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Rel ated Application This -application clainms the benefit of U.S. Provisional
Appl i cat i OEV%WB/@@F’%(M filed Septenber 23, 2003, the entTTHURRHI e of
which is hereby incorporated by reference. Field of the Invention 5 The
invention relates generally to stressed nenbranes and specifically to
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si des of the nenbrane. Batmm%mﬁ%ions require
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oxygen-containing fluid wth a fuel -containing 15 fluid. The fuel cell
menbrane may include nmultiple layers that allow one or nore types of ions
to pass through the menbrane to oxilitldefthelnieion whil e extracting
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m ni aturized fashion are not always conpatible with the materials that are

optimal for menbrane functionality. Integration of these two materials
sets may result in substantial stresse32Gk819U8d nenbrane. Stress may be
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One VO Zoggflg'%'géazcgallp ot 1/e1U csozn%)o%{eg{'gs ](')%%%3 hy_d%ogen—rich stream. In another example, a membrane

in a fuel cell may mediate the interaction of an oxygen-containing fluid with a fuel-containing
15 fluid. The fuel cell membrane may include multiple layers that allow one or more types of ions
to pass through the membrane to oxidize the fuel, while extracting electrical energy from that
reaction.
To improve performance and decrease system size, it is often desirable to miniaturize
membrane-containing systems. However, the materials that can readily be manufactured in a
20  miniaturized fashion are not always compatible with the materials that are optimal for membrane
functionality. Integration of these two materials sets may result in substantial stresses in the
membrane. Stress may be induced by, for example, different thermal expansion rates of the
membrane and a supporting structure.
A specific example of a need for miniaturization may be found in the area of batteries
25  and fuel cells. The proliferation of portable electronics, including celtular telephones and laptop
computets, has increased the demand on power storage devices, such as batteries. Fuel cells may
be used to increase energy storage available in comparison to batteries. The fuel cell system,

however, must be miniaturized to fit within the small form-factors of existing batteries. One



exanple of a type of fuel cell is a solid oxide fuel cell, which is known
to have high efficiency. One conmon m niaturization technique enpl oys
silicon (S'B) zolséb@ o zé es and integrated circuit manufacturi n% t echnol ogi es.
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stressed nenbranes, i.e., nenbrane structures that allow fluidic access to
both sides 30 of a film The requirenent for fluidic contact neans that
stressed membranes cannot be di sposed BURa®o|id support structures. WO

2005/ 030376 PCT“LQ%%%&P%%@& the formation of stressed thin-film membranes substantially free

20 of cracks, configured so that fluidic contact to both sides of the membranes is possible.

In the particular case of a tensilely stressed film fully bonded to a rigid support, channel
fractures or cracks in a web-like pattern may form in the film. A distance between adjacent
cracks is observed not to be random, but rather to cluster near a characteristic crack spacing.

This phenomenon is well known in the field of thin film fracture mechanics.

25 Reducing lateral dimensions of the tensilely stressed film below this characteristic crack
spacing helps prevent the film from cracking. In order to produce larger active areas of stressed
material, arrays of islands of stressed films may be formed.

The existing techniques of island formation cannot be readily adapted for the formation
of tensilely stressed membranes, i.e., membrane structures that allow fluidic access to both sides

30 ofafilm. The requirement for fluidic contact means that stressed membranes cannot be disposed

over solid support structures.
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to a support material over an annulus near an outer edge of the island.

Addi t3bnastressehBimodbe danansions ghibasupinat strucrerase debiguedaccootineth design rules
presented below so that the film is unlikely to crack in tension.

Another structure in accordance with the invention is a small compressively stressed
membrane that is bonded to the support material. The allowable dimensions of the free-standing
area of the film are designed according to design rules presented below so that the membrane is

25  unlikely to buckle in compression,

In one embodiment, a support grid is provided to which the membrane may be bonded,
and a method is provided for forming an appropriate seal around an outer edge of the membrane.
The support grid, including a material such as silicon-rich silicon nitride, helps provide stiffness
to the membrane structure, as well as reduces the probability of warping. A small island of

30 striassed thin-film material is rigidly bonded to a support material over an annulus near an outer
edge of the island. Additional areas located throughout the film may also be bonded.

In an embodiment, the available active area is increased by the construction of

compressively stressed membranes arranged such that the spacing between membranes is



In an enbodi ment, the avail able active area is increased by the
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and 20  tensilely stressed thin-film membrane includes a membrane material having a characteristic
crack spacing greater than one-half of a minimum dimension of the first stressed thin-film
membrane and less than ten times the minimum dimension.
One or more of the following features may be included. The support may define a
second opening adjacent to the first opening, the structure also including a second tensilely
25  stressed thin-film membrane disposed to occlude the second opening, the second stressed thin-
film membrane contacting at least a second portion of the support. The second tensilely stressed
thin-film membrane may include the membrane material and the characteristic crack spacing is
greater than one-half of a minimum dimension of the second stressed thin-film membrane and
less than ten times the minimum dimension of the second tensilely stressed thin-film membrane.
30 A distance between the first and second openings may be less than the minimum dimension of
each opening,
The membrane may be disposed in an array and the array may include a plurality of

stressed thin-film membranes and openings. A shape of the opening may be hexagonal, square,
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One or more of the following features may be included. The support may define a
second opening adjacent to- the first opening, and a second compressively stressed thin-film
merubrane may be disposed to occlude the second opening, the second stressed thin-film

25 membrane contacting at least a second portion of the support. The second compressively
stressed thin-film membrane may include the membrane material, a critical aspect ratio for
buckling of the membrane material may be greater than a ratio of one-half of 2 minimum
dimension of the second opening to a thickness of the stressed thin-film membrane, the critical
aspect ratio for buckling may be less than a ratio of ten times the minimum dimension of the first

30 opening to the thickness of the stressed thin-film membrane, and the critical aspect ratio for
buckling may be less than a ratio of ten times the minimum dimension of the second opening to

the thickness of the stressed thin-film membrane.
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20 In another aspect, the invention features a structure including a support defining a first
opening, and a first stressed thin-film membrane comprising a membrane material disposed to
occlude the first opening, the first stressed thin-film membrane contacting at least a, first portion
of the support. At a first operating condition, the first stressed thin-film membrane is tensilely
stressed and the membrane material has a characteristic crack spacing greater than one-half of a

25  minimum dimension of the first stressed thin-film membrane and less than ten times the
minimum dimension. At a second operating condition, the first stressed thin-film membrane is
compressively stressed and a critical aspect ratio for buckling of the membrane material is
greater than a ratio of one-half of a minimum dimension of the first opening to a thickness of the
stressed thin-film membrane, and the critical aspect ratio for buckling is less than a ratio of ten

30  times the minimum dimension of the first opening to the thickness of the stressed thin-film

membrane.
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solid oxide fuel cell; and Figure 14 is a schematic view of an e ment

of the i nsebadigeni of the invehtion andregbierogiéntop seqver aitriaslts systtthenein;
Figure 12 is a schematic cross-sectional view of an embodiment of the invention;
Figures 13a - 13b are a schematic view of an embodiment of the invention in use with an
20 electrochemical system and a solid oxide fuel cell; and

Figure 14 is a schematic view of an embodiment of the invention in use with a hydrogen

separation system.

