-1- SELECTI NG A MATERI AL FOR USE AS THE EXPANSI VE
ELEMENT Co- Pendi ng Applications Various nethods,
systens and apparatus relating to the present
invention are disclosed in the follow ng co-pendi ng
applications filed by the applicant or assignee of the
present invention on May 23, 2000: 09/575, 197,
09/ 575, 195, 09/575, 159, 09/§75, 132, 09/575, 123,
09/ 575, 148, 09/575,130, 09/575, 165, 09/575, 153,
09/ 575, 118, 09/575, 131, 09/575, 116, 09/575, 144,
SEY/ETTING3O MAPERIAT, EOR USRS THE £RPANSHVE ERLEMANT
09/ 575, 145, 09/575,192, 09/575, 181, 09/575, 193,
09/ 575, 156, 09/575,183, 09/575, 160, 09/575, 150,

licgfing 75 184, 09/ 575, 128, 09/ 575, 180,
09/575 149 09/ 575, 179, 09/575, 187, 09/575, 155
09/ 5%Aridd3netkidks, 3yhenidand aph4ths/Blafibio tlQer&;Zﬁt i®8tion are
09/ 575, 178, 09/575,164, 09/575, 14 75,174,
diselpspdan e Solloyanerpepending anphrasions flsd by the oo iganf gppassignee of the
RO FRerkdf on M43 520088, 09/ 575, 189, 09/ 575, 162,
09/575 172, 09/575,170, 09/575,171, 09/575, 161,
09815797, 141, 0@91551795; 125, 09/88, 1565, 142, 05383, 140, 09/575,123,
068651k, 190, o6)9f kb, 138, 0§)9f5iE5, 126, o985, 127, 09/575118,
0§R45YA, 158, 09%5171% 117, 08)9fdita, 147, 94139152, 09/575.186,
- 0QRASYE, 176, 99fder, 151 69kB7s5177, 05250375  00/575181,
19103, 115, 0908 B5£5, 11409/9’95’@?’5’ 113’099?%53(5’ 112, g9/575,150,

00RD ;

098151, 111, 09370153, 108, g9 fk S, 09%9 5&’(’5 110, g9/575,149,
0 , 182, (98751, 173, (88151 '194’ 09535 31P. 136, 09/575 143,
0 , 119, 08815103 135, 0§83, 157, 166 09/575,146,
0 L 134, (HRISES, 121, %551 . 137, 4167, 09/575,129
003717 120, o9, 5, 122006 dobcl 05yjoRs 2t hese 09/575,172,
0637 PERAI Ng gHR é’Pﬁ” Ons Gk é?to pore 5%9'1 tBé/575 125,
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g se e as ansi v ée?/ o ﬁt [ ) é 11 eI ast '0 E;g ﬁg
e ’a”d / Hods 108 Ing thy 1{ 09/575,108
0%/ t / bl i es g se mat gl sy The 09/575,194,
o on o ) e na TS, o e ] gosi,
0¥a{eh¥ r ally %Kﬁ Bl bi t 9 aye]r” i"or pr i85 for B 79420,
0¥A®-Hénuf act ure of m croscopi ¢ thermal bend actuators

for wsedisdlosties bOhER6HERINEHPRiER arSMSdrpdtbed MeblBDby cross-
and will be described hereinafter with reference to

referprees j el d. However, it will be

Field of the Invention

The present invention relates to materials potentially suitable for use as the expansive
element in thermoelastic design and to methods for ranking the potential relative

suitabilities of those materials.

The invention as developed originally as a means of identifying and ranking a range
of materials that potentially may exhibit superior properties for use in the manufacture of
microscopic thermal bend actuators for use in micro-electro mechanical systems (MEMS),
and will be described hereinafter with reference to this field. However, it will be
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ZF136US -2- appreciated that the invention is not
limted to this particular use and is equally
applicable to macroscopic design even though the
overal | design considerations are vastly different
and certainly | ess conpl ex. Background of the
Invention It is inportant to clarify that

t hernoel astic actuation is gharacterized using force,
deflection and tenperature 23 opposed to smntchlng,
which is characterized using deflection

aprspqitipdihaithe IPV@QO%}S@HQH“WP HasRpgticular H&% 5 eag%lkyepphcable
tbiBLcO8iS AR eldtPhGidhie J1eRH dBgen RMiliGRRRs hldJbstly different
activate other nore energy efficient actuation
and/eartainty, leysommpleX., ni croscopic thernoel astic actuators
are an attractive actuation nechanismfor a nunber of

ﬂag%g%%oﬂgéﬁweﬁtﬂﬂ udes the down scaling of certain
| na. For exanple, it is possible to

fabricate very thin filnms that decrease the thermal

nmas &t inimeporhm ithelerly dlfaf thefmeqelagtiq agiigen is clpprisizegyusing force,
df b a1 Qs 38D a);{g,sgédltégwﬁcqm@eéhlaﬁg QH&a&‘&&Ed i) &n%ion

e m Ccroscopi c sca her advant ages i ncl ude "ease
amct tefopgrriutsarisi elong. Machuseqpic thermeclesivpriastorshatypiraiylused as
s% t«r%t%g {hgfsaca\%t& tﬂ&%%g{eggg e?flﬂgentt Q&ue@%ﬁ Fy %H ' ﬁc%ve%r, m%scopic
A antages 1 nclu I ow

tlapmscda;stlmmlatdmardm aitrhctive ta@ua’non eetclmyusmfer 4 merhendf reasons. This
e e T e R e
ffboicate agay dnrf ﬁlmsnlyat déereast ma theahal ndass/zmdsmnmgpﬁimﬁncyﬂmmu

f d def t .Qbt d by .
EER T S -
Ote h@hahtages afclurie aka of fhbndzﬁloﬁi (dltﬁ@dg}lynoré ﬁnﬂﬂ@ﬁh&hﬂlmﬁle

chani cal er mal rties of the onen

[T eSS peiat s Ang e Possiily P ovital agedPs i DAgBgBIPgs glede 2
104 bperatibh 6hddvedtEl esbeiindady tlﬁe&ﬁéfhial doRd@kibifes ofaubstrade Inkerials -
or a nore efficient actuator. Such an actuator

thiyis imosrsefen adyartaes fos the cument PRPlicRNS afipyiae frasRibitng) | v
viable. A nore efficient actuator nmay be battery

