed: i.e. 5 mTorr, 60 sccm Ar, 60 minutes depositionVaNHi, 250 W Ti.

In this section, it was shown that Nifiims deposited onto Si are crystallized and exhibit
reversible shape memory effects. Reversible shape memory effects were usnifgadressbow
measurements on 4 inch Si wafers coatedh \WiTi. TEM was used to characterize the NiTi
microstructure in martensite and austenite phases. Grains are columnar through a bulk of the
thickness, whereas graiimsthe vicinity ofthe NiTi-Si interface are equiaxed. Interfacial diffusion
was observedt the NiTi-Si interface whereby neaniform regions of intermixed NiTi and Si
wereapparent. The following section seeks to mitigate some of these effects through the use of
metallic seed layers and reduced temperature deposiflibisresuled in epitaxal SMA films
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exhibiting reversible shape memory effeatdemperatures as low as 3Z5and as thin as 120

nm.

2.2. Co-sputtering of NiTi and Ti target onto Pt and Ru seed layers

There is great interest for integrating NiTi with a variety of MEMS eochplemenary
metal oxide semiconducto€MOS) devices. One significant limiting factor for NiTi integration
is the maximum processing temperature allowed based on various substrates or materials already
empl oyed. For exampl e8,orpilnudé areoften tinbes ¢mplayedeas a | i k e
MEMS device release layer. Typically S8 and Pl materials are only stable up to about-ZBD
°C, above which they experience @a#ssing, softening, reflow, significant weight loss, etc.
Eventually these materials withelt, so typical SMA crystallization at 5@D0 °C is completely
prohibited. Recent studies have shown that the presence of a seed layer, such as Pt, significantly
increases crystallization of films with sahicron thicknes§39]. Seed layers can also mitigate the
formation of precipitates at the fiksubstrate interface, as well as assist in nucleation of-nano

crystallites[162, 163]

To this end NiTi films were sputtered onto Pt and Ru seed layers in attempt to enable
thinner, and lower deposition temperatures to enable SMA integration with a wider variety of
substrates including polymers and CMOS. NiTi filmere crystallized in-situ at deposition
temperaturesf 325°C, 450°C, and 60C0°C. The growth and characterization of NiTi thin films
using a Ru seed layer with deposition temperatures as I@R%C is reported demonstrating
this methodis viable for integration into polymer based MEMS fabricatibhe dependence of
crystallinity and shape memory properties on the deposition temperag)rend film thickness
(t) wereinvestigated Stresshow, resisitivity and xay diffraction measurements were utilized to

characterize deposited thin films across thetenite to Rohase transformationthis section
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demonstratethat by utilizingaRu seed layer with a thinner-fich NiTi film (120 nm), crystalline

films with good shapenemory effect can be achievdatese findings werpublished in164].
2.2.1. Sample Preparation

Ti-rich NiTi films were deposited on to (100) silicon wafers coated with a 5 nm thick Ru
seed layer (deposited bybeam evaporation) usirigC magnetron ceputteringof NiTi and Ti
targets in theAJA ATC 2200. The Ru seed layer was deposited by thermal evaporation on to Si
substrates. During sputtering, dual targets of equiatomic NiTi (375 W) and pure Ti (240 W) were
used to compensate for the lower sputtering rate of Ti. The working pressure was set to 5 mTorr
while deposition temperature f)flwas varied fron825 °Cto 600 °C. Thickness of the deposited
films ranged from120 nm to 450 nm(controlled by deposition timegnd were confirmed by
profilometry and SEM cross section. Elemental compositions of films were measured using energy
dispersive xray spectroscopy (EDX) and are within an error margin of{-t.%).Table1 lists
all the measured samples along with their deposition temperature, thickness, and composition.

Table2 lists the corresponding measured grain size in thete.

Tablel deposition parameters and compasitof NiTi films grown on Ru seed layer

Sample ID  Toep(°C) t(nm) Comp. Ti/Ni (at.%)

Ru600_225 600 225 54/46
Ru400_225 400 225 53/47
Ru325_120 325 120 54/46
Ru325_225 325 225 54/46
Ru325_450 325 450 54/46
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Table2 measured grain size for NiTi on Ru films deposited at temperatures betwe€d(BZ5

Sample ID Avg. Grain Size (nm
Ru600_225 450
Ru400_225 120
Ru325_120 25
Ru325_225 35
Ru325_450 70

Tablel illustratesthe composition of each film is consistent anthifium rich This has
been shown elsewhere to facilitate crystallization at lower temperaf@Bes51] Marked
improvements imveragegrain size as deposition temperature is increaaade seen ihable2.

For the fixed deposition temperatui@b °C, thelowest considered in this study), theerage
grain sizewasshown to increase #isedeposition time increased, consistent with longer time and

temperature for the annealing and grain growth.
2.2.2. Characterization

Crystal structure during phase transfiation was measured usingrXy diffraction at
Beamline 21 at the Stanford Synchrotron Radiation Lightsource (SSRL). Grazing incideage x
diffraction (GIXRD) measurements (E =17 keV) were conducted during heating and cooling
cycles with a temperaturange of 26 120 °C and rate of 1 °C/min. Depending on the thickness
of the film, incidence angle forrays was varied between 0.7° and 1° to tune the attenuation length
through the film, mitigating signal contribution from the Si substrate. Average gz for the

B2 phase was calculated using Williamsdall plots.

Resistivity was measured with four point probe method using the Quantum Design Versalab
system with Electrical Transport Option (ETO). In order to investigate the stability of
transformation over multiple cycles, resistivity scans in temperature range 16f025C were

measured with a ramp of 1 °C /min. The first derivative of resistivity as a function of temperature
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was calculated to obtain accurate phase transition temperaumndar to methods using tangent
lines [10]. Hysteresis width was defined as the finish temperature of the phase transformation upon

heating minus the start temperature of the transformation upon cooling.

In order to study the martensiticangormation, wafer curvatureneasurements were
performed as a function of temperature. Stresses induced by phase transformations were measured
through wafer curvature method using the Toho FA320 S film stress measurement system. The
temperature range wast between 20 °C and 100 °C with a rate of 1 °C/min. As the Si substrate
is three orders of magnitude thicker than the film, Stoney's equation was utilized to convert the

radius of curvature to film stress.

Samples were prepared by sputtefiidi onto a Ru seed layer on Si wafer as detailed in
Tablel. Figure18 shows the evolution of film stress across the phase transfornfatoome 18A
compares films with different deposition temperatures<g@00 °C, 400 °C, 325 °C) for same film
thickness (225 nm), whilEigure18B compares films with different thickness (t = 45, 225
nm, 120 nm) for the lavest deposition temperaturey(¥ 325 °C). The sharp variations in stress
indicates a phase changégurel8A shows that the NiTi film with § = 600 °C (Ru600_225) has
the largest recovery stress of 225 MPa withyateresis width of 24 °C, characteristic of an
austenite (B2) to martensite (B19") transformation. Asd&creases, a twstep transition is
observed for Ru400_ 225, which further collapses to a much smaller recovery stress profile for
Ru325_225. On the loér hand, inFigure 18B, a stable transformation hysteresis is observed
between 55 °C and 64 °C showing that SME is present in all the thin films with the lonafst T
325 °C. Here we note that NiTi films with low#rickness show higher residual stress, whereas
films with higher thickness show lower residual stress possibly due to strain relaxation away from

the RuU/NiTi interface or precipitate effects as discussed in a later section.
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Figure 18 stress vs. temperature measurements for the NiTi on Ru wafers as reported in our
paper on ultrathin, low temperature crystallization of NiTi on Ru seed 1§¥64]

2.2.3. Characterization baIXRD measurements
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Figure19 shows GIXRD spctra for NiTi flms measured at temperatures below (black)
and above (red) the phase transformatkigure 19A compares NiTi thin films with 225 nm
thickness for different values ofp] while Figure 19B depicts NiTi thin films with varying
thickness at a fixedplof 325 °C. These spectra were recorded during the heating and cooling
cycle from 120 °C to room temperature (only cooling data is showgure 19). For all the
samples, Fpbhase, metastable phase of trigonal structure, wasredd at 40 °C with the
characteristic (300)R diffraction peak being the most pronounced. Here we note that the subscripts
R and C refer to the Miller index notation for the trigonal and the cubic B2 structures respectively,
and will be used throughouteisection A shift of (300)R diffraction peak to (110)C diffraction
peak was observed upon heating and-viesa. (3 O)R, (3 2)R, and (232)R diffraction peaks
exclusive to Rphase were also olawed at room temperature, which subsequently disappeared
abowe the phase transformation temperature. The shift of the (300)R peak and the intensity of the
(3 0)R peak during the cooling and heating cycle are plotteidjure20. Figure20B clearly shows
that the peak shift from B2 Z2Z R is discontin
expansion. ltcanbe alsoseenthafmd e cr eases the B2 2 R transforr
decreases and hysteresis width narrows. Averagja gize for the B2 phase using Williamson
Hall plots is shown iTable2. Larger grain size is observed for thin films deposited at higter

Bragg peaks for BNi precipitates were also observed in all the films.

The diffraction intensity for the precipitate peaks was dependent on the film thickness and
Tp, increasing for highergrand thicker films. These precipitates have been previously reported
in literature for Tirich composition[23, 51, 165] Interestingly, additional TNi peaks were
observed for Ru325_450, signaling a more granular precipitate structure that is less coherent with

the NiTi matrix. The overlap of some of theNi precipitate peaks with B19' phageaks makes
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it extremely difficult to deconvolute the presence of B19' phase at lower temperatures. However,
based on stredsow measurementdigure 18), which show narrow and singgtep hysteresis

loops for all he samples except Ru600_225 and Ru400_225, we can infer that the B19' is absent.
Ru600_225, as mentioned above, shales largest recovery stress of 225 MPa with a wide
hysteresis which is a characteristi c-rapdataa B2
indicates towards the coexistence of both R and B19' phase at room temperature. For Ru400_225,
GIXRD dataat room temperature shows presence-ghRse. Although twstep hysteresis loop

in stressbow measurement could potentially indicate partial transformation frqmaRe to B19'

near room temperature. This interpretation is also corroborated by electgiatance
measurements. For thin films deposited at 325 °C additional Bragg peaks frervéi®also
observed. Although, as it mostly forms on the surface-gegosition, it is not expected to

influence the phase transformation.
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Figure 19. GIXRD spectra above and below R to B2 transformation: (a) NiTi films with different
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temperature, § = 325°C.
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Pt is one of the only reported metallic seed layers to date regarding NiTi crystallization.
Kim showed that by using a Pt seed layer, NiTi filmsr{@h compositbn) could be crystallized
at deposition temperatures as low as 350although the shape memory effects were not reported
on[39]. They had chosen Pt as a seed layer for the following reasons: easaitatility of Pt
synthesis, low specific heat and high conductivity for improving heat dissipation. Theories behind
lowered crystallization temperatures are based around surface energies between NiTi and Pt. The
interfacial energy of NiTi / Pt is hypothieed to be lower compared to NiTi / Si and NiTi / IO
(common substrates for NiTi depositions), making the overall activation energy barrier for
nucleation on Pt lower. In addition to Ehis workcompars againstRuthenium Ru) seed layers
as well. Ruwvas choseias an additional transition metal whislas readily accessible apdsyto
deposit bye-beam evaporation techniques. The ultimate goal of this effort was to push towards a

thinner NiTifilm, targeting 100 nm thicknessid progressively lowerpland still exhibiting SME

Figure 21 showsXRD plots for NiTi deposited onto (a) Pt and (b) Ru seed tager
substrate temperatures of 50 400°C, and 325 C. NiTi films with Tp = 500°C showed clear
martensitic transformatiorfer NiTi films on Pt and Ru when contrasting XRD spectra taken at
RT and 130C as shown irFigure22. The films underga clear B2 <> R transformation-fhase

diffraction peaks are apparent in the RT spectra.
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Figure 22 XRD plots (utilizing SSRL beamline) for NiTi on (a) Pt and (b) Ru showing reversible
transformation between-phase and austenite at RT and 130°C

Figure23shows theelectricalr e si sti vity J (T) measurements
asxray studies. Mul ti ple cooling and heating c
R-phasds stable. Transition temperatures during the heating and cooling cycle were obtained by
taking the derivative f r e s i s t,swshowryirFigu(e23f-j, ashdraye reported ifable3.