The drawings are not necessarily to scale, emphasis instead generally being placed upon
illustrating the principles of the invention. The advantages of the invention can be better
25 understood by reference to the description taken in conjunction with the accompanying

drawings.

Detailed Description

A stressed thin-film structure may be formed in accordance with the following process
flow. Referring to Figure 1, a substrate 10 may include a semiconductor material, such as
30 double-sided polished silicon, and may have a diameter of, e.g., about 100 mms (mm) {not

shown) and a thickness t; of, e.g., about 50 - 500 wm. A sacrificial layer 20 is formed over the
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pr esent ed cBig hR habe RIgebletricshape, ¢ 8!, b heRBn with a distance dy between parallel sides of,
€.g., 10 to 40 pm, in accordance with the design rules presented below. A plurality of cells may
form a honeycomb pattern, as defined by the mask grid pattern. The grid mask may define a die
having a height h; and a length 1; of, e.g., about 10 mm each.
Referring also to Figure 3, after the photoresist layer 40 is defined, portions 50 of the
25  sacrificial layer 20 exposed by openings 45 in the photoresist layer 40 are removed by, for
example, dry etching. Dry etching may be performed by, for example, reactive ion etching (RIE)
in an etching system such as the AMT 8100 system, manufactured by Applied Materials, Santa
Clara, CA, with an etching recipe appropriate for the composition of the sacrificial layer, e.g., an
oxide etch recipe. This etch may be an anisotropic etch that defines a plurality of openings 60 in
30 the sacrificial layer 20 having a width w; that is approximately equal to w1, e.g., about 1.5 pm.
Referring to Figure 4, after etching through sacrificial layer 20, an isotropic etch is
performed, extending into substrate 10 to form a plurality of depressions 70. In an embodiment

in which the substrate is formed of Si, this isotropic etch may be an sulfur hexafluoride (SFe)
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polymer. The grid pattern 30, initially defined by photoresist 40, is now defined by openings 60,
depressions 70, and extensions 80.

Referring to Figure 6, a support grid 90 is defined by deposition of a support material 100
25  that may be, for example, a dielectric such as silicon-rich silicon nitride or TiOz, over sacrificial
layer 20 and into grid paitern 30, including openings 60, depressions 70, and extensions 80. The
support material 100 may be deposited by, for example, chemical vapor deposition (CVD), e.g.,
Jlow-pressure CVD (LPCVD) or plasma-enhanced CVD (PECVD). The support material 100
may be under low stress, e.g., <300 MPa, and may have a thickness t; of, e.g., about 2 pm. The
30  compressive stress of the support material 100 should be sufficiently low to prevent buckling
according to the compressive design rules presented below. The tensile stress is limited by the

tensile strength of the support material 100. The support grid 90 may be formed from a



with tensilely stressed thin-filmmenbranes, the extension may not be
needed. After these etch 20 steps, the photoresist |layer 40 is stripped.
The substrate 10 may then be cleaned by, e.g., an RCA clean followed by,
e.g., a one"H3UK98% 8ati on step at 800 C to elininate anyPCEEISdidi031283

pol ymer. The grid pattern 30, initially defined by photoresist 40, is now
defined by openings 60, depressions 70, and extensions 80. Referring to

Fi gure 6, dclsdppanateriplitel peoeiisladéidahdmrisyin depbsil sinenumef e.g., Suppet telimat er i al
100 25 tq%$xg%¥qu, for exanple, a dielectric such as silicon-rich silicon
nitride or Ti0Z, "0over sacrificial layer 20 and into grid pattern 30,
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t hi ckxtessfilléd aith support material 100. The stressed thin-film layer may be, .g., deposited, such as by
electron-beam evaporation. The stressed thin-film layer may include a membrane material that
3 functions as an electrolyte material, for example, YSZ, or may include a membrane material that
functions as an elecirode, such as for exémple, a nickel/yitrium-stabilized zirconia composite.
YSZ is a material particularly suitable for use as an electrolyte in a solid-oxide fuel cell because
25 itis amaterial selectively permeable to oxygen ions at various partial pressures of okygen. In
summary, some materials that may be used as a membrane material to form the stressed thin-film
layer include copper, nickel, palladium, platinum, rhenium, silicon carbide, aluminum nitride, an
oxide such as an oxide of aluminum, cerium, chromium, cobalt, hafnium, iron, lanthanum,
magnesium, manganese, samarium, scandium, silicon, strontium, titanium, ytterbium, yttrium,
30 zirconium, prascodymium, and/or combinations thereof. The stressed thin-film layer 130 may
have a thickness t4 of, e.g., about 2 pm.
Depositing the stressed thin-film layer 130 over the ribs 120 may result in a formation of

intentional discontinuities 135 in the stressed thin-film layer 130 proximate the ribs 120, These



the sacrificial layer, e.g., about 2 m The exposed portion of support grid
90 fornms a shelf 125. Referring to Figure 9, a stressed thin-filmlayer 130
is formed OVRPU¥NRENE bs 120, exposed portions of front sPEEUIH0EH3I1283
substrate 10, and support grid 90, specifiléally over depressions 70 20
filled wth support material 100. The stressed thin-filmlayer may be,
e.g., depdsientenal dischntimming redyelest dedined banowvallies deistp.coTeragselths §é@ﬁsed thin-

thin-filmdayer may |.nclude ,a menb nmat erd al it - t].

ol ect 1 ol By Grarg R Sedn SR QLS, ABpShohna ARt DR ShEREa i g
that funct3pqasisas il fogh@edy sdescoftttias Thennex@sml gisc@tinuities relieve stress in the
‘ni ckel /yttriumstabilized zirconia conposite. YSZ is a naterial

par ti cul arsigsssditintile lper, thseebs delpmedpaeevent thedoimptianob ipatesiiped ofaks. cel |
‘becayss 25 1t I3 mate %‘i%resslﬁiﬁec%d MR %1’&%5&?@%{0? éi&.pgfi%ﬂeiﬂo'i&ﬁ‘éin% oV Hh2US
partial pressures ofcoxygen. 1h S Summary. sore Mmaterial s that Mmay be tse

as a nenbriapesid@leod abstrge flor Mstdbfngl ies sbehst hiagk 1 50,nhe tebdses phdiclesigepattern
copper, nickel, pall adi ”an(ﬁ' atinum rhenium silicon carbide, alum num

nitride, A0y igeludeeanliatobhaving alengh laandhsighhb: 05 eigmrAPPERBAELM 0 Babgrch.
haf ni um i I ant - i ; § s '
af ni um Iéaggégﬁ%l. I%E]ﬁ&?l é n.dlé%%??ﬁeﬂréb@ sg@%%@%@mg%g%?g@c@olﬁ}%%@g b8, about

silicon, i ium I yttrium

pr aseody miiummnanthough asdiiatdarsy, phesestt is Phitersed ess eobsthierbatkdide 14yarh th30
may have a thickness t4 of, e.g., about 2 Rm_Depositing. the stressed