POV Bt Vi RS keI BBt fBide afd dBAbdtioh tv¥ludten BEGRiihddby
the requirenent for expensive voltage transforners. An

altefing @ghyaion seomethi FiREEvesithe Bipdamspial pRseabin of sdation is directly
rRE] BlithedR@haridal Al BRSNS Nos o@fh@ c Tﬁ(fn%ﬁksrﬁa‘ierfaﬁeCorrect
possibility of thermal crosstal IS is especially
materiahsglgetiondn awediztipy vath efﬁq@rvrardpmmae &bl i qitherz sallerpr a
nfghd %fﬁcugrﬁ Ubififor, SOARK Siua BRREEAE] wiE! 20 bR hﬁE mfRMB
Ication I's not stral ghtforwar First
anmbbmsﬁleviablhlmmbrel ofifiqient patvatoresaydaaticay yovgqr@hmryasmg@peretion
sl R hedARE gl% LR0ndF LA enaogvonqg{ tﬁdnﬁféhhérf%n increase in
er nmen uant
tmrm)ep efﬁcleaey mprdvhsathe Pl 5 3800, 13 ﬁrB}g ﬁmmncﬁ campd@r@wa khe possibility

e n thi cat ed
ol Regurisai hy bl syERLEEpOR s odhe] LR h Hhicro-
chibdes&. can shatter or curl the substrate wafer.
Thirdly, only

However, material selection for MEMS application is not straightforward. Firstly,
published thin film properties can vary greatly due to different fabrication methods and

difficulties associated with experimentally quantifying material properties on the
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certain materials can be used in the fabrication
process at nost fabs as the introduction of a new
mat eri al can contam nate machinery. Progress to date
Until recently, the only materials regularly used or
considered for use in such applications were

pol ysilicon, single crystal silicon. However, the
appl i cant just previously de the surprising

di scovery that titaniumnitride and titani um

bhori de/ di bori de_exhi bited excellentaﬁropert es
THEPRQRIA oS St LY IR it filses.camenly Ps faggicdigigvith certain layer

tHREGBIEIWOHEDInh LR B RE Shid oflLELAY lb¥traté GRief. rrﬁﬁldxy g
applicant sought to try and identify possible

ceffArEmplatialyean b isegrinl the fetuicgionprepessabaipydesgs g introduction of a
wbD&L; A bbfasi¥st §idBnindd, t h nmore choi ce and

% efﬁ@gllty However., g%%en the lack of avail able data
on their film propertles for various materials and

Progressgedatehat enpirical testing with MEMS woul d be

prohi bitively expensive, there was clearly a need, or

it YRfl Rlenhl§ Qﬁé orh}'r Q%Malgﬁﬁﬁl&%bﬁs%d Elocogﬁderécpfo? udeQn such
determ ne a net ating materials for this

applicatiyas waresmlyellhyoro pinglp erystalowhieon @owerb thalgprlican clerprekusly

nﬁﬁée ! e%ﬁkwn:ﬁﬂaggﬁ uI v ﬁrtate t%o%g[me él%{ng angﬁgangdgﬁ/ E%Hdefa ohﬁe éﬁhblted

exaellen piopertiereledamnta thi aapltcamrgle of alternative

materials that will potentially exhibit superior
ol E R BhanliRSoh bl P IRE ERbI s PERLP B Al soushu o

trp ebdidentdy pessiblealteinhtives of order tqprowide dfarggas of thmmoelastazl sgstems
w}citﬁ \rr/neo:ir] hc:;héhcg ?%g f;leexsbslsltyplgl%\gﬁrvgrlé ggferg fe aﬁfc 8{: av]aﬂ?b%[) g on ochIlel} Pl?n
propéreies fat vdrions mstenaiSartdhhae faxpkan smpmcailtestmg}wlth Mm/IS would be

t hernogl astic desi gn vin
i PNER B 4t S R Emeoh Ao 8% s kR e ioud e
aﬂ(ijIB tondeebrinine b wdtiog of Hﬁhﬁhm%ﬁénamﬁf thid 8¢ basgd I@olely on the
i mensi onl.ess constant ay for that material in
TR g%ﬁmwm?éeﬂfﬁ’oﬁf?ﬁ}ﬂ&s Ey2T Cy = pC ZF136US
-4- whereln E is the Young's nodulus of the material;

sumhﬁr&&&hsnﬁkﬁh&¢ent of thermal expansion; T is the
nHX|nun1operat|ng tenperature, p is the density and C

S CIfI heat. ., capacit accordance with a
s ecbii B et BT Ryt of ot 9o o BE FGPHRSaeqLY prates of
al@érﬁaﬁv@ﬁx@ﬁéhﬂ@ﬂrlaﬁsmllrﬁ%telﬁﬁéllnyxhlﬂﬂ Bufferi6r propoft@esdor use in thermoelastic
t her npel asti ¢ el enent that |ncludes at | eas

one .
designand plazother ashech to, Provide 4iaeans A rapking e ﬁ@fﬂntsai Paabifiypfa
giVBHt @hdeAdf nfaRiriald ¥6; (A sidieuseXpansi ve el ement in the

thernnelastlc design by deriving an indicator of the

material's potential effectiveness .for that use, said
Accordmg to a first aspect of the invention there is provided a method of selecting a

material for use as the expansive element in a thermoelastic design by deriving an indicator
of the material’s potential effectiveness for that use, said method including the step of

calculating a dimensionless constant ey for that material in accordance with the formula:

Ey*T
oC
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met hod including the step of calculating a

di mensi onl ess constant sy for that material in
accordance with the fornula: Ey2T 6y= wherein E is
the Young's nodulus of the material; y is the
coefficient of thermal expansion; T is the maxi num
operating tenperature, pis the density and Cis the
speci fic heat capacity and %glectlng the material on
the basis of s, and manufacturing the thernoel astic
el ement with the at | east one expansive el enent

whereidilis e Yoyag's epodulug af thematerial) v 1s thegpeffigisnhof thegrpal expansion;
g
TIFR R o by RbpbRR et RaRAY AR Ol AOpRTL Rl
cgiatitycon to a value s which is achieved by deriving
the value sy for the material of interest at the
| ‘ ' TRV .
ol SpSHRR iR TR et a0 P 0fad GF, a1
niethop ef mbnnfaeturihp @ theethealastit elamit thaninolpdesat leag) one expansive
%&ggeaatuhe m%l depend upon the surrounding
RS 3%&1 nﬁr function but is nost commonly the
oxi di zing tenperature or the nelting point
te npeﬂecmhgm mateﬁEl]fBﬁisJSas the eiﬂmsswﬁbéng@nt tnhke &eth@ela‘sttcrdesign by
od.inclu tln I n .
ot SRRyt Pty el nps LR e B P vy
I angRthod heRdRg ﬂreesisprdf eﬂcﬁlélfn@atdlfm&lsioﬁﬁss&bhs\tm ¥y foRthgEmaté&rial
between Q0.1 52m and 10.0 Qn In accordance with a
th|FH“&§6§E?WBPﬂFﬁ@nWHVent|on there is provided an
expansive elenent in a thernoelastic design that is
f#omany functionally suitable material or
elcorBi-pati ons of materials selected froma group
incM&aing: silicides and carbides of titanium In
accordance with a fourth aspect of the invention t here

o PopiR: R RRREmRHR oA PR O e LR b s

mat @fpaddiod T is 0 Hakindld sHefutiff tefBbRfukelb3s the Hﬁﬁﬁﬁ&hdfa‘ R
group including: borides, silicides, carbides and

ni t prceidis hegt Cftpaﬁwndﬁ?lewgmw omihe BasisRL & @ omi um
tungsten, vanadium and zirconium In accordance with

a f infclﬁd'faME Gite tBErmboBEsticRYERh Wifth thO 8 16ast SneRkMMLIE He@bht

expansi ve lement in a thernoelastic desigh that iIs
md@@?@ﬁtwlfﬂmﬂmﬁte@ﬁhl ly suitable alloy naterial or
conblnatlons of alloy materials selected fromthe

9" bR, W dWhod ¥ LELREn m%iuldéscthéj&fp of SRFRIISRS uRNd

n|tr| eso tltanlum tanaum no enum nloblum
diplensienlessponstanigsiative, tovizan afiilinon t<amhhzq awloelh ig@chieved by deriving
the value €y for the material of interest at the relevant temperature value and dividing this

by the value of € obtained for silicon at that same temperature.

The relevant maximum operating temperature will depend upon the surrounding
materials and their function but is most commonly the oxidizing temperature or the melting

point temperature.
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Preferably the expansive elenent in a thernoelastic
design in accordance with the third, fourth or fifth
aspect of the invention also includes one or nore of
the followng properties: (a) a resistivity between
0.1 52m and 10.052m (b) chemcally inert in air; (c)
chemcally inert in the chosen ink; and (d)

deposi tabl e by CVD, sputteri.ng or other thin film
deposi tion technique. ZFlBéUS 6- Brief Description

of the Draw nqs Derivation of the di mensi.onl ess
conSesblysthgpelectign mpthed mglidesthe $ep qfichmingijpg,gertgin materials by

eg 98k B efe-dMdrhinS s Gvif R de Cla loh & Pre fefBdl foek AP LB Sti Ay range is
erived values of this constant and other properties
bétweend).  nRgendfO.fufdsri als, will now be described in
detail with reference to the acconpanying drawi ngs in
whi mcc{am @Hﬂ'am\’éﬁ;‘gé@t &qﬁ@ﬂvénhsn HeREHB kel anceqpae&w@
t her noel asti1 ¢ actuato Fi gure ows a plo
elewentiin ydhiemedelagitr desige thatsis nhéafm@raey @byctfqnﬂll)ssuﬁgblematenal or

.er.i AR L LARLY m (l ength 20m
c{[ﬁ%ug tlﬁ@sosf : %gk/ {%&gﬁ?&l @éh@@%ﬁom a plot derived
from Fi gure 2 of expansion efficiency versus
t enplcid¢sanécabiflesqifditppipnf.or a cl anped/free titani um
beam and Figure 4 shows a conpari son of mechanica
wor q & ACKHALOE
F ab SIS, bk Bk SRS St Sty ERER T ASNiNE AR
elEJesn:t in pthemroelastivaiesigh thenis nedafrom ey fractemalll sugatlematens or
1 en nted that as es the potentia
combl?a onsto%¥naker11afg &R& ({gomﬁg{oup tuﬁ:ﬁl% el astic design. The
thod is based on the mat eri al thermal and
me cbaxities ailicipcso parbitiémd aitddea ©§ tagtabini, modybdé¢nuu hiobignh,
hfﬁlgr oaﬁlrr11 S(ge 0 %ﬁma:«lmdz%rel ection for effective design.
P Ar VRRT U 1764 EF?lClency Actuators are
characterlzed by a conbi nati on of deflection, force
an dhlmpmrdanbmlth a Eifth espattiof ﬁleiimvenidmtthas ts mzvi@d/iatl ckmlssive
elatgc?n:t érg{ ﬁ%sxgpog{a% s em%ﬁ% 0 ?g ﬁ(rn? Fﬁnlé? nct rs%gtgbeles alll ol){ materlal
orcoabaati@is lo? sitbylyatdrials sdleftbdfrem theadroupl mlghng di nal
expansi on of two bonded |ayers. Thus, the expansion of

i so] at ed ers direct tes | obal, .