For the cooling cycle, Rlenotes the temperature at whickplase appears, and Rarks the
temperature whetransformation to hase is complete. For the heating cycledénotes the
temperature at which austenite appears, andakks the temperature at which transformation to

austenite phase is complete. It can be seen that for the same thickness,ndetse@siults in
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narrowing of the hysteresis width(F Ar - Rs) while the temperature range{ge= Rs - Rr) over

which transformation occurs increases. For thin films wigls B25 °C, similar trend is observed,

as the film thickness decreases, thatésesis width narrows and the temperature range for

transformation increases.

Two-st ep
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Figlge 23daTand f)j s

indicating possible partial transformation to B19' phase. In addlitiee continuous increase in

resistivity for Ru400_ 225 following B2 to-Bhase transformation, also points toward partial

transformation to B19' phase. This is in agreement with sh@ssand xray studies, which

indicate coexistence of-Rhase and B1@hase for these two samples. A complete transformation

obs

to B19' phase is observed below room temperature in all samples as shown by resistivity

measurements over a long temperature range.

Table3. Measured transformation temperatutetermined from electrical resistivity vs.
temperature experiments

Sample ID Cooling Heating Trange Ty
Rs(°C) Ri(°C) As(°C) A (°C) (°C) (°C)
Ru600 225 64 50 53 69 14 5
Ru400 225 62 56 58 65 5 3
Ru325 120 63 40 42 65 23 2
Ru325 225 59 25 26 60 28 1
Ru325 450 60 47 53 64 13 3
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Figure 23. Electrical resistivity measurements for NiTi on Ru films showing reversible
transformation between-phase and austenite (with narrow hysteresssjeported in our paper
on controlling crystallization of NiTi on Ri64].
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2.2.4. Effect of Ru and Pt seed layer

Wafer curvatee (Figure 18), GIXRD (Figure 19) and electrical transporfFigure 23)
measurements clearly indicate that all the NiTi thin filmghis sectionare crystalline, and
undergo a B2 to Bhase transformation with a narrow hysteresis. Furthermore, crystalline thin
films with narrow hysteresis for a deposition temperature set to 32&f€able to be achieved.

This ismuch lower than prewusly observed for sufmicron NiTi thin films grown on Si substrates
(T =425°C)[53, 54] For both equiatomic NiTi and -Fich NiTi, only amorphous films have been
reported in literature fodeposition temperatusebelow425 °C. Thus, the observed crystalline
behavior of our films cannot be explained due teridih composition alone. Higher surface
roughness of Ru seed layer in comparison to Si substrate can potentially explain this pehavior

whereby nucleation €t have lower energy barriers

Additionally, increased roughness due to Ru seed layer would increase nucleation density
leading to a decrease in average grain size, which could also explain the lack of B2 to B19'
transformation. Previous studies have shtivat the growth of B19' phase usually requires grains
sizes higher than 100 nm to achieve significant volume fraction near room tempaja@]

For grain sizes smaller than 100 nm, the transformation temperature for B19' phase reduces
dramatically and lowers below room temperature. Experimental and ticabrgtudies have
shown that the energy barrier for B19' increases with smaller grain size loweringsthe M
temperature[98, 166, 167] This is consistent witithe observation of partial B2 to B19'
transformation fo Ru600_225 and Ru400_225 with average grain size of 450 nm and 120 nm
respectively, and lack thereof for all the other samples with average grain size in the range of 25
70 nm. The lowering of Mfor the Rphase to B19' transformation also agrees th#iresistivity

measurements below room temperature.
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It is worth noting thabnly 5 nm of Ru was sufficient to achieve crystalline thin films,
making Ru a more efficient seed layer in comparison to Pt where studies have shown that up to 20
nm of Pt is require to obtain lower crystallization temperatuf83, 168] Further studies focusing
on direct comparison between Pt and Ru are needed to understand the effects of both the seed

layers on NiTi thin film growth.

2.2.5. Effect of deposition temperaturef)l

Stressbow measurements Figurel8 show that the variation inplheavily influences the
SME. Thin films with higher & show larger recovery stress and hysteresis. For example,
Ru600_225 shows a recovery stress of 225 BtiRbBhysteresis of 242, while Ru325_ 225 shows
a recovery stress of 75 MPa and a hysteresis ®.4This behavior can be explained due to
d fferences in phase transformation behavior,
z B19', or B2 z R z B19'. As discussed earlie
B19' are not directly observed due to overlap witiNTphase, higherecovery stress as well as
|l arge variation in 1}, si gni f yhase albne cag producs.t r uct
Therefore, the transformation pathway for Ru600_225 is transition from B2 to R, immediately
followed by a partial transitionfromRo B19' (doubl e peak structure
of B19' and Rphase at room temperature. For films with lower $uch as Ru400 225, the
transition between B2 Z R and R Z Figute®8a), st art
where two step changes are observed for Ru400_225, as welrigsiie23( b) where } st
increasing upon cooling, indicating possible partial transformation to B19' phasdeatsidge.
For the lowest B, Ru325_225, full suppression of B19' is observed at room temperature. The shift
of transformation temperature to lower values for B19' phase is caused bphias&stabilization

due to higher residual stresses from both tieeipitate and the substrate constraints, and has been
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observed in literaturfl61, 165167]. Thus, thin flms grown at higheroIshow higher recovery

stress but wider hysteresis due to partial transformation3b@ihse, while films grown at lower

Tp show lower recovery stress and narrower hysteresis duepiosage transformation. The
deposition temperature also influences the grain size of both B2 ghid Which in turn affects

the transformation pathway foneé martensitic phase. During the growth process, as the film is
deposited, it is also being annealeitu at To. Due to this effective annealing, the grain size for

B2 phase increases witly,Tas shown ifTable2. Grain size ofli2Ni precipitates, which typically

form along grain boundaries, also increases with longer annealing times and elevated deposition
temperaturefl69]. Thus, for elevatedpl coarsening of both B2 and prgitate occurs resulting

in a lower density of BNi precipitate4170, 171] As TkNi tends to hinder the shear deformation

of the matrix during martensitic transformation, lower density of precipitates results in a higher
possibility of martensitic transformation and thus bettepshaemory properties pronounced
through increased recovery stress. Furthermore, this increases SME directly due to presence of
bigger B2 grains with fewer grain boundaries to hinder the shear transformation to B19'. This is
consistent with the observatiofhlarger SME effect for thin films deposited at high temperatures,

Ru600_225 and Ru400_225.

Thetransformation to Fpbhase is not heavily influenced by precipitate size effect. This is
due to the fact that when:Ni precipitates are small, they tend torfoGuinierPreston (GP)
zones, thin distike structures. These GP zones are coherent orcsamerent with B2 and R
phase (but not B19"), thus resulting in B2 to R transformation by shear deformations translating

through the GP precipitate with little irmgancd24, 165, 170]

2.2.6. Effect of Film Thickness
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The transformation range for B2 to R phase increases as the film thickness decreases,
shown by the resistivity data Figure23( ¢, d) wher e a decrease i n sl
thickness. This is likely due to reduction in grain size of B2 phase for lower values of thickness as
listed inTable2. For the film with highest thickness, Ru325_45%®@ &verage grain size is higher
due to longer deposition time during which grain growth can occur. For thinner films, Ru325_225
and Ru325_120, shorter deposition times result in smaller average grain size with a larger amount
of grain boundary interfaceStrain fields associated with grain boundaries can act as an additional
energy barrier and hinder the phase transformd82n83, 136, 172]Thus, larger temperature
changes are required to further the shearstommation across grain boundaries, widening the
temperature range over which the transformation occurs for Ru325 225 and Ru325_120. The
larger amount of grain boundaries in these thin films also result in higher energy barrier for
dislocation movement pventing fatigue over multiple cyclg¢$73]. Thus, the presence of grain

boundaries further stabilizes the B2 Z R tran

Film thickness also influences the grain ©£&i>Ni precipitates. Longer deposition times
for films with higher thickness can result in larger grain size feNiTj165, 169] As discussed
earlier, smaller BNi GP zones are coherent or sesoherent with B2 and R phafk5, 174]
thus only certain preferred orientations are observed in GIXRD spectra for films with lower
thickness, Ru325 120 and Ru325_2ip5-igure 19(b). For thicker films, as the precipitate size
increases, the GP zones start to form into largdti Trrystallites which are incoherent with NiTi.
Thus, all possible crystallite orientations are observed in GIXRD spectra for Ru325_450. This also
explains the \&ferstress measurementshigure18(b), as incoherent INi phase diminishes the
SME for Ru325_450, in comparison to the coherent GP zones which allows transformation with

little impedance. On the other hand, Iz $train fields imposed by GP zones is higher, the residual
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stress increases, as observed for Ru325_120 and Ru325_225 films. In comparison, for Ru325_450,
the residual stress is lowest due to more granuldNi Precipitates producing lower strain fields

[24].
2.2.7. Summary

The phase transformation in NiTi films deposited on a Ru seed layer was investigated as a
function of depositiontemperature and film thickness. Strégsv, GIXRD, and resistivity
measurements revealed the B2 tphRise transition in all the films and indicated towards phase
coexistence of Bphase and B19' for films with higher deposition temperature. By utilizingR
a seed layer, lower deposition temperatures (325 °C) anchgubn thin films (120 nm) with the
desired SMBvere able to be achievdtiwas also showthat the small grain size and high residual
stress in films with lower deposition temperaturedits B2 to R transformation, and lowers
the transformation temperature to B19' phadas work shows that using thin Ru seed layer
provides a unigue way to achieve lower deposition temperatures than previously achieved for sub

micron thin films.