t hi n- P mthaplatoresist Kifedefivreat pRp sseend() opRadierst PPTRERS mt | on of
intentional dis IR i : i a4 i
proxi mate the £ibe A28 R S ST e S S i ateral

i nt ent i ondl00dihd samifiomalilayee 30 neyrevovetbf Bobdawys tih 20 ahdyi egemlowedbue. £ ov drage

of the stressed thin-,.fi.l mlayer qver ribs. More specifically,

nonconf or 1IEGHM.Wptsﬁge@ﬁfoé’%gé’ﬂfl?#]pﬁieﬂaSm layer 130 leads to the

formation of difgganhiRs !Fsg#e@ 1 %ﬂ laﬁd it 1Y Qb QA or b1 Sibktate 30 ed fetitfred by,
I n-

stress in the stressed t ilmlayer, thereby helping to prevent the
f or ma § on forf exanipht. envétetcll [npaerdodimereinewhich gha ibsirge fsdudes silicamd spgblegvet

rel ease photoresi st tt.er 40.1 S i hed Qv.er o i -
Cunst s at & b AL GhpPRRSRA IR A8, TS CobRE A G BB gicen
pattern If@getainithiederetultdh@inlbRanagin¢h ashapolfh sdareddsdiefighioppdt] pframid,
e.g., approximately 10 nun each., A center portion of the die my d fige a
square 165chavpnening 48k cigeter by thisstphrvilldbedroader gt a befigp portipn 204 Fh;hﬂc Righ

e, OF et gt Sy AIEIPLP Al PR RS, M bl yalalac o o, s e
grid 90. Afdiess dffiee ogdnimyg 1 T0defikd be khedssascphaiols@diast a paigtiel; of, ex pggedximately
Bot h | ayers> TObEAChoHTyoEe PedRRs By Sureos SO i (RSE aroat L il 40 500
system fr ?Lm.plpﬁlﬂe%()'\@&’(ﬁ{ﬂealfﬁ)m a same material as substrate 10, e.g., silicon, and includes frame
walls 205 having a thickness 1 of, e.g., about 500 pm.
Referring to Figures 11A - 11F, a result of the processing steps described above is a
25  compound stressed thin-film membrane structure 175 having a support grid 90 defining a
plurality of openings 180. Each of the openings 180 may have a hexagonal, square, triangular,
or circular shape. A distance dyg between first and second adjacent openings 180a, 180b may be
less than a minimum dimension dso of each opening.
The stressed thin-film layer 130 defines a plurality of stressed thin-film membranes 190,
30  e.g., electrolyte layers, disposed to occlude the openings 180. The plurality of stressed thin-film
membranes 190 may include at least a first tensilely stressed thin-film membrane 190a and a
second tensilely stressed thin-film membrane 190b, disposed to occlude a first opening 180a and

a second opening 180b, respectively. Alternatively, the plurality of stressed thin-film



Referring to Figure 11 A and 11B, exposed portions of the substrate 10 are
renmoved by, 15 for exanple, a wet etch. In an enbodi nent in which the
substrate includes silicon, a suitable wet etch nay be a potassium
hydroxi de (KOH™E®H6 Thi s conposition sel ectively etchesPETUSBWA3138Dng
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and the critical aspect ratio for buckiing are the geonetric 10 val ues at

whi ch2@ he pr obdbede dopsideratiand mag be taken dito aremint igdaernbitink imangbriase materials and

appr oxi méggdetﬁgsq afn sto(ljne embodiments, each tensilely stressed thin-film membrane includes a
membrane material having a characteristic crack spacing that is greater than one-half of a
minimum dimension of the membrane and less than ten times the minimum dimension. This
relationship may also be expressed as follows: the minimum dimension of the membrane is

25 between twice and one-tenth the characteristic crack spacing. The menibrane minimum
dimension is determined by a minimum distance between two sides of a shape defined by the
membrane. For example, each stressed thin-film membrane may have the shape of a hexagon,
having a minimum dimension equal to a distance dg between parallel sides of, e.g., about 20 pm,
as defined by the cells 48 of grid mask 46 (see Figure 2B and 2C). Further discussion of

30  characteristic crack spacing is provided below in the discussion of the design rules.

The maximum dimension of the membrane may also be less than the critical buckling

length. A compressively stressed thin-film membrane may include a membrane material having

a critical aspect ratio for buckling that is greater than a ratio of one-half of a minimum dimension



t he probabi Iity of not cracking or buckling. In many practi cal

application i s desirable to have a very high probability of not
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the m ni Mym.aReMHAEnEhENs] Bhokd §08 tllecIgpess of the stressed-thin filmb5
nmenbrane nay be between twi ce and one-tenth of the critical aspect ratio

for kagckling. Thesddpert @iddussicdmbote grsiuge dwppsnh@m@aev'emapaghbmkl i ng
is provided bel ow under the section heading "Overview of Design Rules for
Conpr essi sitersiitvessbodiment, ribs may be omitted from the compound stressed thin-film membrane

structure by extending the removal of top portion 105 of support material 100 such that the rib is
removed as well. In this embodiment, therefore, the support grid may have a "T" shape.
It will be apparent to those skilled in the art that the support grid may have a variety of
25  cross-sectional shapes. The grid preferably provides a surface for aftachment of the stressed
thin-film membrane. Referring to Figure 12, a cross-sectional portion of the support grid 90 may
define a first shelf 300 and an extension 310, and the tensilely or compressively stressed thin-
film membrane 190 may contact a portion 300a of the first shelf, The cross-sectional portion of
the support may also define a second shelf 320 disposed in parallel to the first shelf, and the
30 stressed thin-film membrane may contact a portion 320a of the éecond shelf. In some
embodiments, for example those with compressive films, the grid preferably has sufficient
dimensions to provide rigidity to the membrane according to the compressive design rules

provided below. It is found that a deeper grid provides more rigidity than a wider grid. Ina



I n sone enbodi nents, the stressed thin-filmnmenbrane may be tensilely
stressed at a first operating condition and the nenbrane nmaterial nay have
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menbrthe eloctarchadjicad spiters rasiseabet itd perfsé kina presence or concentration of various chemical
species. The present invention is particularly useful for electrochemical systems in which the
first and second clectrodes 410, 420 are in comniunication with both the electfolyte 430 and a
first fluid 440 and second fluid 450 respectively, and it is desirable to maintain separation of the
furst and second fluid.

25 The stressed thin-film membrane may be disposed in a solid oxide fuel cell. Referring to
Figure 13b, the first fluid 440 may be a fuel and the second fluid 450 may be an oxidant. The
first electrode 410 may be an anode, the second electrode 420 niay be a cathode, and the
electrolyte 430 may be a solid oxide fuel cell electrolyte defined by stressed thin-film membrane
190.