penaUTer SURIED P deni B ob e il Rabfaghy Robium,
chrbrhiugi fuagsten, Vdnediom] adizatondah.uat i on effici ency. The

approach is straightforward and rel ates to general

th d at hat .
et B RESPRP B seat B aNCT T 4 R A or e i o

third ¥g&th or fifth aspect of the invention also includes one or more of the following

properties:
(@ a resistivity between 0.1pQm and 10.0puQm;
) chemically inert in air;
(©) chemically inert in the chosen ink; and

((6)) depositable by CVD, sputtering or other thin film deposition technique.
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ZF136US -7- Equations 1 to 3 are fundanental

t her nronechani cal equati ons descri bing the behavi or of
sinple single naterial beam subjected to a quantity of
heat, Qas illustrated in Figure 1. Equation 1

descri bes the extension, SL, of a free/free beam and
equation 2 describes the reaction force, F, of a

cl anped/ cl anped beam SL = yL4T (EQ 1) Were: SL =
extension of beam Lo = orrérnal | ength of beam T =
operatlon te erature (tenmperature rise), and y =

expansi on of beam F = AEyT

(EQR) F = force exerted by beam expansion, A = cross
S ecbe%bn &f tﬁ@dlﬁfenﬁ&ﬂég‘s cénstant WO st d w%f‘{& m@n‘noﬂ/ pCt
(EQ) Where: eat energy I nput, = vol unme of
tagethen with ﬂmulsmspltoytlommld Gamplep eﬁqlemved Yedues of this Ga@ﬁtetnya@rother

[
PR FEL IR B RE0L Sl Ol UL UL 60
acfoompa),ym@,draamgsﬁm whlcbeam defl ection, SL. The quadratic
reI ationship between the heat input and out put

sho \A%Grle sh?ws s &hérggtlc\f\%}ge E@A&g&%&%&éghg (&?a%p s

nmechani cal vvork Equation 5 describes the
nonFigimersbowsvaplot didongivediza tiodk ot beat erergyf iHi Signwsterald

I h h I k
oSt ByPaecab B Pty e ERa5S ana 4

The efficiency is independent of georretry and is a
p ri Hgmy: 3i sndws:aa;blbma:rméd fr(ﬁn Emn&rz dflexmangion effitiemdy versus

p| | an t c. desi The |i near
t“r“i A ﬂF’Hyg%rté\ﬁz %ﬁ’l‘lﬁ’ae ‘g’n At £ i ci ency and
mat eri al tenperaturefor the sinmple beamis shown in
Fi gEfgerea showd¥ecoidpagsoniof thectahie sl vdiaterfisgie Heetrapergaibfir e

tion is Sir e for .maxi ef ficienc
hZ ‘3? acg‘atoﬁ'%g”ﬁt%ﬂ“?@tr}t?“r‘ﬁ‘? 8‘6‘{%5[] The appl i Zabl e

operation tenperature and therefore, different

Derfled Dadcriptiddt S are of different [ engths. The
assunption used in this text is that the operation

tenperature i s rial use it
<R PR e e o8 ST Pt frges te
pétiRial@ppBEatiah ofihatatidl mheﬁrfoleﬁkt&mébign &he infethd@ is vasddl cdShe
the actuati gn ef fj CI ency. at maxi mu per a .
metsHpdheanelaad mpchagicalproperticy ‘isé%FtS Hwémgwuffgémeff’a (& material
seidclibe o8 BEM1iGsMeéRni S @ constant, nE and is defined in
equation 6. The conbination of a and in, fully

characterize
The Material Actuatlon Efficiency

Actuators are characterized by a combination of deflection, force and operation
temperature in contrast to switches that are characterized by operation temperature and
deflection alone. Fundamental thermoelastic design is characterized by the differential
longitudinal expansion of two bonded layers. Thus, the expansion of isolated unbonded
layers directly relates to global behavior. A single material beam is used here to illustrate
the material actuation efficiency. The approach is straightforward and relates to general
thermoelastic design. The derivation assumes that material properties are constant across the
thermal range.
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materials actuation characteristics non graphically.
Qut put Mechani cal Work Ey2T [(Nn2)(1/C2) (O 1 (EQ)
Heat Energy | nput pC (kg/ms)(NMkgC M _ ds _ Eye N
M 1l C2 (EQG) dT oC [kgl nB NmfkgC Material Selection
Different thin filmmterials including materials with
extrene properties (PTFE - high g, D anond - high E)
and conpounds fromall the gajor CvD groups i ncl udi ng
bori des, silicides, nitrides and carbides is shown in
Table 2. The efficiency values are scal ed according

