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CROSS REFERENCE TO RELATED APPLICATIONS
Not applicable. .
STATEMENT REGARDING FEDERALLY
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Work related to the present invention was supported in part under
DARPA Contract No. F30602-99-2-0544. The government may have certain
rights in the invention.
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| TECHNICAL FIELD AND INDUSTRIAL
APPLICABILITY OF THE INVENTION

The present invention is generally directed to a micromachined
25 device for efficient thermal processing of fluids. More particularly, the present
invention is directed to a micromachined device for carrying out fluid processing
with 'improved thermal efficiency. As used herein, fluid processing includes, for
example, subjecting a stream of a fluid to chemical reactions, heating, cooling,
filtration, adsorption, desorption, and/or phase changes (e.g., evaporation and
30 condensation). The present invention may be used in, for example, the
processing of chemicals for purposes of power generation.



t hat process conponents (e.g., gases, liquids, solid particles (e.g.,

beads), conplex nolecules (e.g., DNA), and m xtures thereof) and contain
smal | features 5 (mninmumfeature sizes smaller than 500 pm). Such3( MAR 200
m cromachi ned devi ces have been shown to be useful in many fields

I ncl udi ng mhi&ed and biol ogical analyses (e.g., capi Ilicalrnysog,lzgg;rophoret I C
separations), snall-scale chem cal synthesis, and measur enment of reaction
ki netics. The smaller dinmensions inherent in mcromachi ned devices enable
significantly smaller fluid flow rates, 10 reduced system size, and, in many
cases, inproved performance. A variety of fluid- processi ng m cronachi ned

devi ces are di scl osepyESTCRIPTROR OPTHE ;NV[quﬂ REuNpPat ent No.
6, 192,596 provides an active m crochann roceSS| ng unit and a

met hod of maki ng t hellgfield QKMIagﬂsnaﬂhlnqnbﬂmdlbdbvmesmcbmpawa albpmtaned by

t her mal | Y &R hea nsfer to or
fromfluids &Pﬁ%@@gfﬂg@:ﬁgﬂ{sﬁ(é%@%@ﬁ%@e oid g %ﬁe&t 36 193,501  °
di scl oses somplexanolsbules ¢6.gqDISAR andithixiures ﬂferébfﬂaﬁa lc@ﬁfém Smal ?éeﬂﬁfe%d ’
enmbodi nent i n¢cludes a wafer stack of at |east ree wafers, with

cent r al ® wafBINRURIeAlre sesfsIRleohapRiian ). ,&EUChéa@forba@mdwdem%md one
outlet are e of a 20
{lams, L, ohoRg PEAFenoRh 10 B8 WSRRBIr inally Rolds PRk Ao el MBRHRS 1 U o
heat exchaagehysem(sbga oaithary a’rentraphb'retg etelperaimne) sirtell-dvalg cleemicahger - i s
formed from g, st.ac f thin shee nde t oget her. One possible
appl i cati oftY %Fe?'ﬂﬁ B'PSE%’?E?%TB oh{%':}t@ i‘fﬂeﬁ g@@ ler g@?@'qﬁs portabl e

el ectric gRiMREGHLoN Micrbfiazhmeal devilesBhable ﬂgﬁﬂbaﬁ'\t%rﬁﬁfé’i“ﬂﬁﬁbl?dw atger gy
density of chemi cal fuels exceeds that of presently avail Batterles by

appr oxi frat é&@ucssd@yéteabslzeoandmg manyasesidmpreved pesfarmiancadvant age of the
portabl o power - appl 2nE T HERtoiolEhand SRR AEN Re ST HackPstdh oo
fuel pr ocettwopridrgst eF art exasn 36, lﬂJSaPadmﬁM 16, 19%59€ pfovidesadreadtiviecal energy
Ferper at ur EVETRCRRHEN Ml ProGeRsin h angadnPiEad L BN MeHIE: ATV Gonsured
sust ai ni ngphfMePmicrochannels separated by thermally conductive fins provide the
15 mechanism for heat transfer to or from fluids moving through the microchannels.
U.S. Patent No. 6,193,501 discloses a microcombustor of sub-
millimeter dimensions. A preferred embodiment includes a wafer stack of at least
three wafers, with the central wafer housing a combustion chamber. At least one
inlet and one outlet are included for the insertion of reactants and the exhaust of a
20 flame. |
| U.S. Patent No. 4,516,632 discloses a microchannel crossflow fluid
heat exchanger and a method for making the same. The heat exchanger is
formed from a stack of thin metal sheets bonded together.
One possible application of fiuid-processing mlcromachmed devices
25 s as portable electric generators. This application is promising because the
energy density of chemical fuels exceeds that of presently available batteries by
approximately two orders of magnitude. However, to take advantage of the high
energy density of chemical fuels and compete with batteries for portable power
applications, suitable efficient designs for micro-sized fuel processors/generators
30 that convert chemical to electrical energy must be created. Fuel
processors/generators usually require regions of high temperature in order to