30 Referring to Figure 14, alternatively, the stressed thin-film membrane 190 may be
disposed in a membrane-based hydrogen separation system 500. A membrane-based hydrogen

separation system may include at least a first fluid 510, the membrane 190, and a second fluid

520, with the membrane separating the first and second fluids. The first fluid 510 may include
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first dilyemtconWréRiod dodnsdsigati o of a hydrogen concentration to a first
20 A compound stressed thin-film membrane structure under excessive stress may fail, e.g.,
watp (i.e., buckle) or crack. Failure may occur by compression through cracks that form as a
result of membrane buckling, for example, in the case of a YSZ membrane on silicon, at higher
temperatures. Failure may also occur by formation of tensile cracks. In an embodiment with a
YSZ stressed thin-film membranes and a silicon frame, failure by warping in compression at
25  elevated temperature generally may initially be more likely than failure by cracking in tension.
In this embodiment, however, tension cracking at lower temperatures may become more likely
after many hours of device operation because of stress relaxation at elevated temperatures.
The compound stressed thin~-film membrane structure has two features that may increase
the robustness of a stressed thin-film membrane, such as a YSZ membrane, to tensile and
30 compressive stress. Embodiments that include at least one of ribs (alternatively called “rails" or
"tidges") and film discontinuities may act like stress relief joints, thereby both reducing the

probability that new cracks will form and preventing cracks that may form from jumping from



di l uent concentration. The nenbrane 190 may include a material selected to

be nore perneable to hydrogen than to the first diluent. This selective
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preventing cracks that may formfrom junping from W) 2005/ 030376
PCT/ €8200zma thgmal cycling of the stressed thin-film membranes may subject the membranes to
alternating states of compression and tension. For example, in an embodiment in which a
substrate is made of Si and the stressed thin-film membranes are formed from YSZ, the
coefficients of thermal expansions (CTE) differ significantly: the CTE of YSZ is approximately
10 pm/ny/°C, while that of Si and Si-rich silicon nitride are approximately 4 pm/m/°C. Because
25 the YSZ thermal expansion coefficient is nearly three times larger than that of Si and Si-rich
silicon nitride, a hot YSZ membrane expands against the constraint of its relatively ﬁxéd support
grid and Si frame and is in a state of compression. Conversely, a membrane that has been cooled
from a relaxed state at its operational temperature will be stretched by the support grid and Si
support frame into a state of tension.
30 The stress difference between room temperature (30 °C) and operating temperature of

800 °C may be expressed as:

Stress = E(0lx (Ty - T1) = Oly (T3 - T1)) (0)
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20  wall, i.e., a portion of the support grid, may be formed {from a dielectric such as silicon-rich
silicon nitride and may have a width of 1 - 3 um and a depth of 30 - 150 pm. The support grid
may also include a shelf that may have a width of 1 - 5 um. The silicon-rich silicon nitride
lattice may form a flat opén honeycomb structure, with a side, i.e., a top, of each cell sealed with
the thin film YSZ.

25 The compound stressed thin-film membrane structure may be a close-packed 2-
dimensional cell-array of the stressed-thin film membranes. It is the smallest repeat unit of a
larger structure, i.e., a compound stressed thin-film membrane array. The compound stressed
thin-film membrane array may have a diameter of, for example, 5 - 100 mm, with each of the
compound stressed thin film membranes having a diameter between 200 pm to 2 mm. Each

30  member of the compound stressed thin-film membrane array includes its own compound stressed
thin-film membrane plus an additional intervening mechanical structure — the "membrane wall"

frame. In an embodiment, the frame may be composed of stlicon with a thickness of 50 to 500
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menbr anesinkaniisgess ditamgtierfilbgthedikdOf ohthafiln, M8 rohgkitss of each surface of the
film, the adhesion of the film to the substrate, the composition, and the frequency and character
of film defects.
20 When a crack forms in a tensilely stressed thin-film, local stress in the film is partially
relieved, thereby reducing the probability of an additional crack forming near the first crack.
The combined effect of the global tendency towards cracking and the local stress relief resulting
from a crack generally causes the distance between substantially parallel cracks to cluster around
a characteristic crack spacing, with some scatter around that characteristic crack spacing due to
25  random processes. This crack formation has the appearance of a dried and cracked lakebed with
relatively uniform sizes of un-cracked areas.

In some embodiments, the characteristic crack spacing may be anisotropic, with certain
directions cracking at a higher frequency than other directions. One technique for quantifying the
directional characteristic crack spacing is as follows:

30 (A)Obtain a micrograph of the film by, e.g., a dark-field optical microscope.
(B) Select a sampling region sufficiently large to be representative of the film. The area may

extend at least 10 crack spacings in each direction, and preferably at least 100 crack spacings.
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un-cracked areas. In some enbodi nents, the characteristic crack spacing may

be ard&ot Mupt prefaxihll, theedgdsmre defined by a dlscontmmty in the stressed thin-film membrane
material. Alternatively, the edge may be a stress-relief joint or a crack-inducing shape.

The invention preferably separates each island in such a way as to reduce the frequency
of crack formation in each island and to reduce the frequency of crack propagation between
adjacent islands.

25 One structure in accordance with the invention includes stressed thin-film membrane
islands that are discontinuous. The distance between adjacent islands is selected such that the
islands do not come in contact during at least some portion of time while operating. The space
between adjacent islancis may be formed in some embodiments by photopatterning and etching,
In another embodiment, the space may be filled with another material, for example low-stress

30  siliconnitride. In another embodiment, the space may be formed by including a rail over the

support grid and eliminating the step coverage during deposition of the stressed thin-film

material, resulting in a discontinuous film over the rail.
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20 its edges. Here a critical aspect ratio for buckling, i.e., a minimum length to thickness ratio that

may be tolerated before buckling occurs, may be calculated by applying an Euler formula, e.g.,

Equation 1:

L —(—};”2"3 0
3 3(1~v?

where L = Length of the square,
25 t = Thickness of the film,
v = Poisson ratio of the film,
o = Compressive stress in the film, and

E = Young’s modulus of the film:
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L pr2E  three factors that determine the ratio of the component materials parameters and the effective
20 membrane thickness and modulus are the support grid width, the support grid depth, and cell
diameter.

The cell support grids may be designed with a particular height or topography (e.g., with
1ibs) to break the planar continuity of the stressed thin-film membrane. The purpose of the rib is
to create a discontinuity in the stressed thin-film layer that allows for some siress relaxation of

25 the stressed thin-film material and acts as a termination point for any unintended cracks in the
stressed thin-film material. This height is selected to be similar to the film thickness, e.g., 2 um.

In the case of a compressively stressed thin-film membrane array, the dimensions of the
frame, e.g., silicon walls, may be set by yet another application of an Euler formula. Again, one
applies Equation 1, with an allowance for the shape of each compound membrane. This equation

30  provides a relationship between the flexural rigidity of the complete compound stressed thin-film
membrane array (the effective thickness of all membrane, grid, and frame materials), the
diameter of the complete compound stressed thin-film array, and the maximum tolerable

compressive stress. This rule is intended to ensure that the compound stressed thin-film
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one may form tiles with a maximum width 47 um without buckling.