to Enyatieny efrareiuadsenphihgaromsehanisakeapationt PRGN of
beHa Pk HAMIE §fgl8 haRkhibear ki dddl 16 8 %4%1%{3% hEAUREd BGsrated in
described in %he followng 'text. The scaling or
FigorepaEipetion besgribasgheesieasionidSt hofradpsiier beam apdreayaticeAce
RN rez{c?ior?%(r:#enlt’,eoqré%{am %ﬁaa&%dtbgﬁn.rmt erial selection
process. Inadditi’on, scaling also results in a nore
readabl e index as illustrated by the follow ng
conphkiykghs. Silicon is chosen as the reference (EQI)
mat eri al because of its predom nance in |ithographic

abrication. Prelimnary candi dates f t hernoel asti.c
e, b P ion G Eeblira g AN e i e ~aPr R e
(t8pLralRPRS), aldGWeMRIficidnt ofitBerinARAPAnsIdh of BeafiOt € t hat two
materials that have identical a but differing in,
will output different anmounts of work for any constagt
geoFEtABIT (see Conparison 1 bel ow, different anpouff@?
of heat energy are also required). Three inportant
FAE8icd BxRidl By B8 skpasPndR EicRRE s 861 A8a HERhm] P FHounghor K
out put and volume. A design matrix can be constructed
Meodulpar yi ng each paraneter and can then be used to
select suitable materials. The foll ow ng conparisons
areQusggcgo assenbl e the design matrix. ZF136US {8n3)
TABLE 2. Material Properties. Material g Er C nme/nr,e
OT P. MN MN KXX R 10"6/C GPa kg/ml /kgC C"" CWmK
Wiigver QA heni anergy 28utl V68 vduRg oitbeg.7p 1 fersity,@8¢ C7- specihgheat
2.0 Z>b§%£°n Carbide 4.5 454 2520 955 4.31 2450 7. 49
BB **Bir oni um di Boride 11.1 540 5600 690 19.42 1000
150 13.78 29.62 32 0.18 Chromumdi Silicide 5.9 5600
115BotéBBOmech8nicaliwodnis givelChy érjudiéort MdigdeiBed® thagoduzt oithe

1100,.,1895 9. 38 16 19 75 r-om u ide.9.0 2
CIEBRG g 14 & gt Jegaodiedton, gt ittty Rl green
tht h6at HPhOandBatpRt riEchaRI8M workS3r O Sinfpldddanolithid bathds shoB®Q in

19300 129 7.31 106 5.52 315 0.023
figure 1.

W =F38L (EQ4)
Where: W = mechanical work

Equation 5 describes the non-dimensional thermoelastic actuation efficiency and is
formulated as the quotient of the mechanical work and heat energy as described by
equations 3 and 4. The efficiency is independent of geometry and is a primary indication of
a material's potential application to thermoelastic design. The linear relationship between
the actuation efficiency and material temperature for the simple beam is shown in Figure 3.
The graph indicates that high temperature operation is desirable for maximum efficiency.
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Haf ni um Car bi de 6.3 410 12670 190 7.63 600 393 3.24
21.25 13 0.4 0.6 Hafniumdi Boride 7.6 11200 300 1500
3250 51 0.1 HafniumdiSilicide 8030 1100 1700 Haf ni um
6.5 424 11940 3890 8 0.5 Monocarbide Hafnium Nitri de
6.5 13,94 500 3300 17 32 0 Mol ybdenum 4.8 343 10200
251 3.48 623 6.48 138 ZF136US -10- Ml ybdenum Bori de
5 685 7480 530 4.87 1000 2140 3.46 7.40 27 0.18
NblybdenUWICarbide 6.7 530 9120 315 9.34 500 1500 3.31
56 22 0.57 Ml ybdenum 8.4 450 6240 550 10.44 1700
Té}s plog is liggited By the aa@weblv opegRtion tampeppErppndihsrefore, difforspt material
pReOfe dfitridbntden 5ﬁ1e%gsu§xgt1&pus2d inl¥hi@ Rixtichh &Qrobéi'@tl& 6
PE50 7210 420 17.91 850 3000 . 10.80 38,10 0
tq@nstAtueisdhesnaterdl geltpg pompRgawe d ivigdicaivs of e emr@hﬁ thermal

1 oy 505580 10813, 25, ORISR, BTt oo

n8kinugroopeblR tdiBRera@80r, o0 Blatlm&@mm:swpe of the ¢ffigieASQOrve is a

cRAP P A PR Thcaps st T ohos g s Tl dy2a

md%eriAB addatdn Iharactaistiad rid)ﬁlgdipﬁieiill}de 8.5 250 12600 250
6.47 850 309 3.90 14.17 16 0.14 Tantalumdi Silicide

9.5 9080 360 800 2670 0.46_. Ti tanl um Carbide 7.4 462
49mmd\4a_c2:a@8al76’©r131667@ oGV b’ A&/ °C7 )P Q). |55  Ti ta@%ﬁ
d*BorHéj,e BheroShpud450 1Geg B’ / 15. 40 35
26.4 0.13 %ytlztgl um di gfél Cl e 1%@2%@ 00 480 17.72
1300 1540 16.34 19.35 46 0.145 TitaniumNitride 9.4

600d545@y5 6 M/%,225°60072950 6.12 36.10 30 1.35
g;t 13100 460 3.70 1000 1365 2. d£Q6)
52°6 W&/ " Pe68sC 111 Tungsten Carbide 5.2 690

15800 200 6.66 500 2780 2.36 13.13 29 0.2 Tungsten
Mg@,;lusgeg@og 0O 300 9750 330 5.15 1200 2165 4.39 7.91
33e10 Vanadium di Boride 7.6 260 5100 670 4.96 600

43 2.11 8.54 42 0. 13
Different thin film materials including materials with extreme properties (PTFE -

high g, Diamond - high E) and compounds from all the major CVD groups including
borides, silicides, nitrides and carbides is shown in Table 2. The efficiency values are
scaled according to silicon efficiency values because the inclusion of scaled values greatly
simplifies design equations described in the following text. The scaling or comparison of a
material with respect to a reference material is an integral step in the material selection
process. In addition, scaling also results in a more readable index as illustrated by the
following comparisons. Silicon is chosen as the reference material because of its

predominance in lithographic fabrication.