Theseresultshelped enabl¢éhe application of NiTi films in MEMS devices with wider
selection of viable substrate materials including flexible materials such as polyheefsllowing
section details shape memory response in nanoscale thickness SMA filregedkgmectly onto

polyimide at lower processing temperatures.
2.3. Co-sputtering of NiTi and Ti target onto polyimi¢fl)

In this section, NiTi is sputtered onto polyimide (PI) flms and shape memory effects were
verified using nanoindentation, atomicdermicroscopyAFM), and XRD methodslable4 lists

the deposition parameters used for the NiFspatter directly onto Pl films.
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Table4. Deposition parameters for NiTi on polyimide (PI) study

Sample ID Toep(°C) t (nm) Comp. Ti/Ni (at.%)

Pl 550 401 550 400 52/48
Pl 450 400 450 400 52/48
Pl 400 400 400 400 52/48

2.3.1. Nanoindemation

I n thiBi Siecdepoasi tion onto soft polygpmgh su
nanoindentiasi omv.@dAhdM&EMSEd actuators offer many
l ow voltage requirements, hirgohc ewasri kn gd eerogniptl ye,x

maj ority of SMA f i Iprso ceetsasri anagt ednfafzarttiuso ntl eandd t

crystalline materials, such as Si (100) wafer
device release | apecherMohaveedembhgtraéesd th
SMA fil ms on polymer substrates,-bwdhiied roplkatsi

bi omechanical systems, an[dl ,tHoletrd vfelre x it hlee SMEL

systems typically requires high temperature p
on al l prior materials Eni $hki mabedchyi bheptb
interdiffusion of Ni Ti and substrate materi al,
particularly Ilimiting for submicron fil ms, whi

SMA madg.erilan order to ensure shape memory eff
oxide and ther mal di ffusion | ayers between SM
Nanoindentation is a common technique for examining the mechanical propertiedl of sma

volumes of materidlL75]. Indentation of shape memory films has previously been demonstrated

[176-178]. During an indentation test, the loa@nd displacementare monitored on the nN and
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nm scales, respectively. A calibrated tip area as a function of contactAdgpttan be used to

measure the hardnes$according to:

Ais determined from the contact depth

~
which accounts for the material deformation that does not result in direct contact with the probe.
Uis a tip geometric constant roughly equal to 0.#5af@erkovich tip[175]. The stiffness of the

tip/sample contackis defined as the slope of the unloading curvenat

Q0
QQ
The stiffness of the tip/sample contact can be used to determine a reduced elastic modulus through,

“Y “
C

O —0 —
f 0 Q

Where b is a geometric constant roughly equal
modulus an then be found through the following relationship that accounts for deformation in the

tip and sample during contact:

PP P
0 ~© o)

Here,Es, E, n,andnnand are the el astic modampleasdpaobed Poi s

respectively.

Il n this work, Ni Ti films were sputtered ont
temperatsiemydtoal i zati on. These PI fil ms can
rel ease | ay eEMSI dewvulrxee pu ercgeesrsfionrgme dX Ralt  srcoaonns t
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showed the presence of martensi deparsd taewWs tcomidt
indicative of crystall Nanbinodeahdt pothlreavals@adiasle
mechani cal properties of the Ni Ti fil ms depos
def ormation at various depths relative to the
studi esilwawathi ng reveal-2di watrad aleddwermal dfy t he
futher verifyhegethes8MEs indicate that futur
films can retain the SME and potential-ly be

temperatces®idpg har mal actuati on.

2.3.2. Sample Preparatidior Nanoindentation Experiments

NiTi films were co-sputterdeposited onto Rloated Ssubstrates fain-situ crystallization
at substrate temperatures of £@) 450°C, and 55C°C, also summarized imable4. EachNiTi
film had a thickness of 400 nm. The deposition conditions in terms of target power and deposition
rate are detailed in previous reports on NiTi film characterization and device fabrication on Si
wafers[113, 179, 18Q] The sputter chamber pressure in the AJApotter tool was maintained
at 5mTorr, the film deposition rate was df/min, and the DC power supplied to the NiTi and Ti
targets was 37%/ and 200 W, respeagkly. Substrate rotation was maintained atr@® for

achieving maximum uniformity across the wafer surface.

Nanoindentation experiments were performed with a Hysitron 950 Triboindenter with a
diamond Berkovich tip. Measurements were performed indoatfol mode at room temperature.
Forces ranges from 1&@b00 uN were applied within an array of indents spaced approximately 5

um apart.
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AFM measurements were performed using an Asylum{@BRystem. The AFM probes
used in this study were Veeco Si prelyeith nominal natural frequency, stiffness, and radius of
curvature, of 350 kHz, 40 N/m, and 10 nm, respectively. A heating stage was used for scans with
in situtemperature control. The temperature was raised at a rate &CAfAh; once the desired
temperature was reached, the films were allowed to equilibrate ¥0rrbin before subsequent

AFM scans.

XRD was performed on a Rigaku MiniFlex600 benchtop model tool from738 using
the theta/2theta collection method. The data collection step siz& 1awith a step dwell time of

0.5 seconds. Peak location indexing was performed with respect to the main Si (100) peak at 70°.

2.3.3. Characterizatiotny NanoindentationAFM, and XRD

Room temperature indentation results on the NiTi films on polyimide stdssteae
summarized irfFigure24. The indentation elastic modulus and hardness are plotted as a function
of contact depth for the various films tested in this study. Note that tests were performed in load
control,from 100- 2,500 pN. The hardness of the 41 specimen was more scattered than the
450 °C and 550°C deposited films, which is likely the result of uneven and uncompleted
crystallization at lower processing temperatures. The film deposited afCGGfowed the
elastically stiffest response, in particular for contact depths less than 50 nm. This is likely due to a
lower presence of the martensite phase and possibly a partially amorphous phase at the surface. In
contrast, the indentation response for4B8°C and 550C films were more compliant and more
uniform, with an indentation modulus of 2B0 GPa. This result is in agreement with previous
mechanical testing on NiTi SMAs that found the elastic modulus of the austenite phase was
roughly 2- 3 times stiffer than the martensite ph§%81]. Previous indentation work on NiTi in

the martensite phase has shown that material deforms through the following mechanisms: (1)
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material immediately under the tip deforms plastically due to the relatively high stibsse
exceed the yield stress, (2) material immediately outside the plastic zone deforms through
martensitic rearrangement; material in this zone may be recovered through subsequent heating,
and (3) material outside the martensitic rearrangement zortbedsurfrom the tip during
indentation, deforms elastically due to the relatively low strdd823. Therefore, with the sharp
indentation probe used in this study, a Berkovich probe with an approximately 150 nm radius of

curvature, a shape memory effect with less than 1@a¥%very would be expected.
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Figure 24. Local mechanical behavior of NiTi films deposited on polyimide substrates at
different temperatures as found through nanoindentation at room temperature.

Figure 25 shows an AFM height image of the residual indent in the center of the arra
placed within the 550C film. The corresponding AFM phase image is showrrigure 26.

Apparent grains of 50 100 nm can be seen in the imag€&€onsidering that measurementdat
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are elastically influenced by material at a depth of up hg, 1Be indentation modulus of the films

probed several grains up to several tens of grains depending on the contact depth.

1pum

Figure 25. Room temperature AFM height image of residual indent in NiTi film deposited at
550°C.

Figure 26. Room temperature AFM phase image of residual indent in NiTi film deposited at
550°C.
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Figure 27 displays AFM height maps witm-situ heating in order to characterize the
nanoscale recovery of the indents within the film deposited atG50Room temperature scans
of the array revealed the indents of vasidepths. Sinkn deformation immediately outside many
of the indents was also apparent, potentially due to tests of a stiff film on a relatively compliant
substrate. AFM scans of the array at’60 80°C, and 100C are also shown. At 6, partial
recovery of the indents could be seen; at@@ relatively large amount of recovery was observed
for the majority of the indents; by 10C, additional recovery could be seen but the effect was
limited. Note that the scratch and pilp of material seenear the central indent in the 80, and
then also in the 80C, and 100C scans, was due to the thermal expansion of the film for the initial
temperature application; the film made contact and then drifted with the probe while the tip was
disengaged frm the sample. Subsequent scans on the film displayed no loss in resolution or other
imaging artifacts indicating that the probe was not damaged during this incidental contact; further

heating periods were performed with the probe disengaged at a safeeisbm the films.
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Figure 27. AFM scans on the NiTi film deposited at 550°C. From top left, the indent array on
the film surface at room temperature (RT), 60°C, 80°C, and 100°C.

Figure28displays AFM height profiles of an indent in the NiTi film deposited at 50
At room temperature, the indent was approximately 75 nm deep, as measured vertically from the
deepest position of the indent to the averaged film surface positiont(kdigim), along a lateral
line through one axis of the Berkovich probe (see inset). Recovery at a given tempgfRcaa

be defined as:

Q

Q
Y'Y nmnb

Q
whereh; is the indent depth at room temperature bni$ the indent depth a&mperaturdl. At
60 °C, 80°C, and 10C°C, the recovery was estimated at 31%, 40%, and 66%, respectively. In
comparison, the film deposited at 480 had an estimated recovery of 31%, 39%, and 66%, for
the same temperature intervalis indicates thathe crystallization of the films was largely
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completed at the deposition temperature of 450 In contrast, the film deposited at 400 had

an estimated recovery of 4%, 28%, and 22% for the same temperature intervals, indicating that
this deposition cadition was insufficient for the complete crystallization process. The cause of
the decrease in recovery from 8D to 100°C for the film deposited at 400 is unknown but is

likely due to the variability associated with the measurement; more testieguised on indents

of similar depth in order to establish an average response. The XRD results indicate that all films
were crystallized in their adeposited condition, and that the larger volume fraction of martensite

in the 450°C, and 55C°C films isthe reason for larger extent of nanoindentation recovery. While

the results are drawn from a small sample size, they appear to demonstrate that the films are
crystallized on the polyimide substrates at 4Q0) with larger volume fractions of thermally

transformable martensite present at the higher deposition temperatures.

20

Depth (nm)

Lateral Distance (um)

Figure 28. Height profile of center indent in array at various temperatures for the NiTi film
deposited onto Pl at 550°C.

Figure29 - Figure31 show the XRD results for the 40Q, 450°C, and 550°C NiTi films

deposited on polyimide. lRigure29, the 400°C film is crystallized in theasdeposited condition
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as indicated by the sharp B2 austenite phase peak. Small amounts of the martensite phase are
indicated in the figure as well. This relatively small amount of martensite phase is responsible for
the indentation recovery reported. Aigure 30, the B2 austenite phase is accompanied by larger

and more pronounced martensite peaks, indicative of larger volume fractions of the thermally
transformable martensite phase presen@mn temperaturgn the 450°C film. This is consistent

with the relatively larg amounts of indent recovergported. IrFigure31, the martensite peaks

for the 550°C film also indicate a larger volume fraction, consistent with riacovery data

reported.
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Figure 29. XRD profile for NiTi film deposited at 40C onto polyimide
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Figure 30. XRD profile for NiTi film deposited at 43C onto polyimide
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Figure 31. XRD profile for NiTi film deposited at 58C onto polyimide

2.3.4. Summary of Nanoindentation Experiments

Equiatomic NiTi films of 400 nm thickness weare sputtered onto 1.5 um thiglolyimide

films on Si wafer at several different processing tempezat#00°C, 450°C, and 55C0°C). The
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films were all confirmed to be crystallized in thedegposited condition using XRD. The 40D

NiTi film showeda sharp B2 austenite peak, accompaniegdy little presence of martensite
phase at room temperature €1460°C and 550 °C NiTi samples both showed significant volume
fractions of the martensite phase at room temperature, which helps explain larger thermal recovery
as shown in nanoindentation. Nanoindentation was used to probe the mechanical propleeties of t
NiTi films depositednto the polyimide substratélshe indent recovery was characterized through
atomic force microscopy witim situheating.ndentation recovery of the films annealed at 450

and 550°C was observed up to approximately 66% of ahitieformation, which is likely limited

by a plastic deformation zone immediately under the sharp probe. The results are promising for
enabling SMA actuator devices processed on polyimide films which could serve as structural

release layers or flexible ssibates.