For the compound stressed thin-film membrane (many tiles), the calculation of maximum
dimensions possible prior to occurrence of failure is more difficult because the membrane is no
longer a solid piece of material. The actual materials parameters in Equation 1 must be

20 substituted with effective parameters that include the effects of geometry, stress and materials
parameters of the components of the compound stressed thin-film membrane, For example, the

effective Young’s modulus for a hexagonal honeycomb is:

3
Y,
B —F z.s(a] @

where w= Width of the walls
25 a = Length of each wall

See Cellular Solids by L.J. Gibson and M.F. Ashby (Second Edition, 1997).

The effective compressive stress will also be reduced by the thickness of the membrane:
o =0—
; : 3)

where b= Thickness of the YSZ
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det er m n&d” bﬁﬁahe di nensi ons of the nenbrane walls. The three factors that
determ n@=4@em{lati o of the conponent 5 materials paraneters and the
effective array thickness and nodul us are the nmenbrane wall w dth, the
menbt@newwallls i ckness, and nenbrane dianeter. To apply Equation | to a
YSZ stressed thin-filmmenbrane, one may use the follow ng approximte
val ues: BE=2HB0 GPa 10 v = 0.23 a = 1 GPa Using the above Equation 1, the
critical AL O wla e imum |l ength to thickness ratio one may
use before buc I/isr?‘lghg?:cusr'?gj“L %nswﬁ E‘E_15%%61%319%1@%%%9@?ﬁ?}?ﬁgaw@ﬁ@mﬁmtoﬂ n
whi ch t hesidh) ckness of the stressed thin-filmnenbrane is 2 m one may
formtiles with a maximumw dth 47 mw t hout bucking. For the conpound
stressed thi*rj_-idw menbrane (many tiles), the cal culation of nmaxi num
di nensi orfs °pos & prior to occurrence of failure is nore difficult
becayyse Bhp+reghs@yy is no longer a solid piece of material. The actual
materials paranmeters in Equation |I nust be 20 substituted with effective
par amet er s t hBY sibréitutife thihetantd euisitios imyeoaeition, 1, 9he 668;m@nd material s
par amet e,gsLsz%lhgz conponents of the compound stressed thin-film nmenbrane.
For exanpl €, t'he

2 L =0.85 mm

Note: Other honeycomb geometries, for example, triangular cells, may have very
20 different effective Young’s Moduli. As an example, the equation for the effective Young's

modulus for triangular cells is:

E' = E-I.ls(ﬂj (@)

a
See Cellular Solids. For a YSZ membrane, E* =52 GPa, and L/t = 68, yielding a maximum

dimension of L. = 3.4 mm in an embodiment with a triangular cell,

25 Despite the possibility provided by a triangular shape of having a larger maximum
dimension before the occurrence of buckling, in comparison to a hexagonal shape, hexagonally
shaped stressed thin-film membranes may be preferable. The latter provide a higher ratio of
active area to support grid area than is provided by honeycomb structures with triangular cells.

It is noted that fabrication of stressed thin-film membranes in accordance with the

30  methods described above has resulted in increases of yield of about 80% for membranes

subjected to thermal cycling up to 800 °C,



effective Young's nodulus for a hexagonal honeyconmb is: 3 E' = E . 2.3H)
(2) la where w= Wdth of the walls 25 a = Length of each wall See

Cel | ul ar SO‘MF?%? bé L.J. Gbson and MF. Ashby (Second Edition, 1997). The
effective ¢ BEYIYE stress will also be reduced by the tPETARAIHIEB3t he
menbrane: a C =(3) where b = Thi ckness of* the YSZ WD 2005/ 030376

PCT/ t JS2004/ 0315?3 - 23 't = Thickness of the honeyconmb This formula is
relatively consePiPRehQ¥ thpdesseption, visescompositines dgalesmibed antinvibatindnding, or
menbr ane ﬁ&% [ <LLlas. "shel f.:5 ver, .i | so _does
not take i?\‘%r% ac c%s Nt H?héﬁoﬁgé S’sdtl r‘@%% g E%g?sré???sﬁmgﬁ%?%%”?% Wﬁ%ﬁ?%ﬁrof

t he menbr acenpigipenifid proedd skps, ¢ris comagplatiddiittgmpdsifiof Nl € bRkéR ihFention
hexagonal I¥ shaped menbrane has the followi ng properties: E =160 GPa v =
0.25 a = 13@%181%‘- eSRERALY 91 geppsigt of, g reqiied Sgmpenents,ang tgt tho(ratossdsaditios

convertss thesdh ah@sn Ao fo SO MOl cired RLASY, Foins = 50
MPa 15 4E¥=6.45GPa By ko B g%igﬁ‘éé%og’ ‘leibg)%l‘lr”g%ﬂlgg{3?1??%&’%0‘%‘3%%1%@ 8t on 1,
one obtains 4 ltkhoutd 2 uBdeik0d Bl ordNartof stefk besrdbofie yeapinige ea®lis besons ior
exanple, tri aq%ar 1cel |s, may have very 20 different effective Young's
Mbdul i . AsTERAERHBIE e 8&%&&%}?@%}8 PREALEF eteover, Tiuagmere s astiesy
triangul armgehé Soddhicted simultaneously.
The invention may be embodied in other specific forms without departing from the sprit
10 oressential characteristics thereof. The foregoing embodiments are therefore to be considered in
all respects illustrative rather than limiting on the invention described herein.
Each of the patent documents and scientific publications disclosed hereinabove is
incorporated 'by reference herein for all purposes.

What is claimed is;



E' =E1.15(11') (4) a See Cellular Solids. For a YSZ nenbrane, E* =52 GPa,
and L/t = 68, yielding a maxi mum dinension of L = 3.4 nun in an enbodi nent
with a triangular cell. 25 Despite the possibility provided by a triangul ar
shape of having a | arger nmaxi rum di nensi on before the occurrence of
buckling, in conmparison to a hexagonal shape, hexagonally shaped stressed
thin-filmmenbranes nay be preferable. The latter provide a higher ratio of
active area to support grid area than i 9sprovided by honeyconb structures
with triangular cells. It is noted that fabrication of stressed thin-film
menbr anes G¢lpABM8br dance with the 30 nethods described above has resulted
in increases of yield of about 80%for nenbranes subjected to thernal
cycling up to 800 C. WD 2005/ 030376 PCT/ US2004/031283 -24 Throughout the
descri pti dn, wiefue! eblmsemmittly ovrsprésieg:descri bed as havi ng, including, or

conpri sing speegifi o] ts, or .where processes are described as having,
ingFuding, or %g%ﬁ%?§§gﬁg&§%5§k%ﬁgdprocess steps, it is contenpl ated that
conposi ti ons of nidnebrpicesesibli avient pamallplispodBsiwetn BSIRManakébndr , or
consist of, th rﬁcite% conponents, ,and that the processes of the 5 present
i nventi oneEFg%‘%éot & IEeMORIEERTPRYY JAY41Z or consist of, the recited

processing steps. | sghRul ke dRdetstoedqt hat the order of steps or order
for performng certain actions is imuaterial so |long as the invention

remai ns operabl e. Mpileaidin isliomeste afgreatetiad peleged fomi tha grouprgynsitingefiduct ed
si mul t ane o Ly, i.9n. : i L, other specific fornms
CTEY rickOF phIERY TR R R IR b MR B ool

