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Abstract. Thin-film nickel-ttaniem shaps mamory alloy has besn vacuwm
sputter deposited, chasactarized by crystallographic, electrical, and machanical
teats, and inconparated as an actuaior in mindatune devices. The compaaition and
heat treatment of the film are critical a8 comamination by oxygen and other
spaceas afferts the transition temperaturs. & variety of substrates have bean
ulilized, wath good sdhesion. Shape memary behavior comparable to that of bulk
TiMNi has been ohserved in frae-standing ilm. The work output per unit volums of
TiMi ts much greates than can be achieved with electrostatic or pezoactiEanomnE,
Acluators in Bhe few-micromaeter size domain ane feasible and have desirable
charecteristecs for electrical and opdical activation. Anticipated applications
inclisds maniaiune valves, bstabls optical memary elements, and mecrsaciuatomn

Fowr gilkcon metroslectromechanical devices

1. Imtroduction

I April 1988 this ressarch was commenced with the amm
of showing that ttamium -nickel film can be made by
wacuum sputter deposition and that this film can be used
to actuate very minuie mechanical devices, Shape
memoery alloy (saap film with a transifion emperature
soinewhat below ambient temperatune was sucoessfully
demonstrated m September-October of the same vear,
Sucressively improved transition temperature, mechan-
ical properties, and adhesion to substrates have been
accomplisleed in the interim, and research 3 now [ocus-
sed onapplcation 1o millimerer and smaller actuation
devices, This paper 15 o progress report on our research,

2. Vacuum deposition of shape memory film

Fulms of titaniwm - mckel were dnl:pu;rsih:d iman MEC 3100
vacuum system equipped with a singhe four-inch sputter-
ing cathode. A six-inch diffusion pump, backed by a
conventional roughing mechanical pump, with 1on gage
amd thermocouple gage instrumentation, evacuated an
aluminum chamber of about 160 liters capacity. A liguid
nitrogen trap is ussd fo remove water vapor, vielding
gyatem pressures below 107 °Torr, A range of argon
presmures, subsirale temperatures, amd substrate dis-
tiences hive been explored,

Amaeng the early difficulties to overcome was oxygen
contamination. Ome per cent of cxygen contamination in
TiMNi i known to lower the transition temperature by
W ). Amalytical methods for measuning com-
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position of thin Alm are barely able to detect one-tenth of
amee per cenl oxygen, nickel, or tlanium, soal limes il was
necessiry (o improvise approprile selutions,

First success was with a mibdly contaminated samples
which showed a strong shape recovery below 0°C. This
sample displayed wery good mechanical properties de-
splie it low transition temperature, and convineed ws of
the potenfinl utility of shape memory hlm, Films have
now besn deposited up to Bpm in thickness, with the
phase transition (o and from mariensite entirely above
ambient temperature, These films show pgood shaps
ey qualities, and are usable in devices,

Film hos been deposited onto 5i, Gads, OdS, Cd5e
and other suhsirates. A substrate heater capable of
achieving temperatures up to 500 °C has been used io
deposit films with crvstal structure and 1o study de-
position of ilms m tensiwon and compression. The films, a
few micrometer thick, are characterized by crysial-
kagraphy, resistivity, stress-strpin analysis, and different=
il scanning calorimetry. The objective is to learn
methods of achieving adhesion o substraves, tensile
strength and roughness, appropriale iranstion lemper-
atures, patierning by selective eiching, amd other tech-
niques of imporiance in using these films to create
dievices,

3. Characterization of shape memary Tilm
When deposited at ambient temperature, TiMi films are

amorphous. Having no crystal structure, these films have
no phase change and hencs no shape memory. Heating 1o
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Figiura &. The valve design. Tha operating protoivpe has been cycled mare than

two rmallion times,
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Figure B, The imirar aciuaior concopt

miefal - semicondwetor junction. lin collaboration wath
Professor Arthur Ellis and Kathleen Collen at the Univ-
ersity of Wocondn-Madison, we are studying whether
the phase change in a film may be detected as a shift in
the Fermi energy of the clecirons in the semiconductos
surface. By proper derivitizafion it should be possible 1o
attach ion-sclective coatings fo the TiMi thin film, Under
ceftabn conditions, it 15 expected that an adsorbed layer
will invoke the phose change in TiNi via chemical
polentils, and that thess will be referred to the Fermi
kevels in the semiconductor, theseby creating a new type
of electronic chemical sensos.

These examples illusirale what we believe are inter-
esting future uses of 36 in thin-film foom, and the type of
dewvices thul have become the foecus of our small group of
researchers.