sustain the desired reaction. The power consumed in sustaining those
2



2 3 0 MAR 2006 WD 03/013729 PCT/ US02/ 23305 tenperatures reduces the overall
efficiency of the system As device dinensions becone smaller, it tﬁpﬂ)_gﬁamﬁ
increasingly difficult to naintain the thermal gradients and thernal

i nsul at i %or(b?ﬁ‘féin@ed for efficient fuel processing. O tenqMidsS%isSting
m cr omachi neo{ uel processing devices, significantly nore power I's required

to 5 nmaintain the tenperature within the high tenperature regi ons of the
device than is contained in the fuel, precluding the device's use for
portabl e power generation. Thermal nanagenent is crucial to producing

efficient 1eapbmaied s6d bRt QvBRAl dfideity f RERFERIE ASAEULERIMENoRL
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connecting the ther Wa¢rmal ghamagenénd ipoeid taproducmgatficiamtedevidesw  t hr ough
t hermal copvecti.on; an f.requent | a desire to include regi ons where the
wal I's of f 'QPPG?%°B8W3%Mtf‘ﬁ§PP[ﬁ}8¥%F}tBF% E‘ddpggffﬁ@rﬁﬁqzmp _,esa?%uccessful
ther mal 2@apfouRgeierharisbaien b thereabtioPEBdinARrombtithed geWeee must
include, in addition to certain known inventions and techni ques used in

non- f 1Qi digenerabioRgysieas isparamounk Jrar misrqsnachierd penrflbidiodenicessat i on wit h

hi gh t enpgRati4] ' ] ' H:e)ﬁﬁ’% ' : - |+ her through
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- desi r abl e and/armohcmbaductivens spportse pliemaasisiet bygraenkagingtn vhewum) uniformity in
specific Acc be advant agepus to

provi de ar%ﬁﬂéﬁggm%ﬁuigﬁ\ébﬁggnggmgﬁ:gggileggpﬁvﬁﬁ{hdﬁn@bmgggw Nh cheni cal
process i ny&hde, 76r etarhsldshol8fters, such as those disclosed in U.S. Patent Nos.

15 5,021,663 and 5,789,753. Howevei'. the present inventors have concluded that
micromachined fluidic devices add three unique difficulties: the need for enclosed
fluidic structures connecting the thermal regions; the potentia! of added heat flow
through thermal convection; and, frequently, a desire to include regions where the
walls of the fluid conducting tube are held isothermal. Thus, a successful thermal

20  management scheme for a micromachined fluidic device must include, in addition
to certain known inventions and techniques used in non-fluidic thermal devices, a
means to prov_idé fluid communication with high temperature regions without
causing excessive heat flow either through the static structure or fhrough the
moving fluid. It is frequently desirable to include in this scheme means to ensure

25 thermal uniformity in specific regions of the device.

Accordingly, it would be advantageous to provide a micromachined
device capable of efficiently conducting a chemical process involving at least one
fluid, wherein a high femperature reaction zone is thermally isolated from its
environment. It also would be advantageous to provide a micromachined device

30 for conducting a chemical reaction involving fluidic reactants and wherein
operation of the device éonsumes substantially less energy than can be produced



fluid, wherein a high tenperature reaction zone is thermally isolated from
its environnent. It also would be advantageous to provide a m cronachi ned
device 30 for conducting a chem cal reaction involving fluidic reacB@Mm amd
wherein operation of the device consunes substantially | ess energy than can
be producgg ¢3n378% MAR 2006 WD 03/ 013729 PCT/ US02/ 23305 fp@imdobesshd ui d
reactants. Such a device could be used as part of a portable electric
generator. SUMVARY OF THE | NVENTI ON The present invention addresses the
above-descri bed needs by 5 providing a m cronachi ned device for thernal
processing at ‘| east one fluid stream The m cromachi ned device includes at

| east one frbmithe ﬂaﬂd’éﬁbtbﬁ&; tSh a d@mae%buld%sa é@EéR o 9fp_?hjﬂﬁlefélgbtﬁ

conducting tube has a wall thickness of |ess e presen
i nventi on 9&NErAEF. addresses the above- descrlbed needs 10 by providing a

m cromachi ned device for pr Id stream and wherein
t he devi ce incorporates at g@@@i”“‘g‘éa‘:tﬁ%ﬁ@m&bwg tube and at | east one
thermal |y conductuvérmtpsmsemrmverﬁm aduressds! thie 2BOUs bkl tbatd iakdstiye 1S in