W t hout departing
The f or egodmignativiye diarerftand swhercirhtae ekiole és deteche fecan sedesatconsistigl &f oxedp@Ct S

iIIustratiwe.rathen th@g Iinitigﬁ %g the,invggtion descri bed herein. Each
of the pafdRt HoETHER SUaRESEPRAL PRGN BRHBHE. BAEKF YT H2REFEFhabove

i s incorpoiated stindhel eRBE &ubefieh Ntithaimal erBhD98ASm, MARhidns Cl ai med i s:
25 CLAIMS: 1. A fuel cell assenbly conprising: irst and second

el ect r odeBrasRAYMATATH Cambingensiherpoland|tesibin i islan hgvidg 6 padibdetyeend€n t he
first and,eeARttons and occluding the opening, wherein the width of a shape defined by the thin-
film island is greater than one tenth a characteristic crack spacing and less than twice the
characteristic crack spacing, and wherein a ratio of the maximum distance between two
opposing sides to the thickness of the thin-film island is greater than one-tenth a critical aspect
ratio for buckling of the thin-film island and less than the critical aspect ratio for buckling of

the thin-film island.

2. The fuel cell assembly of claim 1, wherein the distance between two opposing sides is

less than half the characteristic crack spacing.

3. A fuel cell assembly comprising:
first and second electrodes, and
a membrane assembly at least partially disposed between the first and second
electrodes, the membrane assembly having
a support defining an opening; and
a thin-film island made of a material selected from the group consisting of
copper, nickel, palladium, platinum, rhenium, silicon carbide, aluminum nitride, an oxide, and

combinations thereof and wherein the oxide is selected from the group consisting of oxides of



el ectrodes, the nenbrane assenbly having a support defining an opening; and
a thin-filmisland nade of a material selected fromthe group consisting of
copper, nickel, palladium platinum rhenium silicon carbide, alum num
nitride, an oxide, and conbinations thereof and wherein the oxide is
selected fromthe group consisting of oxides of alumnum cerium

chrom um cobalt, hafnium iron, |anthanum nagnesium mnanganese,

samarium scandium silicon, strontium d4g tanium ytterbium yttrium
zirconium  praseodym um and conbinations thereof and the thin filmisland
havi ng a WpiRuBetsridEh chiemigndeodeltHagrivnsiram dandicobund imgndshen, opmghreaye,
wherein t . .2 S efi.ned..by.the thin- filmisland is greater
than one. canrh i teiaiBnb0nRG, AEL0GCREESHEBUR: LT el o™t he

(l::) har act er ipsasb@dmiamkamadﬂhin@,tioamﬂiemhﬁm cﬁbcﬁrdt@%th@ﬂlﬁﬁnifﬁ]@ @h}?@fﬁ tﬁyﬁ}scﬁngé ance

et ween t opposing sides to the thickness of the thin-filmisland is
greater t SHW%EEW?B ”@Sﬁﬁ?Pf@ﬁpuﬁéﬁgdgam$%ﬂ?%ﬂﬁﬁﬁgﬁﬂé%mﬁng of the
thin-filmisland and | ess than the critical aspect ratio for buckling of
the thin-filmisland. 2. The fuel cell assenbly of claim1, wherein the

di stance Het wedhc fughcdipproenbly ofrldaiss 3 wherkinghe difancezitweantbe biaerpotivgi stic
crack spagijpg;. s f . | assenbly conprising: first and second
eIectrodeggegﬁéégﬂ%@ﬁ%ﬁgﬁg§%33enbly at |east partially disposed between the
first and second electrodes, the nenbrane assenbly having a support

defining an opening, d a thin-filmisland nmade of materi al sel ected
fromthe gr oup%g%ﬁ%i %‘?P%@enﬁtfly OEQB%?},W FEiRARe SupRpT Qﬁﬁ? 2 Pﬁfrélﬂtiyﬁ’z AP SN um
silicon caidiiger @mpristigm nitride, an oxide, and conbinations thereof and
wherein the oxide i s selected fromthe group consisting of oxides of 26
al umi num  cer i BRJUTRRY 8hihiIne ik ocqhuding tpspective Anes|of HherRpsuings. rehgriRi um

manganese, 5aﬂﬁrp'ld%ﬁrﬂitg%‘?%ﬁj—if'msléidlsihﬁg@rgs o0 igﬂdmesto#e@mh%mmeyt terbi um

yttrium zirconium raseodym um an I'nations thereof and occl udi ng
t he openi dlgracihistie crack hcligdictwice redpettiveeppbsing sifosirespeativdabams defigedt hi n

filmisla I i an .mcrons,. 4. .The fuel, cell, ass |y of claim 3,
wherei n +poERLE IS o AT 1S P st ara Sunt B ey Bekns S e
m crons. fspetliee dprising@ldes asskhyssQff aGiraithin! filnWhgh@isrtdi@ thanRtnial i nes
a pluraligy_o{ ogeningf, _ . , .

critical aspect ratio tor buckling of the first thin-film island and less than the critical aspect

ratio for buckling of the first thin-film island.

0. The fuel cell assembly of claim 5, wherein the distances are less than half the

characteristic crack spacing.
7. The fuel cell assembly of claim 5, wherein the distances are less than 40 microns.

8. The fuel cell assembly of claim 3, wherein

the support defines a second opening adjacent to the first opening, and

the membrane assembly has a second thin-film island occluding the sccond opening,

wherein a distance between two opposing sides of a shape defined by the second thin-
film island is less than the minimum dimension of each opening, and wherein a ratio of the
maximum distance between two opposing sides to a thickness of the second thin-film island is
greater than one-tenth a critical aspect ratio for buckling of the second thin-film island and

less than the critical aspect ratio for buckling of the second thin-film island.



and further conprising: a plurality of thin-filmislands occl uding
respective ones of the openings, wherein the plurality of thin-film

i sl ands have respective distances of less than the characteristic crack
spaci ng between respective opposing sides of respective shapes defined by
the plurality of thin-filmislands, and wherein a ratio of the maxi num

di stance between respective opposing sides to a thickness of a first
thin-filmisland is greater than one-tent/h a critical aspect ratio for
buckling of the first thin-filmisland and |l ess than the critical aspect
ratio for buckling of the first thin-filmisland. 6. The fuel cell assenbly

of claim5, wh [INq) di stances.are |ess than half the character.istic
crack spa?i’ ng. e[r_Pg ﬁEh}]Ee;Qf %sg?m%:lélol?cgggghﬁ Veglfth%%ﬁ‘iapﬁ%l?etWeé]rt%’Pﬁ’pPﬂsén%?igetSdﬁces
are | ess téathahalfitios diagacteriStic dhek §paeingcel | assenbly of claim 3, wherein

t he support defines a second opening adjacent to the first opening, and the
menbr ane assenbly has a second thin-filmisland occluding the second

openi ng, jwoher ghp ] Bdip . 1 S . -def.i ned
by the second thin- fi ARy BECHRR D, VHCARROH A an o DpB OBl gty 1ol
openi ng, &ndthaRdPaniproas.ratio of the nmaxi mum di stance between two opposing
sides to a thickness of the second thin-filmisland is greater than
one-tenth a critical aspect ratio for buckling of the second thin-film