In the followingchapter it is demonstrated howome of the previous developments and
characterizations allowed established NiTi deposition redipdse extend towards deposition,
crystallization, and characterization of shape memory effedteestanding SMA bilayer films.
Finally, the freestanding SMAMEMS bilayer actuators are shown to actuate at fast rates by

irradiating with lower power green laser.
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Chapter 3Fabrication and Lasdrradiation of SMA MEMS Bilayer

Actuators

Chapter 2 highlightedhe fabrication and characterization of nanoscale thickness NiTi
films exhibiting SME. Those compositions lay the ground work for additional MEMS fabrication
resulting in SMA MEMS actuators. This chapter describes the processes ubdificate
charactere, and tesiNiTi SMA MEMS actuators resulting in theetuation of NiTi SMA using
low-power laseiirradiation. The relationships between curvature radius, recovery stress, and
degree of unfolding are elucidated by measuring the bending of SMA MEMS ltagagh the
thermally actuated deflection$he following methods were implemented tbe experimental
characterizatiorof sputtered NiTi films stressversustemperature for NiTi on-4ch Si wafer,
GIXRD including SSRL beamline Differential Scanning @&lorimetry (DSC), and EDAX

(chemical composition analysis)

3.1. Sample Preparation

NiTi films were casputtered using an AJA ATC 2200-sputter tool, with independent
DC power supplies ttwo different 4inch targets. The targets used we®®£95% purityNisoTiso
target and a pure Ti target. The nominal process involved 375 W supplied to the NiTi target and
250 W supplied to the Ti target. Substrate rotation helped obtain optimal uniformity for a nominal
deposition rate of 15 nm/minDepositiors were carrid outunder an argoAr) atmosphere at
either2,5 or 10 mTorrOver the course d¢fundred®f NiTi film depositionand subsequent wafer
bow vs. temper at ur e menars dentdiedferrptoducing thin Blmstof pr act
NiTi that exhibied large amounts of recovery stredsitially, NiTi was cosputtered at room

temperature onto Si and then peputter annealed at 600 °C for one hour in vacuum. NiTi was
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also sputtered onto AZ 9245 photoresist, lifted off, emsitu annealed at 600 °C foOIminutes

in the DSC followed by 3C/min heating and cooling characterizations. Additionalyf;i was
co-sputtered ontdhin Pt seed layer®n Si and bare Si using a 600 °C substrate temperature,
resulting in crystallized films asputteredThis wascorfirmed with XRD measurements and post
sputter stress véemperature curves.

Several material characterization methausre carried ouss in other studie€nergy
dispersive xray spectroscopy (EDSyas used to determirfédm composition analysis using a
Hitachi S4500 scanning electron microscope (SEM) equipped with a PRISM60 Princeton Gamma
Tech detector, using a beam acceleration voltage of 20 kV. XRD was performed using a Rigaku
XRD tool on control samples of Pt on Si ine@sporated conditions, as lhas in 600 °C vacuum
annealed conditions. XR®as also performedn the following bimorph material stacks: NiTi on
Siand NiTi on Pt on Si.

DSCwas performean a Perkin Elmer machine using a heating/cooling rate of 40 °C/min
for anin-situanneal scanp to 600 °C, and a rate of 3 °C/min to characterize phase transformation
temperatures in the SMA films for scans between ambient and°@00~ror DSC sample
preparation in particular, films were sputtered onto a sacrificial photoresist layer using aedinhea
deposition, released in acetone, and then rinsed with deionized watan@dyied before loading
into DSC sample pans. The mass of each sample was recorded before and after the DSC run to
verify adequate drying prior to the 600 °C anneal.

Additionally, NiTi material for DSC experimentgere prepared in a manner that more
closely matched the eventual device fabrication. First, the alloy wsguttered onto Si using a
600 °C substrate temperature and then patterned with an array of 100 petediamdows to the

substrate spaced every 300 um. The film was dry released using at&leHhe resulting NiTi
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flakes were collected and loaded into the DSC and XRD tool for analysis.

Stress versus temperature measurements were performed usingFLXeh820S wafer
bow tool with controlled heating and cooling from 25 °C to 100 °C witleating and cooling rate
of 1 °C/min. For these experiments, films of Niwere preparedby sputtering onto 4hch Si
wafers and vacuum annealing at 600, 500 °C, and 450 °C to crystallize the material.
Additionally, several NiTfilms on Si wafers wherédne NiTi was sputtered under 600 substrate
conditionswere measuredn later efforts, these films with NiTin-situanneals of 328C, 350°C,
375°C, 400°C, 425 °C, and 500C were characterize®Vafer bow wasneasured experimentally
from 25°C to 100°C at a 1°C/min heatingandcooling rats, which allowedhe calculaton and
plotting of the temperaturdependent residual stress in the NiTi film for each wsdenple based

on Stoneyo6s equation (1).

o —— - - (eq.1)

Here, 0 is the stressaie Ybengbdsnmébébdluimus aaofl
of the Si substrate and the thickness of theuBssate, respectively. h represents the NiTi thin
film thickness and R andoRRepresent the radii of curvature of the NiTi fiii substrate composite
and the curvature of the bare Sisubstré&e. e xt ended ver si onwasudsedSt on e
in order to calculate the stress in the NiTi layer when deposited on a thin Pt film on Si wafer. Here,
Gurii s the stress i mrepreBents thNe sfrass id theyaanegled Rt tager. Tihe
variable iti represents the NiTi thin film thicknessidhR and Rrepresent the radii of curvature

of the NiTi film and the annealed Pt/Si substrate, respectively.

, —_— - — (eq 2)
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3.2. Device Fabrication Process

The device fabrication process and thermal operation is shown schematidaithyia 32.
Starting with a 4nch DSP Si wafer, 176m Ptwas evaporatednto the wafer backsadtto protect
Si from etching during the final device release step withoXelf -off patterningof a Pt layer
ranging between 20 nm and 200 nm in thickness, usingnanlOr adhesion layavas performed,
followed by a blanket sputtering of equiatomic N&t 600 °C, using the sputtering process
parameters outlined previoudli68, 183] This process yielded crystallized NiTi as confirmed
with XRD measurements. The Pt bimorph layeswalected to 1) withstand the 60D anneal
required to crystallize NiTi, while other metals such as gold (Au) could not suitvevnecessary
anneal temperaturesd 2) to impart residual stress to bend the actuator in martensite phase post
release In order to pattern the NiTi devices, a positive tone resist (Shipley 9245) was
lithographically patterned as shownRigure32A. Cantilever devicesvere then weetchedusing
a 1:1:10 solution of hydrofluoric acid (HF), nitric acid, and DI water as showigure 32B. A

combination of PRS 3000 and plasma ash was used to strip the resist after the patterning step.

After the blanket deposition of functional NiTi/Pt bimorph layers, rigid Au frames were
optionally electroplated into lithographically patterned regions as shokigune32C to confine
cantilever bending to one direction. Later device iterations where cantilever length was
intentionally limited to 20 um or narrower, allowéat the Au electroplate step be skippegdas
the device length was mugneater than device width, and barglwas naturally confined to one
dimension As a final device release step, an AZ 5214 resist layer was patterned and developed to
protect the Si front side during a xenon difluoride (XYeffy-etch release, and to coméi etching
to exposed Si in the immediate vicinity of the devices as showigime32D. After release, Wwen

device temperature reached’@ the devices actuatéolvards dlatter positionas sown irFigure
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32E.Released devices were inspected in a scanning electron microscope (SEM) and then subjected

to thermalactuatio testing and characterization.

Keyence VW-600C
Microscope at 60°
tilt

A. ; D. (released and activated) F.

p Keyence VHX-1000
Monitor

Figure32 Process flow for NiTi on Pt MEMSNA actuators with dry release and experimental
setup for actuation tests

3.3. Device Testing and Characterization Process

To characterize the temperatutependent equilibrium curvature of the NiTi on Pt MEMS
cantilevers, a diced 7 mm x 7 mm substraés pogtionedon a 1 inch hotplate connected to and
controlled by a Linkam TMS91 temperature control box. For this experittensample chip
wasgradually heated and cooled at@min, to match the rate of the wafer bow measurements
taken for the stress vers temperature datA. Keyence VHX1000 digital microscope equipped
with the VW-600C cameravas used This microscope has a working distance between the
objective lens and the focal plane, and can tilt to obtain a side view of an actuating cantilever as

depicted inFigure32F.

A 400 mW, 532 nm green laser exiting a 400 um diameter opticalWdeusedo irradiate
and heat released cantilevers with a known optical intensity le@ptical density filters
(ThorLabs)were usedo control the laser irradiance levels. The distance from the optical fiber exit
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and therefore laser spot size were fixed at 1 mm, which allowed calculation of the optical intensity.
A Photron Fastcam camera connected to a microscope td redeo at 2,000 frames per second

(fps) or morewas then usetb measure teporal data on activation time.
3.4. Results and Discussion
3.4.1. Transformation Response

An equiatomic compositiowas achieveds determined by EDX measurements, which
yielded Ni:Ti atomicratios of neaequiatanic composition.Table 5 lists the various process
combinations of different NiTi and Ti target powers to arrive at suitable settings to yield
equiatomic NiTi.Deviation fromequiatomic favored slightly Tiich compositions no more than
53 at% Ti. Film thickness measurements at multiple locations in addition tespa#er resistivity
measurements indicated that fibmiformity was greater than 9@ across a-fhch wafer This
was based on 25 measured reasisy values in a circular pattern starting at wafer center and
propagating outwards where the final circular ring of measurements were near the wafer diameter
on a single NiTi deposited wafer. Resistivity measurements across multiple deposit mauiel

less than 5% for theominal NiTi co-sputtering process.
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Table5 EDX measurements for equiatomic NiTigqutter recipe development

Target Power (W)

Process  NiTi Ti (I:I ?:/r:?:; Composition
1 375 30 12.5 TiaoNieo
2 375 60 12.5 TiaaNisg
3 375 150 13.5 TigsNiss
4 375 250 15.0 TisoNiso
5 300 375 15.0 Tis7Nig3

Differential Scanning Calorimetry (DSC) is widely used in SMA studies to determine
phase trarfermation temperatures for crystallized samples of-fitim material. The reversible
SME is clearly demonstrated when an endothermic reaction takes place upon heastiegs(te
to austenite transformation), followed by the reverse (austemtartensie) exothermic reaction
upon cooling from high temperaturk.series of DSC scansgere performecnd determined that
the crystallization temperature for each alloy, as indicated by a large exothermic reaction, which

for the equiatomic alloy peaked at 468 &nd completed by 600 °C as showirigure33A.
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Figure 33DSC curve for a) amorphous-sputtered NiTi in DSC crystallization scan, b) 2 um
NisoTiso annealed to 600 °C in the DSC, c)IiNflakes after patterned and drgleased from Si
substrate

To test for a shape memory effee8 °C/min scan from RT to 100 °C after the sample had

been annealed at 60CQ for 10 minutes in the DSC toafas performedEach sample mass was at

least 5 mgwith up to 16 mg tested-igure 33B shows a DSC heating and cooling scan for

equiatomic NdoTisoimmediately following the 600C anneal in DSC tool under flowinggNDther

Ni-rich samples did not exhibit a SME@i® ambient temperatures, which is generally expected

for off-equiatomic NiTi, especially in Niich cases, where phase change has been reported as low

as -100°C. Only the equiatomic NiTi and F¥ich sample recipes exhibited a SME when

characterized usinSC. The heating scan af@/min shows thenartensite to austenite phase

transformation completed at 58 °C. The cooling scan shows the reverse austsmteehnsite
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peak transformation completed at 50 °C, indicating that the liftechodf thus stressfree NiTi

has very narrow temperature hysteresis.