Preliminary candidates for thermoelastic actuation can be selected according to
efficiencies and slopes, however, it is important to note that two materials that have
identical ¢ but differing m, will output different amounts of work for any constant geometry
(see Comparison 1 below, different amounts of heat energy are also required). Three
important design parameters are defined here as heat input, work output and volume. A
design matrix can be constructed by varying each parameter and can then be used to select
suitable materials. The following comparisons are used to assemble the design matrix.

ZF136US



Vanadi um Car bi de 6.7 420 5480 530 7.32 600 2730 3.12

14.18 10 0.59 Vanadiumdi Silicide 11.2 5100 1000 1700
25 0.66 Vanadium Nitride 8.1 460 6080 630 8.89 450
1170 2.84 13.68 5.2 0.85 Zirconium Carbide 6.3 410
6560 250 11.19 600 3440 4.76 27.31 22 0.42 Zirconium
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Where:

y = Coefficient of thermal expansion.
E = Young's Modulus,

p = density,

C = specific heat capacity,

O.T. = Oxidizing temperature,

M.T. =Melting Temperature,
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m, = Efficiency Slope (normalized to Silicon m, value, normalized Silicon value m) =

0.8865e-06),

g, = Material Index (normalized to Silicon € value, normalized Silicon €, = 1.25e-03),
KXX = thermal conductivity, and

R = resistivity.

Comparison 1

The mechanical work and heat input between a material and silicon for a constant
beam volume is compared. Thus, Comparison 1 calculates the maximum possible relative
work and associated relative heat input required due to a direct material substitution. Details
of the comparison for different materials are included in Table 3 which shows that CVD
ceramics are far superior actuator materials than silicon (Table 3 is formulated using
melting point and Table 4 is formulated using oxidation temperature). Titanium nitride can
output 159.3 times more the amount of mechanical work than silicon with only 4.41 times
the amount of heat input. The factor in equation 8 and the scaled material efficiency ratio
(as included in Table 2) repeatedly occur in the following comparisons illustrating the

versatility of the method.

W. ¢ £ CT
e ch i - fg_c_c (EQ7)
W grQr g, prCrT;‘

r

The r subscript denotes the reference material which is silicon in this case. The ¢
subscript denotes the compared material.

{8

Comparison 2

Different materials increase in temperature by different amounts when subjected to
the same quantity of heat energy for a constant volume. The material volume is scaled

relative to the silicon volume according to the constraints that the same amount of silicon
ZF136US
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heat energy is input to both actuators and the compared material attains its operational
temperature. Thus, the actuation efficiency value remains unchanged because it is not a
function of volume and the operable temperature is reached (as equation 5 shows).

Comparison 2 represents the design case where heat and volume are critical factors.

The scaled volume and output mechanical work are calculated using equations 9 and
10. The volume change is typically implemented by modifying one geometric dimension,
i.e. length, width or thickness. Titanium nitride is capable of 36.1 times the amount of work
that silicon is capable with the same heat energy input but with only 0.23 times the volume.
Equation 9 is the inverse of equation 8 and equation 10 is simply the scaled efficiency

number as included in Table 2.

V
0, =V,p,CT, =0, =V.p,C.T, = -0 - P, (EQ 9)

Vv, p.CT,

r

The first entry of the bracketed subscript in these equations refers to the material that
the beam is constructed from. The second entry refers to the constraining variable for the
described parameter. For example - W, vy = Mechanical work output from beam

constructed of compared material with a volume of V..

/4
wre) _ €9, _ & (EQ10)
VV(r,Vr) 8rQr gr

Comparison 3

The output mechanical work resulting from silicon heat energy for constant volume
beams is compared. The operation temperature and efficiency value for the compared
material changes. However, the new efficiency is easily calculated using a multiplicative
ratio of the new and old operation temperatures because of the linear relationship between
temperature and efficiency (as shown in Figure 3). The new operation temperature and
work are given by equations 11 and 12. This comparison represents the design case where

heat is a critical parameter.
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PTFE will melt when subjected to the input silicon heat value. Titanium disilicide
outperforms titanium nitride mainly because of the higher computed operating temperature

(Table 3).

p.C

cTcC

C
Qr = I/rprcvrT; :Qc = I/:::DcC:cT(’c,Qr) = Ichr) T(pr r} (EQ 11)

Comparison 4

Weon _ Seon@ _Teon® _[ p,CT, )& (EQ 12)
I/Vzr,Qr) grQr Tcgr P CCCTC

The material volume is scaled with respect to the silicon volume according to the constraint
that the compared material operation temperature and silicon work are maintained. Thus, if
the silicon work value is less then the original work then the volume is scaled down.
Otherwise the volume is increased as is the case for PTFE or amorphous Silicon Dioxide.
The material actuation efficiency reoccurs in the calculations as an inverse as shown in

equation 14

Titanium nitride can output the same amount of work as silicon but with a volume
that is less than two orders of magnitude smaller with an input heat energy that is less than

an order smaller.

V 2
W, =V, =W, =V i =~ Z s (EQ 13)

Qero _&W, _&, (EQ14)
Q(r,Vr) chVr gc

~ Comparison 5

The input heat energy required to output silicon mechanical work for constant volume
beams is compared. The operation temperature and thus efficiency value for the compared
material changes. The new efficiency can be calculated in an identical fashion to that
described in comparison 3. The operational temperature and heat input values are calculated
using equations 15 and 16.
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The table shows that titanium disilicide slightly outperforms titanium nitride whereas
both PTFE and silicon dioxide will melt. The CVD ceramics are again shown to have the

best performance.