i sl and and!l. | egsfutlhai atdembty ¢dmeingaspect ratio for buckling of the second
thin-filmislapd, é% 9. %he f.uel cell assenbly of claim8, wherein the

di stance bet weBR P EHIbEFNIsT 48¢ is Iess than half the characteristic

crack spacing. a Himblde abdealbl £alibaspsaanb) &'iiﬁfsec%éiv@:r&hemﬁ%ﬁél Becbhg di stance
bet ween two opFOS|ng,S|des is less than 40 mcrons. 11. A fuel cel

assenbl y 19esi igrein thepmembiae aseeobld heb ect rodes, and a menbrane assenbly
at | east part'95%%09H§ﬁ8ﬁ§%ﬁ9&%MﬂﬁQaﬁ@&mgh{&%n g.second el ectrodes,
y erl

wherein the nenbrane asse as a suppor ni ng adj acent first and
second openi ng&{irsathin-fisn iddnidrhafingm mehbrmde maseringand ceelbingniee fildt efenalg, and
occluding_the first opening, and a second thin-filmisland having a
menbrane haterial and occluding the second

a second thin-film island having a membrane material and occluding the second
opening,

wherein the first and the second thin-film islands are made of a material selected from
the group consisting of copper, nickel, palladium, platinum, rhenium, silicon carbide,
aluminum nitride, an oxide, and combinations thereof and wherein the oxide is selected from
the group consisting of oxides of aluminum, cerium, chromium, cobalt, hafnium, iron,
lanthanum, magnesium, manganese, samarium, scandium, silicon, strontium, titanium,
ytterbium, yttrium, zirconium, praseodymium, and combinations thereof and the first and
second thin film islands having widths between 10 and 80 microns and a distance between the
first and second thin-film islands is less than the minimum dimension of each opening,

and wherein a ratio of the maximum distance between opposing sides of the first
opening to a thickness of the first thin-film island is greater than one-tenth a critical aspect
ratio for buckling of the first thin-film island and Iess than the critical aspect ratio for buckling

of the first thin-film island.

12. The fuel cell assembly of claim 11, wherein the distance is less than half the

characteristic crack spacing.



openi ng, wherein the first and the second thin-filmislands are nmade of a
material selected from the group consisting of copper, nickel, palladium
pl ati num rhenium silicon carbide, alumnumnitride, an oxide, and

conbi nati ons thereof and wherein the oxide is selected from the group
consi sting of oxides of alum num cerium chromum cobalt, hafnium iron,
| ant hanum magnesi um manganese, samarium scandium silicon, strontium
titanium ytterbium yttrium zirconiumg praseodym um and conbi nations
thereof and the first and second thin filmislands having w dths between
10 and 80 mcrons and a di stance between the first and second thin-film

i slands i sl3l eSSAF%ﬁn 11t he ni rum.di mensi on of each opening, and wherein a
ratio of the makiirurt I SHHEEOBREMREN opposing sides of the first opening
to a thickness fof ahiigecbhd SfecikdtieB-dntil M i sl and i's greater than one-tenth a
critical aspect ratio for buckling of the first thin-filmisland and | ess
than the criti Garera¥pecassqaitly gt keast Pidiely divgosed petwsen fhierfrst anfisecond| m i sl and.
12. The f I S: . L erein the distance is |less than
hal f the lé?ﬁgggéé’t‘gﬁeﬁgltﬁiq%é%ﬁ?‘g‘tc’kaﬁéggsgﬁ &g 13, A fuel cell assenbly
conpri sing: fi esuprandiefiongrdjsetedirstadd secoaddpanimmnbr ane assenbly at | east

partially disp between t first and second, e|ecirodes, wherein the
nenbr ane asse n%l%ssq ﬁ%@"ﬂgﬁéa%ﬁﬁw%ﬁ FWH&HSB}%%% ?n‘{‘ ?CFE"ldm&ﬁge Set ghing

openi ngs, aadfirst thin-filmisland having a nmenbrane material and occl uding
the first openi ng, and ﬂrgsecond thin-filmisland havi nlg a menbr ane
material and of¢ %aﬁiﬂe,nﬁ danddrryinggpepmbigne watariel sndiaseludingdhe segend he
second t hippedidd m i sl ands are nmade of a material selected from the group

consi sting of copper, nickel, palladium platinum rhenium silicon
carbide, al univheigindne Firstlend tn secoind élin filrd idamdsiaramadnst athateedfselactdd Wher ei n

t he oxi degy : h ,OU onsist.ing of .oxides of alum num
cerium chHre%rn&%nc]% ﬁ%:l%gnﬁf ({ff&gh%%rhllgﬁlfaﬁl’ Raﬁg‘ﬁ}lm’ P%h‘?ﬂg’r{gmlu%ﬁﬁ%ﬁ @R9%ranganese,
samar i um alsoama oimides b bide, and ombinatiens thére@Mind Wherdlh HRIJRIHTE sdlbdidd fldhn

zirconiu praseodym um,. and c i nati ons thereof and wherein a distance
bet ween '[%5 HFPPsen ﬁﬁlgsoéc(%ﬁgs Pﬁ&ﬁmﬂnmcrﬁwamom@ma €83l RafRiWhdromi ni num

di stance lanthanum, magnesium, manganese, samarium, scandium, silicon, strontium, titanium,

yiterbium, yttrium, zirconium, praseodymium, and combinations thereof and wherein a
distance between the first and second thin-film islands is Iess than the minimum distance
between opposing sides of each opening,

and wherein the distance between opposing sides of the first opening is less than 80 microns,
and wherein the distance between opposing sides of the second opening is less than 80

microns.

14. The fuel cell assembly of claim 13, wherein the distance is less than 40 microns.
15, The fuel cell assembly of claim 13, comprising a compound thin-film membrane
structure that includes an array of thin-film islands occluding respective openings of the

support, and frame walls for supporting the compound thin-film membrane structure.

16.  The fuel cell assembly of claim 15, wherein the frame walls form a grid for separating

multiple compound thin-film membrane structures.



bet ween opposi ng sides of each opening, and wherein the distance between
opposi ng sides of the first opening is less than 80 mcrons, and wherein

t he di stance between opposing sides of the second opening is |ess than 80
m crons. 14. The fuel cell assenbly of claim 13, wherein the distance is

| ess than 40 mcrons. 15. The fuel cell assenbly of claim 13, conprising a
conpound thin-filmnmenbrane structure that includes an array of thin-film
i sl ands occl udi ng respective openings ofpgt he support, and frame walls for
supporting the conpound thin-filmnenbrane structure. 16. The fuel cel
assenbly df’. cl dihmluih celivmeerebly of hizirf i Anehakeih lashiperoftiee @rehihgfioscleparani ng
mul tiple qﬁ%oyng tth-f%Ip1nenPrane %truc ure ..%ﬁ ~17. The fuel cel
assenbly Of° ZPE U3 ING RSSO, SRS Titmer ke BPSHTHY i s sel ected from the
group consi sting of hexagonal, square, triangular, and circular. 18. The
fuel cell ssengl¥ gf claim 13, wherein a shape of the thin-filmisland is
one of a !RexadBhiuchedinsasadly & elainAdl whereing shansiaf @reghing@lm Fhadfyeie ofel |
assenbly @fx i i - -sectional portion of the support

ot s ot BB el LR R S0 o he Frr et thinf11m i orand
contacts a portion of the first shelf. 20. The fuel cell assenbly of claim