The DSC data ifrigure33C for a 1.6 um NiTi film, sputtered onto Si at 600 °C, and-wet
etch patterned and dry released via the @l etch, exhibits the intesting effect that the full
SME was only apparent after an initial heating and cooling cycle. This effect was unique to
released structures of NiTi on Si, which showed an initial broadened exothermic reaction from the
temperature range of about-35 °C, indicating that the NiTi seemed only partially crystallized
during this initial heating to 100C . The strong endotherm upon cooling seemed to indicate more
complete crystallization, allowing a more complete phase change to occur. Subsequent heating and
cooling, starting with the second cycle showifrigure33C shows a more typical reversible nature
with a phase change centered about®.lsimilar to the sample iRigure33B where NiTi was
releasedrbm photoresist.

3.4.2. Transformation Microstructure

In order to better understand the effects gbperty changes due to the high temperature
processing of NiTi, we generated control samples of evaporated Pt on Si wafer. Btlshows
thermal stress scan on 200 nm Pt on Si wafer. Residual stress is low, on the order of about 140
MPa tensileFigureA shows the XRD profile for this film. The Pt (111) peak is pronoumtéiae
as deposited condition. Annealing this Pt film on Si widesimulate what would happen during
high temperature NiTi processimgvealedseveralsignificanteffectsin the Pt layer. 1Platinum
silicidesare formed as evident FigureB. The Pt (111) peak is completely gone, and various Pt
Si peaks are all thaémain.FigureA shows that these newfprmed PiSi phases have very high
tensile residual stress, on the order of 2.2 GPa. A highly tensile stress region directly below the

NiTi would also be expected to cause an initial downward curvature of NiTidyehi
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Figure 34 Residual stress as a function of temperature for (a) 200 nm Pt on Si (100) wafer
starting with 150 MPa tensile stress, (b) same stress scan on 200 nm Pt on Si (100) annealed in
vacuum for 1 hour at 600°C, wheseBt interdiffuses with Si and gets converted into platthum

silicide. We confirmed P$i peaks using XRD measurements.
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Figure 35 XRD scan ford) 200 nm thick, @eam evaporated, (11-byriented Pt on Si (100) and

B) same 200 nmtRilm on Si (100) after vacuum anneal, 1 hour, 600°C, whereby Pt mixes with

Si to form various platinum silicide compounds that result in order of magnitude increase in film
tensile stress; 2.2 GPa as measured with wafer bow tool.

XRD was also used tafther study the crystallography of thesitu annealed NiTi on
Si, and NiTi on Pt seed laydfigureshows various martensite peaks for 981thitk NiTi on

200 nm Pt on Si (100all of which are capable of thermally transforming into the austenite

pha® upon heating.
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Figure 36 RT XRD scan: ~1 pm thick NiTi on 200 nm Pt on Si (100). Various Martensite peaks
(B196) are measured in addition to Pl ati

In Figure37the XRD curves for NiTi films of 269 nm and 1.6 um thicknasscompared
Both films were sputtered onto Si wafer at 8@deposition conditions. The 1.6 um NiTi wafer
appears to have more significant volume fractionmaftensitephase compared tihe 269 nm
thick NiTi. In fact, no austenite peak is measured in the 1.6 pmiriicating a fully martensitic

film, capable of thermal transformation into austenite was achieved
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Figure 37 RT XRD scan of 269 nm thick NiTi ohaéd with 1.6 um thick NiTi on Si (100) wafer.
1.6 um wafer appears to have more significant volume fractionplidde compared to 269 nm
thick NiTi. A volume fraction is computed aschbunts/Acounts and expressed as a %.

The microstructure associatedth the transformation behavior of the NiTi films was
investigated in more detail using supplemental XRD measurements iedseased and fiac
conditions Figure 38 attributesthe difference between the it SME in released films to the
SME following the first heat and cool cycle to a low temperature, thenexhanically induced
ordering of NiTi crystals. XRD results show additional crystallization, or an appearance of an

austenite peak, after heating tihey released NiTi flakes to 10€C and allowing them to cool to

room temperature (RT)
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Figure 38 XRD spectra for a) wsitu crystallized NiTi on Si (100) wafer of various thickness, b)

in-situ crystallized NiTi or various thictke s s on Pt
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ayer

sputtered onto Si at 600 °C, wet etch patterned, and dry released in (biued¢ased, and (red)

thermally activated conditions.

XRD was usedo characterize NiTi on Si and NiTi on thin films of Pt anThe XRD data

for NiTi of various thickness (276m to 1,600 nm) on Si ifrigure38A shows that the NiTi had

a martensite phase present at RT, providing additional confirmation for reliable-ahbient

phase chnge characteristics. The data for the two thinner cases also exhibited an austenite phase

at RT, indicating a mix of both phases, as opposed to the desired fully martensitidHoinase.
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38B shows more detaileBRD spectra for 600 nm and 100 nm thick NiTi on 20 nm Pt, where
different indicators of the martensite phase are present at RT for the 600 nA Rintayerwas
usedto provide a bimorph structure for the fabrication of-ofiplane actuators, and thes®D
data confim the presence of the desired room temperdfimer t e n s i t eindiBatirggdhatp has e

thermal transformation into austenite would be accompanied by-siteg=d actuatian

On the other hand, although the 100 nm NiTi film appeared digstawith an austenite
phase detected, no martensite was present in this material. Therefore, actuation above room
temperature for this particular 100 nm film recipas not expectedt is possible that additional
aging at 600 °C could tune the microsture to encourage a martensite phase at RT as shown
previously in 100 nm filmsComplicatingsome ofthe XRD analysis a bit, is that £8i peak is in

same location aaustenite phase peak (425

3.4.3. Residual Stress in Constrained NiTi and Bimorph Films

The third method of characterization involved stresssustemperature measurements.
Figure39A shows a reversible phase change with onset aC6@pon heating for two different
NiTi sputter deposition pressuresNifsoTisoon 200 nm Pt. Since NiTi was sputtered onto a thin
film of Pt on Si for this set, deteremineheNTifi ed
film stress. Assuming the thickness of the two films to be similar, the film sputtered at 5 mTorr
exhibited a higher value of recovery stress, defined as the difference between initial stress and
stress in the presumably austenitic phase at elevated temperature. Both films had a similar initial
or residual stress of around 300 MPa. The maximum ressthgsis values peaked around°@0
for each wafer in this experiment, and the process was reversible when cooled back to RT.
Figure 39B shows that the trend of higher recovery stress (approximately 900 MPa) at

lower deposition pressure was the same for two 525 pm thick NiTi films, which in this case were
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deposited onto Si and stress values were determined with standard Stoney equation (1). Residual
stress was lower (70 MPa) for NiTi sputtered onto Si at 5 mTorpaosd to the NiTi sputtered
at 10 mTorr (230 MPa). Lower residual stress would generally be desired to reduce unwanted
deformation of MEMS structures fabricated based on NiTi. These results are also useful, providing
confirmation that the SME is similar wh NiTiwas depositednto Pt or Si.

Wafer bow stress measurementsre also performeadn thinner films of 34hmand 270
nm NiTi which were sputtered onto Si at 600 °C substrate temper&igiege 39C shows a
reversible SME in 34hmand 270 nm films sputtered at 10 mTorr. Therefore, significant micro
actuation should be achievable in even thinner films. Interestingly, the SME as indicated by stress
versustemperature here was apparent in each case during shéndait and cool immediately
following the NiTi sputter deposition cycl&his is in contrasto the released flakes characterized
using DSC inFigure33C which required an initial heat and cool activation cycl®iethe full

SME was apparent.
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Figure 39. Stress vs. temperatupdots for NiTi sputtered at 600 under different pressures
onto 200 nm Pt for NiTA) near 1 um thicknes8) near half micron thicknes€) approaching
100 nm rmimum film thickness for SMA properties.

3.4.4. Bending Characterization of Released Bimorph Actuators

We released micromachined cantilevers of NiTi on Pt by performing a dry etch release as
described previouslyigure40B shows a SEM image of released 1.4 um thick NiTi on 200 nm
Pt cantilevers with electroplated Au segments, 200 um in width and with initial downward
curvature The downward curvature is likely attributédl the combination of room temperature
residual gress in the Pt and NiTi layers, the latter of which presumably had only partially

crystallized or partially ordered grains as suggested by the DSC reskitgiie 39A. After an
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activation heating and cooling dgowas performed, the devices had an out of plane cuevafur

1.2 mm upward.

The application of &[L8d]ifona balayeted BtiudtureevithGae e q u a
initial strain differentiaBf between the layers yielded a predicted radius of curvature ofrin2
calculated by assning a strain differential arising primarily from thermal expansion coefficient
differences between Pt and NiTi. Given that both films cooled from a deposition temperature of

600 °C:

3f | QY 3

Using| =8.8x106, | =6.6x10° for the martensite phase from 25 °C to 60 °C, and

| = 11x10° for theaustenite phase from 60 °C to 600 3C, = 0.001111. The predicted radius

of curvature resulting from this strain differentiadlwe was in excellent agreement witte
fabricated NiTi/Pt bilayerincidentally, if one assumes only partial crystallization at the elevated
deposition temperature, and arstenitic NiTi thermal expansion coefficient approaching that of
the lessordered martensitic phase, cooling from 600 °C would result in a negative strain
differential and consequent negative curvature. This negative curvature is consistent with
observations inFigure 40 for devices immediatelyollowing release. Measured results for
activated films were also plotted figure41B. For 200 nm Pt and NiTi films greater than 1 pm,
model and experimental agreement was good. For 20 nm Pt, released radwrsatire
agreement was better at the thin NiTi thickness value of 100 nm, although no SME, upon release

or upon thermal cycling, was experimentally observed in the 100 nm film.
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Figure 40 A) optical microscope video frame frdtrermal actuationB) SEM images of various

released structures from the 600 nm NiTi on 20 nm Pt fabrication run structures wi0Q00

pm R (scale bars 100 um{;) SEM of 1.4 um NiTi on 200 nm Pt bimorphs in as released
(curled down) and thermally actted (curled up) positions.

Figure40B shows typical devices and test structures patterned in 600 nm NiTi on 20 nm
Pt layers and released where activated curvature measured betwe2d010® (upward curl)
acrossdifferent regions of the wafeEquilibrium heatingand cooling experimentsvere also
conductedn released 1.4 um NiTi on 200 nm Pt devices at 3 °C/min, consistent with DSC and

stress ersustemperature scans, while simultaneously recording viggure 41 includesthe
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video frames ofhereleased and activated cantilevers ranging in length from 700 pum to&ihm

a staring upward curvature of 1.2 mm. Upon heating above 70 °C, the phase change was mostly
compleed At 100 °C, the devices were curled slightly downward into the Si pocket, with NiTi
completely transformed into austenite at this pdihiese devicewere thermally cycledver 50

times, with no optically discernable difference in starting and endatgss Figure 40 shows
similarly curled and activated cantilevers for 600 nm NiTi on 20 nm Pt with cantilever length

between 20 um and 1 mm.
3.4.5. Optical Irradiation of SMA MEMS

Cantilever actuation under optical irfation was also testedAs shown inFigure41C, 1.4um

thick NiTi on 200nm Pt devices actuated into their downward state within 25 ms when irradiated
at 7.2W/cn?. A slower actuation time of 230 ms was observed.44W/cn?. The radius of
curvature for the 600 nm NiTi / 20 nm Pt stack wastinstighter (200 um) compared to the
1.2mm curvature in the 1.4 um thick NiTi stack. For the tightest curling (200 um) 600 nm thick
NiTi devices, a dynamic optical actuati experimentvas performedvhere actuation time at

various laser intensitiegas measuredrhese results are plottedkigure41A.
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Figure 41. A) actuation time vs. laser irradiance f&0 nm NiTi on 20 nm Pt bimorphB)
calculated and measured curvature radius for thermally activated NiTi on Pt bimorphsnfl.4
on 200 nm PtC) Demonstration of passive laser irradiated devspecific actuation with a 532
nm figreend | 3madmilliceeonds for the/1.é¢ pm thick NiTi device stack.