W,=V,Ey!T} =W,=V,E,y.T} =T g, = (-7—-) i (EQ15)
7C [+

Qe _ W, _ &I, _&Ty, |E,

= (EQ16)
Q( r,Wr) 8(c,Qr) I/Vr gc]-;c,Qr) gcT;']/r Er
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A Thermoelastic Actuator

A hot arm/cold arm actuator is presented in Figure 1 to illustrate the results contained
in Table 3. Only the steady state solution for a quantity of heat input to the heater is
analyzed. The device comprises two identical material layers separated by air and connected
to each other at the ends by a thermally non-conductive block. The force/deflection
characteristics of the output mechanical power can be tuned by altering the separation
between the two layers. A greater separation increases the transverse force but decreases

deflection.

Two actuators constructed from titanium and silicon are compared using graphed
energy results in Figure 4. Five design comparisons for Titanium are plotted according to
the results contained in Table 3. The relationship between volumes, mechanical work and
heat energy are identical to those included in Table 3. Titanium volumes are scaled using

length for Comparisons 2 and 4.
Discussion

The combination of five separate material properties is important in assessing a
material's potential for thermoelastic design and materials with one predominant property
have been shown to not necessarily be the best candidate. This is evident in both Table 3 for
PTFE (high g) and diamond (high E). Both gold and copper have high g values but are
hindered as good candidates by low E and high r values. Silicon is very inefficient
compared to certain other materials, however, amorphous silicon dioxide is possibly the

most inefficient material of all.

Output mechanical work, input heat energy and actuator volume are three essential
characterizing parameters for thermoelastic design. The design method described
incorporates these parameters using only material properties and provides a structured
approach for material selection. The method is versatile because the approach assesses the
potential of a material using easily calculated comparison ratios. It is important to note that
the approach is a measure of a materials potential and must be used as a tool in conjunction

with other appropriate design criteria. For example, criteria such as force/deflection

ZF136US
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arm cold armactuator is presented in Figure 1 to
illustrate the results contained in Table 3. Only the
steady state solution for a quantity of heat input to
the heater is analyzed. The device conprises two
identical material |ayers spparated by air and
connected to each other at"the ends by a thermally
non-qondu?tive bl ock. The force/def] ection
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spirit and scope of the broad inventive concept.
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approach for material selection. The nmethod is
versatil e because the approach assesses the potentia
of a material using easily cal cul ated conpari son
ratios. It is inportant to note that the approach is
a nmeasure of a materials potential and nust be used as
a tool in conjunction wth other appropriate design
criteria. For exanple, crlt%?w a such as
force/defl ection ZF136US -Z24- characteristics of the
out put work, material resistivity, environnental
coaguseness and nmaterial availability may be
inportant The operabl e tenperature range is assuned

rees .taq the nt on .
LR Of SssEe b Eos 6 pUBF il Siiepf Mapimoelasic
dd¥Bh ®F idadivitid e ifdbat 5rf R mAIABY Bétent ta EFfedEvenesd TOraRe hsehsaad
enperature could be different due to oxidation of
gdp eluding the stsp opeakaating a dimansigeless garstaghat iprthafmapterial in
m;&ggggthq&;$hgﬁahas close to the highest actuation
ficiency value when nelting point is used as a
crlterla However, Titaniumdi Silicide is potentially
a lBtTer candi date for use when oxidation tenperature
s ékﬁed Titaniumnitride is a practical candidate
because it is well established as a CMOS barrier
mat eri al. The oxi dation tenperature of Ti N can be
whetkifi s fhe YRuRDOmEAIes TR rhatérial; yas the YodhGeidit bhthaddalExpeiiion;
The alloyed material has a s nbol (Ti, AI?N The
T aﬁdhm@mﬁm@pm@géﬁ@per@ﬂreap isithgrcasityiner foeths spaciic heat capacity
[ ared to other actuation
mﬁs&%ﬁh# % é%gn{ g%&%ﬁgercent) It is theoretically

possible to get a thernoelastic actuation efficiency
2.0f "Hizousthofl qtﬁémdefmtther mcluaingithqﬁlt@ of inoranalizing thie dmiegsionless

cc}nﬁtgnrpﬁ%%tévrelt%\ﬁat af Shlﬁ%tr %) r?’evl% ch is %Ex%dcﬁ? ch{j ag@g Cpe va{&e gy for
tha §SRE kI, flereyd 0 th telat tén(ﬁﬁaﬁﬁ&e (/zﬂﬁH an@Xiaidih@this byl viible of €
conduction into the substrate). The invention has
obpipgd ﬂéﬁgpPﬁgamﬁ@P%Wﬁmﬂ9mﬁhy of exanple only. Skilled
workers in this field will readily recogni ze many
3.vartiRtrhdid ok edinP dirfhbCiatb@ns déthitingla, wiepart fromthe
spirit and scope of the broad inventive concept.
ZF136US -25- CLAIMS: 1. A nethod of selecting a

naterlaHgfoEyb e Msmt Né°@kpgnsi ve el ement in a EO6
thethe ng;ﬁgﬂm?%:a@r|V|ng an indicator of the(£26)
naterla 6bt I al veness for that use, said

nmet hod |nclud|ng the step of calculating a
di mensi onl ess constant Ey for that material in

ac %ﬁqggﬁﬁg Welnhtdrdord @E BMisdor bBth2d, an@a’ PC wherein E is

the Young's nodulus of the material; y is the

coefficient of thermal expansion; L ) )
4.  The method of Claim 1 further including the step of eliminating certain materials by

requiring a pre-determined resistivity range.