6. Anticipated applications: the future of
microactuators

The advent of micromachines will undoubiedly have o
social and economic i:rn]'rul,:l an 5':“-""-'-':}5 because 1_|1|::|.' will
alter the way people work. From o historical perspective,
one now can se2 {hat such devices as wrist walches,
telephones, electric motors, and personal computers have
this im common: they became availuble belore they were

40

perceived s needed, Within relatively short periods of
time, ench moved from being a novelty 10 being a
necessity because they altered the way people worked
and lived. As people continue Lo explore space, oc=ims,
the work place, and potentially hazardous environments,
the need for devices that monitor andfor affect their
environment will increase. Portable gas chromatographs
will revolutionize the way indusirial chemisiry 1% done,
Miniature medical appliances to delermine blood tvpe
quickly ar control the effects of heart disease and dinbetes
will become commonplace. All of these devices will
require microacluators.
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machines the size of microelectronic cireuits to do chermn-
wal sampling and analvsis. to sort biolopica] samples,
and for a host of tasks that we imaging others will invent
as soon as the means exisl, There are not many solulions
available: electric motlors, sobenonls, elecirostatios, piero-
cleciric stacks, solid-liquid phase chinges, and bimelal-
lic strips. In design of devices below a millimeler in sze it
becames diffieult o coniain sirong magnetic fields in
devices such as swolenodds. Electiostatic actuators reguire
high fizlds which are incompatible with electronic micro-
circuits which we envision being built on the same chip
with micromechanical machines.

As thaings become smaller, some variabbes scale linear-
Iy amnd athers abey a power law. Heat transfer is one that
is very non-linear [4] A wire hall a millimeter in
diameter coels so slowly in still adr that it 5 not practical
to cycle it more than once every few seconds. But o
membrane of Tiki stretched over an orifice to form a
villve can be cycled at @ rate of twenty Herlz. Figure 5
illustrates a prototype salve that was constructed in our

laboratory and was cycled more than tweo million times.
Thi gize of this valve is appropriate for 2 mininturized gas
chromatograph [5].

A second device under study 15 a microaciuator for a
mirror 1o be used as o refreshable optical storage deviee,
shown conceplually in fgure 6. This is imended to be a
two-stale device: a microscopic mirror that tilts right or
left depending upon which actuator has been heated by
laser pulse, The state af il s discesned with a laser beam
of less intensity which reflects from the mirror. The
advantages foreseen stem from the fact that such a system
is completely optical, so it may be integrated with oplical
COMPUIETS.

Crher microncluators are being considered for prote-
typing. Because of the high force attainable, micro-
switches and circuit breakers are feasible, These will be
sofiware reseitable componenis that have low insertion
Losses and Gt on sandasd integrated circuitl fromes,

A complately different property of sma is being
investigated in what we call a vadable Schouky barricr
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lime four-point contact arrangement was moonied on an
Aluminum bleck which was enclosed n a dewar, A
resistance heater was used vo rase the temperature, and
chilling was accomplished by circulating cold air through
the aluminum Block. A constant-current circuit miain-
tained a fixed current through the owter contacis 1o the
sample while the temperature was vared, Yoltage across
the inner pair of contacis was recorded using an Analog
Deviess digital-to-analog circoit in an IBM PCXT
compatler.

Resistivity is wsed as a means of calibsaling com-
pasitional changes in samples from one run to the next.
Sex figure 3 which presents resistivity and Dsc data for a
iypical sample. As the temperature decreases through the
B2-tg-marlensite phase transition, a 20 to 30%; increass
i resistance is observed, which disappears below the
martensite finish tempesature. This peak 15 atinibuated (o
formation of a rhombohedral or Rphase intermediaie
between the B2 and martensite states, This hysteresis is
nol repested during the marlensite-1o-B2  (heating)
transition.

The cross-section of the film used was not measured
accuraiely, and hence the resislivily was nol precisely
determined. Caleulations based on resistances from the
four-point measurement range from 60 to 100 uem,
which is compatible with known propertics of bulk Tiki
[2]. Mensurements on amorphous Glm vield cessstivity
values about twice ag great as in the erystulline form.