Devices demonstrated rapid actuation ranging from 2 ms to 90 ms, depending on optical
power density as shown Figure41A. As would be expected for arddever beam clamped on
one end to a heat sink, the actuation time followed?l1/being intensity) power law. Overall,
the devices could be fully actuated in unden@vith intensities as low as\&/cn?. The response

time decreased torBswith intensities over 14 W/cfn

3.5. Summary
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This workused cesputtering procegsto deposit NiTi films and anneal thamsitu. The
transformation behavior was verified with differential scanning calorimetry and XRD. The SME
response was measured using wafer hevgustemperature measurements. Using this SMA
material, which was eeputtered at 600 °C and 5 mTorr chamber pressure with a near equiatomic
composition, multiple device wafers of NiTi on Pt bimorph actuatwese fabricatedto
characterize device bendinadius for multiple NiTi and Pt thicknesses. Specificahgsedevice
wafers allowedor the study oflevice radius of curvature for three different NiTi thicknesses on
20 nm Pt and foudifferentNiTi thicknesses on 200 nm Pt. The 1.4 um NiTi on 200Rtroould
be actuated between Inim curvature and flat states. The device radius of curvature was reduced
by a factor of 5.4imeswhen a thinner 600 nm NiTi on 20 nm Pt actuated between 200 pm
curvature and flat states. The 100 nm thick NiTi devices digxhibit the shape memory effect,
consistent with XRD showing onlgustenite phase present at RT. As a demonstration for
alternative actuation methods without the need for a wired power source, the optical actuation of
our devices usi lagerwas alSo3esteddiomplefegactiateom was observed in
under 3 ms for optical intensities down to\d4cn?, indicating the potential for deployment in a

variety of dynamic applications, such as passesponse, micro shutters and thermal switches.

In the following chapteradditional SMA MEMS actuators capable of electrical actuation
were fabricatedThe motivation in the following chapter is to address the limitations surrounding
high-frequency actuation. The jouleated SMA MEMS are characterizedngsiaser Doppler
Vibrometry starting at low frequencies and progressing to frequencies into the kHz using a pulsed

electrical current to actuate the NiTi.
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Chapter 4Fabrication and Electrical Actuation of SMA MEMS Bilayer

Actuators

4.1. Introduction

A major drawbackdr SMAs in many applications has been the low frequency response,
which is typically on the order of-1100Hz or lower. In MEMS applications, the higher surface
to-volume ratios have enabled responses to be improved by an dmeagitude or more. By
further shrinking the SMA filnthickness andevice dimensions, the frequency response may be
improved even further. In thhapterm new, simplified process for fabricating sputtered, thin film
SMA MEMS actuators based onT alloy thatconsisted of onlyne photo step to pattern the
actuators using S8is presentedA fast actuatiorirequency response of up to 3,000 Hz with turn
on voltages as low as3V for devices exhibiting microns of cantilever tip deflection over millions
of cyclesis demonstrat® indicating these new SMA MEMS actuators have potential application
for low voltage switching, modulation and tuningwas also possible predict their performance
using an analytical model of a bimorph actuaitre following section details the devptaent of

an analytic model to guide the fabrication of NiTi and-&bilayer actuators.

4.2. Modeling Curvature and Actuation of thtA& / SU8 bilayer

Analytical modeling was used to obtain anticipatedayer stacks that would exhibit
maximized deflectionsind helpguide the fabrication of NiTi SMA Hayer actuatorsln other
words, prior to the fabrication of NiTi / SB bilayer actuators, an analytical model was developed
to determine the expected deflections and curvature radius in-lingebiMEMS.The modeling

identified Micro-opto-electremechanicasystems (MOEMS) textbook (Motamedi) gives an
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equation for phasehange induced deflection in a NiTi SMA film on Si cantilevinis model
was extendetb stresse®U-8 on top of NiTi. The recovery stressNiTi film in part determines
how much deflection is experienced during the thermally driven phase change. Key factors in
determining opti mal bending are the youngos

thicknesgatios and length of cantilear.

1 (eqg. 4.1)

Here,subscript c denotes cantilever substiated sibscript fdenotes NiTi film.

Extended tahebi-layerSMA system, where NiT8erves as thigottomcantilever substrate,
ard a thin film ofstresse®U-8 is deposited on top, (eq. 4.1 becomes)

cO , 0 6 0o 0 «

Q
O o O ©O 710 0© @ O 10 O O o

where:

” recovery stress of the SMA MEMS actuator;
‘Q deflection of the SMA MEMS actuator;
a total length of the SMA MEMS actuator;

O elastic modulus of NiTi layer;
O elastic modulus oBU-8 layer;
o] thickness of NiTi layer;
0 thickness of S8 layer.

The one factor that always complicates NiTi SMA bimorph actuator modeling is the
inherent nonlinear changes in mechanical, material, and electrical properties in hysteretic manor.
To this end, calculationwere carried ouusing bothmartensitephase,austeni¢ phase, and

intermediate combinations.

Austenite phase (higher temperature, i.e180°C)
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Martensite phase (lower temperature, i.e-30PC)
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Based on hundreds of SMA wafer stress scans, NiTi recovery stress, typicallyin the
range of 300 500 MPa. Thereforethis rangaevas usedor preliminarycalculationsThe range of
NiTi film thicknessused in these calculations was 0.8.0 um, as this is the range of NiTi film
thicknessinvestigaté throughout thidissertatiod s b o d y Figufe 42vdepictka. plot of
deflection of SU8 on NiTi beam. NiTi thickness is varied. Constant in the calculationis £

80 GPa, recovery stress of 400Rd, SU-8 modulus of 25Pg SU-8 thickness of D um, and 200

pm length beam.
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Figure 42 plot of deflection of NiTi / S8 beam. NiTi thickness is varied. Constant in the
calculation is kiti = 80 GPa, NiTi recovery stress of 400”4, SU-8 modulus of 2 Ba, SU-8
thickness of D um, and 200 um length beam.

At first glance this wold seem to imply that the thinner NiTi beam should recover larger

deflectons during the phase change. This is presumably due to the significant reductions in beam
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stiffness for thinner beamshik finding providedadditional motivation to developnd optmize

thinner NiTi SMA ceposition recipefor significant amounts of recovery stress
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Figure 43 Calculated Deflection of NiTi cantilever based on NiTi recovery streBaM

Figure43 assimes fixed NiTi thickness (0.5 um), and varies the recovery streiRg) (N
the NiTi film. This parameters ultimately less tunable, but nonetheless typically measured
recovery stress in NiTi films 300- 500 MPa (i.e. 0.3 0.5 GPa), thus according tihe calculation,
there is a linear dependence on recovered deflection during phase change and the NiTi recovery
stress. In several instances, recovery stress of ~ $@hk/ebeen measuredso althougla less
common occurrengéhis curve is still based ireality. Therefore, aswould have intuitivelyobeen
expected to be the case, a higher recovery stress film (based on wafegrbogtemperature,
would give the benefit of increagdeflections due to the shape memory effect. In the next section,
we extend the modeling of the SMA phase change of8Sbn NiTi bimorph actuator

configuration.

4.2.1. Contour Plots for St8 onNiTi bilayer
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It has been reported, that there exists a relationship between sputtered NiTi film thickness
and the corresponding recoveryess. In this sectigran analytical model andptimization
problem for SMAinduced deflection wasofmulated and solvecth MATLAB 6 ©ptimization
Toolbox.Figure 44 presents a data plot from literatusxiewrelating the recovergtress in NiTi
film to the NiTi film thickness. A maximum recovery stress of 600 MPa happens for NiTi films
with thickness in the range of 750 nBelow 500 nm film thickness, the recovery stress due to
SME begins to significantly drop off and eventualgnishes altogether as was shown in several

reference$ll, 92]

Recovery stress vs NiTi film thickness
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Figure 44 Relation between recovery stressf@ and NiTi film thickness (nnadapted from

[11].

The first optimization problem seeks to maximize deflection of the8SUNITi bilayer by
calculating deflection for every combination of 8land NiTi thicknesses over realistic upper and

lower bounds.n other wordsminimizingthenegative deflectiowas formulated and solvetdhe
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following optimization problenwassolved to arrive at optimal NiTi andJS8 thicknesses which
would yield the most phasghange induced deflections.
d Q¢ Q@ Q¢ Q

cO , 0 0 0 o0 a
O o O O 10 O @ O 10 O O o

0

Subjected to:
Qp nmmmp T a T
Qdy onmmp T T
NQpuvrnpm O )
Qdp pomTpT T
Qg mmpmT O g
Qd QUM T T
"Qq, ,, T
"Qd, V& @ pTTO ¢cpuL pTIO ¢g v pTo BUYpmI ™
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Figure 45 Optimization contours for the case where-&#©lastic modulus is 2Fa. Variables
considered are individuablyer thicknesses: NiTi{&xis) and SkB (y-axis).
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Based on this modeat,wasexpecedthatthe largest SMA induced deflectievould occur

for the cae of NiTi thickness of 359 nm ar®U-8 thickness of 824 nras shown irFigure 45.

After solving the optimization problem for single objective (maximize the deflectiom)nodel

wasextenad to multiobjective case which wouldy to simultaneously maximize deflection and

curvature.

4.2.2. Multi-objective OptimizatioPrdblem Formulation

The curvature of a bilayer elastic material is givefiL84].

, O o0 O o o 0
v : : : w -
00 o O o '
where
o~ . 0 0 . 0 o} .
O O o _— — — 0O 0 0 0 — — —CO 0
¢ S ()
and
o o ©O O
¢cO o O o
and
w- | W'Y
Here |} is the curvature radius generally e:

term resulting from CTE mismatch and temperature differenceierpged during the processing.

dis a correction factor used in the placement ot neua |

E/(1-v ) where v is Poisson

pd thee biaxial mddlus defined as

ratio and E is Young:

for SU-8 and 0.33 for NiTil sus is reported to be 52*18 / A Gri. (depknding on austenite or

martensitghase) is reported to be 6.6 or 1140C. For simplicity sake, an intermediate value

o f niti § 9*10-6/°Cis used Units for theta term is nm or m. Units for G term is Pa*nm3 or Pa*m3.
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Thereforeuni t f or curvatur e i sThefalowmgoptonizatiomprobjeth t er m

is solved.

Curvature is:

, O o0 O o o 0 ©
v 00 6 O o :
Maximize:
., P ‘00 o O o
0 O o0 O o o 0 W-
Subjected to:
gupuTmpPpT O )
02:0 pomTpmm T
Q¢ MMPT O ™
04:0 ¢nmipmn T
hh OO 0 — — — ©O o 0O 0 _ —
—CO 0 11
ho. — TU
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Figure 46 MATLAB generated contour plot of Curvature Radius [m], against the primary design
variables (i.e. diti and &us).