19, whereigp th asecti,ona ortion of. the support efines a second
shel T i spased TSERARREED3) Al 15 fhcSinr FosSHRRPHY roBBinel BHiRBeT | m

i sland cdefirestsira spef fricom akerbsiv, sRIGBOHrshedif-film Islani@nfaugla foetidn Gseenbl y

of clain1%3 mhFrein the thin-filmisland is disposed in a solid oxide
fuel cellihshelfa pothod of forming fuel cell assenbly conprising the steps
of. formng a support defining an opening; formng a thin-filmisland of a
menbrane material to occlude the opening, and to have a width greater than
one tent h2& chhrabekidlsssantdy at®aisphdivigramthelcesss-sedtmnalt pairiden eftbe support

n X : ‘ miclogws stdimalm ofe
epr esent arve” Sioan ARt MIBARFLARE LS ek {L AL RRERUTTET B s

pr opagat ecbnitaetsan peatye@r ofcthe tdvend hali film material in response to tensile
stress, and disposing the thin-filmisland at |east partially between two
el ectrodes. 23. The nmethod of claim22, wherein the distance between the

two opposiing STideSBeli c%li'a@&?nbiy of claim 13, wherein the thin-film island is disposed in a solid

oxide fuel cell.

22, A method of forming fuel cell assembly comprising the steps of:

forming a support defining an opening;

forming a thin-film island of a membrane material to occlude the opening, and to have
a width greater than one tenth a characteristic crack spacing and less than twice the
characteristic crack spacing, the characteristic crack spacing being representative of an
expected measured distance to arise between cracks propagated in a layer of the thin film
material in response to tensile stress, and

disposing the thin-film island at least partially between two electrodes.

23. The method of claim 22, wherein the distance between the two opposing sides is less

than half the characteristic crack spacing.

24.  The method of claim 22, wherein the distance between the two opposing sides is less

than 80 microns.



than half the characteristic crack spacing. 24. The nethod of claim 22,
wherein the di stance between the two opposing sides is less than 80
mcrons. 30 25. The nethod of claim 24, wherein the distance between the
two opposing sides is less than 40 mcrons. 26. The nmethod of claim 22,
further conprising: providing a substrate, wherein formng the support
conprises formng the support in at |east a region of the substrate; and
renoving at |east a portion of the substypate. 27. The nethod of claim 26,
further conprising providing a substrate, wherein formng the support
includes formng the support in at |least a region of the substrate, and

r enovi ng | east artion.of the substrate. 28. nmet hod .of formng a
el colt Hssentry BT 28 vhebotbpBhaR- b dim (M Sbhpte s8R IR ng
first andtsscandicapeni ngs; forming a first thin-filmisland of a nenbrane
material to occlude the first opening, and formng a second thin-film

i sland of a nmenbrane material to occlude the second opening, wherein a

di stance Qg;meqmehggm@kggghgggi§ﬁﬁgqgnig&g¢fiIn1is|ands is greater than one
tenth a characteristic crack spacing and ?éss than tw ce the

char act eri st i cPEwvane & pleirsg, whdien fomsnathesnpsii @ngraekfospagi thgsupeon i at
represent,a&%geg%n%pﬂ%§gg9%§9 qyasured di stance to arise between cracks
propagated In a ﬁayer of the fWin filmmaterial in response to tensile
stress, and wrer@ing @ l¢aatd orobn bhide BBbstraleM di st ance bet ween opposi ng si des
of the first opening to a thickness of the first thin-filmisland is
greater than one-tenth a critical aspect ratio for buckling of the first
thin-filnmpysl amge ABol 888laka8) hifBerChinpliGiak pRYRERS a bdstiPte QherBiakinling Of
the first thin-filmisland. 29. The method of claim 28, Wwherein the

di st ance Bersierait inplades fogping the wippohin atheast 4 fegipn of dieambigrits ahésunavingrathal f
t he charagter,.sti ing. 31 30. A nethod of formng a fuel cel
assenbly,&%ﬁﬁﬁ%%gﬁﬁgﬂgﬁémggggs of: formng a support defining first and
second openi ngs;

28. A method of forming a fuel cell assembly, comprising the steps of:

forming a support defining first and second openings;

forming a first thin-film island of a membrane material to occlude the first opening,
and

forming a second thin-film island of a membrane material to occlude the second
opening, wherein

a distance between the first and second thin-film islands is greater than one tenth a
characteristic crack spacing and less than twice the characteristic crack spacing, the
characteristic crack spacing being representative of an expected measured distance to arise
between cracks propagated in a layer of the thin film material in response to tensile stress, and
wherein a ratio of the maximum distance between opposing sides of the first opening to a
thickness of the first thin-film island is greater than one-tenth a critical aspect ratio for
buckling of the first thin-film island and less than the critical aspect ratio for buckling of the

first thin-film island.

29, The method of claim 28, wherein the distance between the first and second thin-film

islands is less than half the characteristic crack spacing.



formng a first thin-filmisland of a nenbrane material to occlude the
first opening, and formng a second thin-filmisland of a nenbrane
material to occlude the second opening, wherein the first and the second
thin-filmislands are made of a material selected fromthe group

consi sting of copper, nickel, palladium platinum rhenium silicon
carbide, alumnumnitride, an oxide, and conbi nations thereof and wherein
the oxide is selected from the group cogisi sting of oxides of alum num
cerium chromum cobalt, hafnium iron, |anthanum mnagnesium manganese,
samari um 38candi wathod pf foommg sfuelbeliassemtly, tcamptismg thetstaps bf:um  yttri um

between e 11 1o0 kel R E R A S AGETS Toss than the m ni mum -
di stance bet wéemigppast tin-$ii8 eSarlfl ocfRABEMRBLNNAG I alah MBS Bk Firdt Beedh St ance

bet ween OﬁEgsing sides of the first opening is less than 80 mcrons, and
wherein t di stance between opposing sides of the second opening is |ess

than 80 mcr OfSming a second thin-film island of a membrane material to occlude the second
opening, wherein the first and the second thin-film islands are made of a material selected
from the group consisting of copper, nickel, palladium, platinum, rhenium, silicon carbide,
aluminum nitride, an oxide, and combinations thereof and wherein the oxide is selected from
the group consisting of oxides of aluminum, cerium, chromium, cobalt, hafhium, iron,
lanthanum, magnesium, manganese, samarium, scandium, silicon, strontium, titanium,
ytterbium, yttrium, zirconium, prascodymium, and combinations thereof and wherein a
distance between the first and second thin-film islands is less than the minimum distance
between opposing sides of each opening,
and wherein the distance between opposing sides of the first opening is less than 80 microns,
and wherein the distance between opposing sides of the second opening is less than 80

microns.