To determine the work output that may be obiained
with TiMi film we have measured the stress—steain
characteristics of free-standing Alm. The flm is first
deposited on a glass or silicon substrate 1o a thickness of
Sto 15 pm, released feom the substrate, and annealed in a
sealed vacuum ampouls at an oven temperature above
S00°C for vmes varying from five minuies to several
hours, Strips of film are cut from these samples and

mounted on a siress—sirain apparatus—see figure 4,
Stress-strain isotherms have been measured with re-
sidual strains of up to 4%, These isotherms may be
compared with published isotherms for bulk wise
samples [3]. From these measurements the work ouiput
is calcubated at about one joule per gram.,

4. Davices madea with TiMNi film

Table 1 compares TiNi film with elestrastalic, piezo-
electric, and bimctallic actuators. Two distingl ad-
vaniages emer ge from this comparison; the encrgy owtput
per unit volume 15 high compared with that for other
means of aciuation, and the voltage requirements are
compalible with 7T As our goal i to ereate hybrid
mereslectromechanical systems, i1 15 important to use
aciuators that do not require high voliages.

As can be seen, there are orders of magnitude of work
autpul to b gained, but the trade-olfs make shape
memaory alloy actuators impractical for some uses, The
phase change is temperature driven, meaning that the
efficiency of energy conversion is subject 1o the second
law of theemadynamics, Tn o nutshell this means that fifcy
joules of heat energy input are required to obtain a joule
of mechinical energy outpul. This beat must be removed
before the mext cyvele can start, which means that the
system is inefficient and the cycle rate moy be slowed
down by the achievable rate of heat transfer. However, in
very small devices, heat transfer is very rapid, and, for
low-duty-cycls machines, compacimess may be more
relevant than thermodynamic eficiency,

Diespite these limitatons, in micromachines thin-film
sMa has great potential advantages over alternative
miethads of actention. Consider the problem of genceat-
ing motion on a very small scale. We want 1o make
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Figure 3. The resistivity curve for TING film showing the depondence an
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Figure 2. Dilierential scanning calorimaas maasuramanis; (4] iemppratues of
cryatallization (500°C) and (&) B2-martensite transformation bateeen 0 and
G0°C, and {¢) marensite-B2 ransfoemation batween 65 and 75"
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Figure 1. {a} A transmission ¢lection microscope photegragh af B2 crystals
foaming in omorphous TiMi lm. The thickness varies from zorg ot the edeps of Lhe
etehigd hale to @ few thousand dngstrome, The rate of crvstallizaion depends
vpen the thickness, e, upen the number of nueleation sides rather than upon
surfoce energies, (&) Fully crestallized 82 grains in TiNi Tilm annealed at 500°C
for about IDmin In vacuum. Grains are 1 to 3 in diameter. Procipitates can
foem 41 grain boundasies and within the volume of esch grain, an indicaticn of
instabilinles in the phase diagram of TiMi near S0-50 at.% as wall a8 the posaibia
influence of cxygen contaminatign. These precipitares have been identified as
TigMi, and othar metastable phases such aa Ti, NI, . (&) Manensite crystals, the
e -1esnperatune phase of TiML Stiations indicate the twinning siructure which
accaunts for the larpe plasiic defermations telerated by this phase. In thin flims
the number of variants that can grees is papectod 12 be lmited. Some grains in
this photograph seem te have only two pais of teinned varianes,

S0°C cawses the film to crystallize. This manner of
farening shape meooey crystalline materdal & new: bulk
material exists only in the crystalline (martznsite=
austenite) forms. Amorphous TiMi gives materials scient-
1505 8 new perspective from which to study shape memory
phenomena. Figors | shows transmission electron micre-
scope photographs made by Warren 1 Moberly of the
Stevens Institute of Technology wsing equipment at the
Lawrence Berkeley Laboratory, and by Mitchell Berkson
at the University of California—Berkeley baterials
Sgiences Department.

When these Tem micrographs were faken, images
wire also recorded an video tape, The video shows how
the crystals originate, grow, and interact with each other,
in real time. In the micrograph fipure Wa), one can see te
edge of the film which was prepared by chemical jet
polishing. It is apparent that crystallization progresses
mare capadly in the thicker part of the Glm, mdisating
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that the rate is governed by the density of nucleation sites
rather than by surface encrpy phenomena. Crystals
geem Lo grow from aucles throughout the volume, from
which we can anticipate that the B2 structure and
therefore the shape memory effect exists For all flm
thicknesses, even down 1o sub-micrometer dimensions.
Crrains in these photographs are about a miceomeler in
sige, which is suuch smaller than the grain size known to
exist in bulk material solidified from melt,

Driferential scanning calorimelry was wsed 1o deter-
mine crystallizstion and  transformation  cenditions.
Figure 2ig) shows that crystallization takes place al near
H0°C. Figure by shows that the B2-to-martensite
transformation oecurs during cooling at slightly above
room temperatore, and figure () shows the reverss
transformation 1I|.1ri|13 heating.

An apparatus was constructed (o measuse the re-
sistivity of the film as a function of temperature. An in-
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