Curvature Radiuss maximized for the thickest values of NiTi and thinnest values ef SU

8. The result is intuitive because this is the stiffest beam (from the perspective of thickest NiTi
with much | arger Youn-@)O0ThinnerGe8uneansthe eftechfpoatraie d t o S
differential and CTE mismateimduced stress contributiae minimized and contributes less to
curvature radius. Overall, this means that upper bound on NiTi thickness and lower bolurd on S
8 thickness are active constraints for objective funion

For the multi-objective optimizationproblem the deflection and curvature radius SA
bimorph actuator are maximized simultaneously. So, the-wmlikictive optimization problem can

be stated as following:

maximize:

f1.”
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f2: Q
Subjected to:

gupMmp T O TN
g2z ommp T T
gpuLUTPT O ™
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ge: O ¢mmip T TM
gr. TG
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Due to the conflicting nature of the two objective functions, the contour plot for the multi
objective function has changed substantially. Maximizing the radius is favored by alarger t
opposed to a smaller thickness required to maximéefection. The optimal solution of muilti

objective function as shown Figure47 has a largemtri.
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Figure47 Optimal Solution for simultaneous mutibjective optimization of deflection and
curvatue radius.
Once the optimal objective values for deflection and curvatueee establisheda

sensitivity analysis regarding the following variabless performegdwhich experimentally could
be varied with relative ease. Thbickness values x1 and xZreesponding the NiTi and S8
thicknessesan be changed by varying the spin speed feBS0ating: faster spins corresponding
to thinner films of SWB and viceversa. For NiTi, longer sputter time would be used for thicker
films and vicev e r s a. moadulus @ Ise varied by deposition conditions for NiTi and
curing/baking temperatures and conditions for-&Uro perform the sensitivity analysier
Objective 1(which dealt with maximizing deflection)he optimal thickness for S8 waskept
fixed andNiTi thicknesswasvariedto investigatehow it changesSimilarly, afunctionwas plotted
(asshown inFigure48) which showed how the maximum deflection would be expected to change

for small changes in NiTi andUs8 elastic modulusAs NiTi elastic modulus spans the range of
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407 80 GPa, the changes in maximum deflection are not significantly affected. A maximum

deflection is expected for the lower bound on NiTi modulus.
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Figure4d8Maximum bi mor ph defl ection with a vaBiation
layer

4.2.3. Summary

This section described the analytical model and optimization problem developed&or SU
on NiTi bi-layer. The model was used to guide the fabrication in the folloga&agon. In other
words, the model influenced the targeted thickness values for NiTi afglv@iich were shown
to exhibit the largest deflections induced by SMA phasenge The following section details the
material and device fabricatiaaf SU-8 on NiTi MEMS actuator which was influenced by the

modeling presented in this section.
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4.3. Material and Device Characterizaticand Fabrication

Figure 49 shows ameasured stress versus temperature loop typicadifiar martensite
austenite phase change with important definitions defined for recovery stress, thermal hysteresis,

as well as theustenite startaustenite finishmartensite start anehartensite finish temperatures.

1000 Mg Ap
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700
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500 Orec. c°°“7
400 /

300
200

o
100 /V
20 40 60 80 100
Temperature (°C)

Residual Stress (MPa)

heating

Figure 49 Stressversus temperature hysteresis loop for 270 nm thick SMA film on Si wafer (5
mTorr deposition pressurelepicting important parameters including, A, Ms, Mt, recovery
stress, residual stress, and thermal hysteresis.

A large reversible stress differan¢-900 MPayas measureih the 270 nm thick sample
deposited at 5 mTorr as shownHigure49, which was chosen as the starting wafer for the joule
heater actuator device studijhe optimal thickness according to the model wé&s 13, so future
iterations could possibly explore additional device fabrications to target even more deflections
resulting from the SMA phasehangeT hi s i s most | i kely due to th
martensite and austenite which is accompaniddrgyer transformation stresses and strains as well
as much larger thermal hysteresis. The thermal hysteresi® RC+ Asis 75°C, Aris 95°C, Ms

is 65°C, and Mis 40°C. The residual stress is actually quite low, around 50 MPaNTThavas
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deposité onto a heateavafer (600°C) for 18 minutes, at 15 nm/minute to obtain iassitu

crystallized NiTi SMA film of 270 + 5 nm thickness showrnTable6.

To fabricate the joule heater devictee following sequenceas performedor the device
build. This process is similar to whatsreported on if179], where NiTiwas depositednto Pt.
Here, the main difference is thdiTi was depositednto Siiasopposed t o aTh&®t 0s e«
process flow is detailed ifrigure 50. NiTi was blanketco-sputtered at 600 °C substrate
temperaturento the Si wafer. lon milling through the NiTi film usiagphoto patterned layer of
~2 um thick AZ 5214e photoresist. With this pattern, the joule heasretched on top dfie Si
wafer with larger NiTi bond pads (200 um squaresgventually land contact probesnother
layer of the ~2 um thiclAZ 5214e photoresistas spin coated and develogeddefine exposed
Si etch regions around the NiTi joule heratevices. This resist also masked off the bulk of the Si
wafersurface during the device release process, which consisteceabn difluoride (Xefj etch
to undercut the devices. Aum thick film of SU8 2000.5negative photoresistas spin coated
ontop of the NiTi After photomask exposure and pattdrea SU8 was only remaining on top of
the NiTi beam andhe NiTi bond pads were exposed in order to facilitate experimental electrical
characterizations. The S8 was spin coatedt 4000 rpm and bakefibr 2 minutesat 95 °C, and
exposed witha contact aligner and mask plate at 160 mJ<hhe complete St 2000.5 recipe
used is detadld inTable7. Uponrelease, the devices curled upwards, most likely due tbehmal
expansion mismatch between NiTi and-8Un theaustenite phase of film deposition the CTE o
NiTi is reportedto be near 11ppm/°Compared to St8 which is reported as53 ppm/°C The
larger rateof contraction of the uppermaStJ-8 layerwould result in the stress profile the results
in upwardcurl, aswasseenin the released devices

This SMAbimorph device is similar to the microgrippers reported by[E], in that both
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used a photopatternable polymer with CTE much larger than NiTi and subsequent thermal

processing to induce an out of péabeam curvature once released from substrate.

Table6 Deposition parameters used for NiTi film in the-8dn NiTi joule heater actuator
fabrications

NiTi deposition in the AJA ATC co-sputter tool

NiTi target power (W) 375

Ti target power (W) 250

NiTi thickness (nm) 270

Deposition time (min.) 18 min at 15 nm / min.
Deposition temperature (°C) 600

Argon Flow (sccm) 60

Sputter pressure (mTorr) 5

Table7 Parameters used to fabricate S8bn top & patterned NiTi actuator

SU-8 2000.5 fabrication (Microchem corp.)

Material SU-8 2000.5

Spin Speed (rpm) 4000

SU-8 thickness (um) 1

Soft Bake 2 min. @ 95°C

Exposure 160 mJ cm™

Post exposure bake (PEB) 4 min @ 95°C

Develop 50 sec. in SU-8 developer
Rinse Fresh SU-8 developer + IPA
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D. (released)

A.
B.

E. (actuated)

C.

Figure 50 Process Flow for St8 on NiTi MEMS actuators

We | | known St was asgdts baekput thé NiD nesidual stress based on
measured film and wafer thicknesses and measured waferuremet and post film deposition.
The deflection of a blayer cantilever due to a temperature variation is expressed by the following
eqguation, where the geometric parameters are those indicated in

. op «a .
T 0 — —— 5 ¢ Ip W'Y
oca p p ae a & e

| 1and 2 are the thermal expansion coefficients (CTE) of the bottom and top layer materials; n is
the ratio of youngbo gY)nisthelratioof lgerfl and Byer2ithickhess, n d 2

t is the total cantilever thickness. The equation used to model radius of curvature is given as:

@

p o o
Y 54 p lC Ip

Where R is the radius of curvature and t, m,|arale same as above.
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The joule hear SMA device geometry and cressction of fabricated S8 on NiTi
MEMS actuators devices is depicted Figure 51. Figure 52 shows the measured radius of
curvature of the released SJon NiTi as a functin on SU8 post bake temperature. There is a
clear dependence showing that hotter post bake temperature results in a beam with tighter curling

radius once released from the substrate.

L =100, 150, 200, 300, 400 um
W =10, 15, 20 um

1 umSuUs

270 nm NiTi

Cross section

Top Down View

Figure 51. Schematic of the fabricated MENBMA bimorph actuators (top down view), and
cross section. NiTi is grey and SUs blue.
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Figure 52. Modeled and measured radius of curvature for 50 um length cantilevers, 5 um wide
of 1 um SU8 on270 nm NiTi for various S8 pcst-bake temperatures

4.4. Device testing and actuation demonstrations

For the electrical actuation tests on joule heater devices, Laser Doppler Vibrometry (LDV)
was usedo record cantilever displacement. The laser was focused 20 um from the base of the
cantilever beam to measure the displacement at that point, which was then related to the radius of
curvature using EuleBernoulli beam theory from which the displacement was derived.
arbitrary signal generator wagegrated, capable to produce arbitrarytagé profiles (i.e. square,
triangle, sinusoidal) to actuate the bimorph structures.

A microscope image shapshot of the LDV experiment is showhigare 53. The
interrogation spot is focused on t8E-8 onSMA bean with an initial upward curl and deflection
of O um. When actuated with a voltage input, the cantilever deflects downward, hence the negative
cantilever deflection. The maximum deflection appears to Bauth at the interrogation spot.

Figure58shows optical image of the cantilever at 0.0 V and 1.0 V, whereby a significant uncurling
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of the cantilever due to thermal phadenge is obvious.

Figure61 shows the joule heater beam deflectiesponse at a 2 Hz with 1 V excitation.
Although, not shown here, this same devies been cycledt 2 kHz for over one million cycles.
The SMA cantilever deflection is also shownFigure62 over a voltage sweefpom -0.6 to 0.6
V, with an absolute turn on voltage of 0.5 V. Using a curve fit to the bending leaas
determind thatthe bending radiuzas 178 +/12 pmat room temperature aff@9 ++ 8 pmupon
actuation, which corresponds to a radius chand& dfum. This significant change in curvature

radius as a result of heimiduced phase change is showirfrigure59.

Figure 53. Snapshot of the LDV experiment with patterned NiTi pr@loks,goule heater resistor
(upward curl), and laser spot focused on a single beam of the joule heater (white dot).

Figure58 shows optical microscope pictures of the device under no load and actuated with
1.0 V corinuous bias. The uncurling of the device towards a flatter position is very clearly seen
in this view.Figure59s hows t he Ol ympus LEXT c othé mam | mi ¢
unheated and at 100 W hotplateThe curvature of the beam from these measurements was used

to determine the radsuof curvature in unheated and actuaseates. According to the stress
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temperature loopt would be expecedthat the SMA beam is fully actuated at 1@ Figure60

shows SEM image of released joule heater bé&athis image the bilayer S8/ NiTi beam curls

out of the substrate due to residual stresses built up during the fabrication process. In other words,
large CTE mismatch beten NiTi and StB, combined with thermal processing to cure the SU

8, results in a stressed interfacial region, that induced curvature oflth@bupon release from
substrate. The compositedm is clearly curled upwards and image contrast makesyttea

discern the NiTi bond pads (white) and the-$photoresist (grey).