5.  The method of Claim 4 further wherein the resistivity range is between 0.1uQm and
10.0pOm.
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T is the maxi mum operating tenperature, p is the
density and Cis the specific heat capacity and
selecting the material on the basis of E. 2. The

met hod of Claim1 further including the step of
normal i zi ng the di nensionless constant relative to
that of silicon to a value r which is achi eved by
deriving the value Ey for é%pe mat eri al of interest at
the rel evant tenperature value and dividing this by

the value of r obtained for silicon at that same
61 el methpdof Claimgclydipgssipcite TaPRAl o0 fhgdptgef at least one of

thle R ogH oxfﬁ%f%fc%bﬁwg in, where m_ de Er 2 N n2
1/ CZ ( ) _dT pC kg/nBNnikgC and sel ecting the
material on the basis of both in, and E 4. The net hod
of Tresistiity beiieemd nmeng d9-Aphe st ep of el i ni nating
certain materials by requiring a pre-determ ned
res&éhh%h%%wﬁ%@ﬂ? 5. The nethod of Caim4 further
wherein the resistivity range is between 0.1 gQm and
10. @f m ZF136US -26- 6. The nethod of Caiml
i nctheaniqaly Bertécthe alepsen instaddi al on the basis of at
| east one of the follow ng group of properties: a
r €S yeblitbie By Wegn%]orw} ﬁiﬂgﬁlﬁpdegﬁtlm techffd@dn cal 'y
inert In air ; chemcally inert in the chosen ink; and
deposi tabl e CVD, sputtering or other thin film

7.d e p bl mthad qf ilgnduding selprdngenserpl §oma sipup including:
including selecting a material froma group including:
Si | §i6di@8In@OEiGRI P8R0 boridel, AMcHIRE, ABIdeHBR nitrides of
silicides, carbides and nitrides of tantal um

taptgluy thelvhignumi wibbinm cheominm; ngstenyyagadium, and Zieeaivim  and
zirconium 8. A nethod of manufacturing a

8.t NeR nR@l,aSF nGn@A AR ?ta tﬁelﬁﬁgelésﬂs EIEQ% 1k idcRA& at RAK one
expansi ve el enent, tThe nethod including: selecting a

CWS@Mekhneﬁbﬁle@z?élOésnoﬂW@gexpany ve elenent in the
thernDeIastlc design by deriving an indicator of the

%ﬁe’g asxrxa (7 Rriu@d as@hd SPhdsHe réﬁ:ﬁx%ntf iR Ehettﬁ@ﬁloéla‘fsﬁc d&RInty
ing the step of calculating a

d| mlmlgm@ @h esiyawon%thamtesgl Sfmrentlﬂ@ffemmqss far thag yse, said

ag 01?1%{9{;‘ %aué("' éﬁw tgﬁ Pf id a 51?1?6%{81051 corl:> &né'\é}%ﬁr%ﬁ nEltenal
co eﬁxfabmdmte with thé érrmmala:

Ey’T
pC

gy =

wherein E is the Young’s modulus of the material; y is the coefficient of thermal
expansion; T is the maximum operating temperature, p is the density and C is the

specific heat capacity and selecting the material on the basis of €, and

manufacturing the thermoelastic element with the at least one expansive element

formed of the selected material.

9. The method of Claim 8 further including the step of normalizing the dimensionless

constant relative to that of silicon to a value € which is achieved by deriving the value gy for
ZF136US



expansion; T is the maxi mnum operating tenperature, p

is the density and Cis the specific heat capacity

and selecting the material on the basis of s, and

manuf acturing the thernoelastic elenent with the at

| east one expansive elenent forned of the selected
material. 9. The nmethod of Claim@8 further including
the step of normalizing th_ez7d_i nmensi onl ess const ant
relative to that of siliconto a value s which is

achi eved by deriving the value Sy for ZF136US  27-
thematerial @fiintagest g the prl@japidemperatyng yalue pnd dyiding gy the value of €
oEhetEroRRcdliaY ihdi Afhe tdbipiralife.t he val ue of e obtained

for silicon at that sanme tenperature. 10. The nethod

of claim@8 further including determ ning nE where nr
1Q¢c Theygthod eflain GurteCayludigg defernpagin #YC and
selecting the material on the basis of both M and 6
11. The t hod rof qirpo ,further including the step

of ¢} innat i
pr e- det @fmi ned rkgséhét]\i’mlkgycjange. 12. The net hod of
Claim4 further wherein the resistivity range is
between 0.1 p@m and 10.0Lnm 13. The nmethod of Caim
8 including selecting a material on the basis of at

| eastd seleetingfthe miteridfl oh hewbanigoihotup: asfl epr operties: a
resistivity between 0.1 jQnand 1 O OpDm chenically
e : s : Ly inert i Co S
1o b pEpFLIRCISAGAT: e 4b dr AR by
recjeipiog a preaieteteinbdiresistévity tahge. The net hod of Cl aim 8

i ncluding selecting a material froma group including:

B P e H R o s

10mkgyhadenum  ni obium chrom um tungsten, vanadi um and
zirconium ZF136US

13.  The method of Claim 8 including selecting a material on the basis of at least one of

the following group of properties:
a resistivity between 0.1puQm and 10.0pnQm;
chemically inert in air;
chemically inert in the chosen ink; and
depositable by CVD, sputtering or other thin film deposition technique.
14. The method of Claim 8 including selecting a material from a group including:

silicides and carbides of titanium; borides, silicides, carbides and nitrides of

tantalum, molybdenum, niobium, chromium, tungsten, vanadium, and zirconium.

ZF136US
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