4.4.1. Electrical Characterization of the NiTi SMA Bimorpbule HeaterActuators

SU-8 on NiTi joule heater deviogere testedising pulsed electrical currents to joileat
the NiTi ard induce the phasehangeFigure53 shows a microscope picture of a typical device.
In the CAD design, thregifferent bem widths (10 pm, 15 pm, 20 pum),and fidéferent beam
lengths(100 pum, 150 pm, 200 pum, 300m, 400 um) were fabricatedy ramping current in
intervals from 225 mA and measuring voltage, we were able to determine NiTi device resistance
(Ohms) based on ohms law, V = IR. We measured resistance through the joule heater NiTi devices
to vary betwep 64 - 173 Ohms. Naturally, the shortest and widest beam designs had the least
resistance (i.e. ~25 Ohms for pn wide, 100um long). The largest measured resistance was
indeed the longest beam with narrowest beam width (#@0long, 10um wide). Table 8
summarizes the inferred device resistance for each of the various lengths and widths of the joule
heater. The results match what would be expected. In other words, the lowest device resistance
(24.8 Ohms) corresponds to the shartesl widest beam, and the highest resistance corresponds

to the longest and most narrow beam (173.2 Ohms).
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Table8 NiTi joule heater device resistance inferred from current and voltage measurements.

Resistance (Ohms)
Length (um) 10 um wide 15 pmwide 20 pm wide

100 64.1 48.2 24.8

150 128.8 50.6 56.8

200 107.8 69.4 61.8

300 121.8 103.6 65.6

400 173.2 93.4 84.6
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Figure 54 measured current and voltage (V) data used to determine device resistance in the
NiTi joule heaters for 10 um wide beams of varied length.
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V-l Characteristics: 15 um Wide Beam Set
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Figure 55 measured current and voltage (V) data used to determine devicenesish the
NiTi joule heaters for 15 um wide beams of varied length.
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- V-l Characteristics: 20 um Wide Beam Set
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Figure 56 measured current and voltage (IV) datsed to determine device resrata inthe NiTi
joule heaters for 20 m wide beams of varied length.
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Figure 57 measured power vs. voltage for the 10 um wide beam set

Figure 58. NiTi SMA Joule heater device av/0andactuated withl.0 V.
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Figure59. Opticalprofilometer measurement 8U-8 onNiTi SMA beam at room temperature
and 100°C on hotplate.

EHT = 1.00 kV

Signal A= SE2 Date :1 Aug 2016
WD = 5.6 mm StageatT= 8.2° Mag= 431X

Figure 60. SEM image of released Joule he&&+8 on NiTiSMA bimorph device
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Figure 61. NiTi joule heater cantilever displacemest time at Hz with a 10 V excitation
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Figure 62. NiTi joule heater cantilever displacement vs. voltage showing actuactuation

voltage, ¥ct= 0.5 V.

Thedevicewas cycled using pulsed voltage loaaisd deflectiowersugime datarecorded

at 500 Hz, 1 kHz,red 3 kHz with a 1.(/ excitation as shown ifrigure63- Figure65. Duty cycle
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of the pulse was 50%At higher frequencies, theevice did not reach the maximum deflection
values (1.2 um) that were seen in qestsitic actuation. However, these results indicate that partial
heating and cooling could be achieved reversibly on these timescales at a reduced deflection
amplitude.Thesereversible deflections were still at leastorder of magnitude greater than the
deflection due to CTH#nismatch alonelt is important to notethe response is not perfectly
symmetric during a cycle due to the fact that the suitacdrolled free conveiwve cooling
response is slower than that associated with the volumetric joule heating. At 1 kHz, a total
displacement of 576 nm was measured after ring down. Ringing occurs at the resonant frequency
of the beam, which is measured to be 33.33 kHz, in ggogement with a calculated value3af

kHz.
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Figure 63 measured device deflection at 500 Hz square wave actuation
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Figure 64 measured device deflection at 1 kHz square wave actuation
4.5. Results and Dussion

A passive NickelSU-8 bimorph actuator was presented in 2[85]. Similar to the SMA
MEMS actuator premted in this chaptethis device was actuated usiagnodes0.5 V input to
create joule heating. Since they measured 43 pum displacement on a 830 um length cantilever, and
a constant moment beam has a squared displacement profile, at just 30 um hengtevice
would have only deflected 0.05 um. Therefore, bywgsactive SMA, compared to Nioupled

with SU-8, this workachieved a 20X increase in displacement (b0 for the same voltage input.
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Figure 65 Measured displaceemt in the SEB on NiTi actuator at 3 kHz, 1.0 V pulsactuation

4.6. Summary

Ultrathin SMA films made from NiTi were sputter deposited on Si wafers using a new,
simpler fabrication process that consisted of only one photo step to pattern the NiTi actuadors us
SU-8. A bending model for thin film bimorph actuators was also used to predict the radius of
curvature for device stacks of SBJon NiTi after release. There was a clear dependence of radius
of curvature on the S8 postbake temperature, which is fdamentally linked to the thermal
expansion coefficient mismatch between-8(-52 ppm/K) and NiTi (~8 ppm/K)his work has
also shown the dependence of curvature raaasdeflection resulting from phaskangeon the
relative thickness of the SBand NTi film stacks.

When heated on a hotplate, the actuator devices phase change and actuate into a flatter
position, a process that is reversible once the device cools belowical qoihase change

temperatureHowever, the thermal mass of the hotplate mealkee response time very slow.
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Therefore, by using joule heatinthis effortdetermined it was possibly to actuate the devices
much more rapidly with a turn on voltage as low as 0.5 V, indicating that small volume SMA
actuator can have very low actuatibmesholds. A correspding maximum deflection of 1.2m
was measured for low a frequency (2 Hz) respofise.actuatorsvere able to cyclep to 3 kHz,
howeverthe devices exhibited reduced deflections due to reduced thermal changes induced by the
joule heating. Since the surfacentrolled free convective cooling is much slower than the
volumetric joule heating, it should be possible to recover this deformation via forced convection,
and to even achievegher actuation frequencies.

In the following chater, the design fabrication, and actuatioof a micromirror array
device based on the sputtered shape memory alloy thin films developed in the previousishapters
reported Thisdemonstration is the first eveeported micromirror array fabricatesd &tuated

from shape memory alloy.
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Chapter 5Fabrication of the NiTi SMA MEMSOptical Micro Mirror

Array

5.1. Introduction

MEMS micromirrors have seen commercial successes in beam steering, LIDAR, and
projection technologyMEMS micromirrors[148, 186, 187have been successfully developed
and actuated with electrostatic and Maased actuation, but nevieefore with shape memory
alloy. SMA could impart some extremely large deflections not possible based on these other
actuation methods at MEMS scal€his chapter seeks to build upon the developments presented
in chapters 2, and fashion a micromirror array based on SMA actuator. A novel actuator design
taking advantaged of nested segments of-bgitt-bent beams enabledager degree of curling

in the released SMA micromirror.
5.2. Fabrication and Characterization

In order © build the SMA optical mirror arrays (OMA) previous experimental
developments related to the SM¥ocessingn the previous chaptergereutilized. Information
about how to control the curvature radius (using bias stress films like Pt8), 8tmbined with
established SMA sputtering recipes dedbthe fabrication of preliminar§MA micro-mirror
arrays.SMA film onaPt device wafer with good hysteresigve (stressemperature loopserved
as the starting point fahe SMA MEMS micromirrorfabrications Figure 66 shows two SMA
wafers that were fabricated for the preliminary Siror fabricationruns Liftoff patterning
alignment markers on the waferas enabled bysing 5214 negative tone regjghage reversal)
and a Cr / Pt alignment marker evaporation (10 nm / 100step) In a subsequent processing
step, 5214 positive tone resigas patternetb ion mil through the NiTiPt bi-layerfilm stackto
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define the square mirror element and the actuator. arhesrelatively thick NiTi was used for the

rigid beam segments and the shutter element as it is relatively flat and highly reflective as a
Amirrorodo. The &i MbeRUi wgé peeti adsvicortleatelwas act u
performed using XeFetch developedn previous chapterfor the SMA MEMS canlever.

Generally, longer etches were performed on the SM#&omhere (5001 1,000 cycles Xek

because the dewecwould drop below the wafer pladuring release. After device release, SEM

inspectionwas performedin addition to hotplate actuation under confocal microscope and laser

actuaton under microscope
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Figure 66. Stresstenperature loops for NiTi SMA micromirror wafer fabrications

Regarding the operational concept of the mirror affégpire 67 shows a schematic top
down view of a micromirror array i MAactle®r 6open
beams would be curled with a specific curvature radius such that the rigid mirrors would be
vertically oriented. This configuration would maximize incident light propagéatioough the
open windowsFigure68 shows thenicromirror array once the SMA actuator has been thermally

activated. The flat mirror plates would assume a flat orientation and transmitted light would be
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5.3. Characterization andevice Testing dBMAMirror Actuation

SEM inspection was a first step to inspect the fabrication and reledeeMEMS mirror
Figure 69 shows a released SMA mieroirror. As expected from efforts in previous chapters,
residual stresses build up during fabricati@and cause the cantilevers to curl upwards upon
release. In this design, the actuator arm is comprised of two bending segments connected by a rigid
segment. This results in a more pronounced beam curvature and more deflection in the mirror.
Figure 70shows a closer look at the alternating begitd-bent SMA actuator beam. This concept

is referred to as nested hinge design.

A LEXT microscopeintegratedwith a hot plate was used to characterize the mirror. A
threedimensional san was recorded at room temperature and &tC30n a LEXT confocal
microscope image, the shutter dropped ~17 um below the substrate upon release. Hélaging on
hotplate showed significant amounts of actuation of the shptiesumably due to the SMiEhe
top of the shutter translated through a tip deflection of maximum 17 gooat temperatute
down to ~5 pm upon heating to 8@, accounting for a translation of 23 um displacement. More
importantly, the angular change in mirror angle for the flatonplate went from + 23.3 degrees,
through flat (O degrees), to a maximum tiltio6.6 degrees, corresponding to a totaldilgle
change of 29.9 degrees. Future iterations should seek to optimize the mirror to operate between a
starting vertical oriefation, and a flat position when actuated (& #&tation). This would
facilitation beam steering echip as mirrors could be turned on or off to route optical signals

through various waveguides or fiber optic cables.
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10 um Mag= 805X Stage at T = 56.2 Aperture Size = 30.00 um Date :15 Mar 2018
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Figure 70. SEM zoomed in look at the nested hinge actuator concept. Easily distinguishable is
the bent segment, rigid segment, and bent segment, resulting in inclipaesegld.
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Figure 71. Measured deflection change of the shutter at room temperature and 80 °C
corresponding to a thermally actuated pixel moving through 29.9 degrees of rotation.

5.4. Summary

Micromirrorsoffer a promising solutiofor future optical modulation, beam steering, and
LiDAR applications. Existing MEMS mirrors are usually based on electrostatic actuation such as
those commercially found in digital micromirror devices such as projectors. These devices are
extremely relial®@, but usually are limited to maximum tip/tilt delfection no more that72m.

This allows fast actuation, but limits the degree to which light can be modulated or steered. This
chapter presented a novel design based on large deflection SMA mirrorg, pveémanry
demonstration showed a deflection approaching 30 dedgfeesbined with work in Chapte#d
and 5, the SMAmicromirror presented here could be actuated with {asadiation and joule

heating, which was shown to be fast (up to 3 kHz), anducoimg) low power (515 mW).
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