t her mal rm%nlcatlon first thermally insulating portion of the

flu d Gndeoy g 2 figro és%%%qfﬂwml pipceRsing 2t least pae fiith of the
fluid cond g [

above- desc%tﬁ)nﬁ] Igg%cro%%fgﬁgékd#%?&%}ﬁég‘ﬁgev' crﬁﬁ?ﬁﬁgt[roéesm ng at

| east two adeablesstraaeamon phibiedtliich goadudtingttulie basia salidbickness mﬁlbss thmnsecond

fluid cond&hm}ng tube, and at least one thermally conductive structure. The
thernal l'y ctive structure is in thermal comrunication with a thermally

i nsul ating portion dfhe preséhtintverdtion firtRer sedressds the dbee-cadrised hesdgal | v
|nsulat|ng portion of the second fluid conducting tube. The present

i nvent1thn Bproviding mictonaghined deyice farpreesssing ailersd ongdlid stseamnardis by
providing gndfefi HERFEVIRSHCOPOr&Es HPleaRl BSERTHEBnahctifgtbe UG at least one

thermally conductive structure. The thermally conductive structure is in thermal
communication with a first thermally insulating portion of the fluid conducting tube
and a second thermally insulating portion of the fluid conducting tube.

15 The present invention also addresses the above-described needs by
providing a micromachined device for processing at least two fluid streams
including a first fluid conducting tube, a second fluid conducting tube, and at least
one thermally conductive structure. The thermally conductive structure is in
thermal communication with a {hennally insulating portion of the first fluid -

20 conducting tube and a thermally insulating portion of the second fluid conducting
tube.

The present invention additionally offers a solution to the above-
described needs by providing a micromachined device for processing at least one
fluid stream, wherein the device includes a thermally conductive region and at

25 least one fluid conducting tube having at least one thermally insulating portion. At
least a portion of the fluid conducting tube is disposed within the thermally
conductive' region.

The present invention is further directed to a method for processing
a fluid stream. The method includes providing a micromachined device having at

30 least one fluid conducting tube having a thermally insulating inlet portion and a
thermally insulating outlet portion, and at least one thermally conductive structure

in thermal communication with the inlet and outlet portions. A stream of at least
4



fluid stream wherein the device includes a thermally conductive regi on and
at 25 least one fluid conducting tube having at |east one thermally3q MAR 2006
i nsul ating portion. At |east a portion of the fluid conducting tube is

di sposed within the thermally conductive region. The p lL.pyention is
further YQ&¥3B%°to0 a nethod for processing a fluid st?gi/ﬁ?&?ﬁgbrret hod

I ncl udes providing a mcromachi ned device having at 30 |east one fluid
conducting tube having a thernmally insulating inlet portion and a thermally
insul ating outlet portion, and at |east one thernmally conductive structure

i n thermal Ie fon . with the inlet tlet portions. A stream of at
| east 4 3088@%5&@@4}%9%9‘8}1}59 e%fﬁ%%@a%gggﬁgc%@q'mg&’qéﬂdﬁ%?oduced
into the foidestrepey isiprocedsddwitHih tellivie @HGIANG thb®eThaerhiy f! ui d stream
is processed within the fluid conducting tube.” The thermally” conductive

st ruct ur e CRRAREIVE Stuplwe NS ierimat oraray brtwaen tbe inletiaodobtiets portions of

the tube. pértiBB@ O‘Pfl‘?esﬁf%. i nvention al so provides a portable power generator
i ncluding'a m cronmachi ned device constructed according to the present

i nventbon.  The ni cTerprdsientinvaptiorcalso pedvidkessa porthlsle gowsregyehkritor conduct i ng

tube and at, | .one thernplly conductjve strycture. The therma] |

conduct i vg‘cg‘{cﬁ'?é% (Rigromaghipe %%\%1(% O'Pg'?fﬁt?ﬁi"?;c&?fcﬁ?‘lg gﬁ ﬁ'ﬁ %{'eﬁ?'PtS'E‘VQm'@PxHI ly

i nsul at i nghgonibicMRacingtl dévitslintRidea s ikaist H8e ﬂwawadg@agzgfblﬁ%& é&%ﬁ%‘ ly
i

insulating portion of a fluid conducting tube. A fu IS I'n uid
comuni caPnretheimally cradectivesinshiac Tha dhermsdly conduetivei struciuredsiined i n t he

fluid con | : I Sei:C. uel re it is wusedto
generate ‘['E)“'('){:"\/\r\/J:er‘r":l Fgofrhl'em% #%gigﬂt\ﬁhngﬁﬁsﬁﬁﬁegmtgﬁ% ygg!ai'gggggtgdaﬁr%ﬁﬁgd for
fabri dati egnductiigdebe ard bosecpnd temmially irsuldtimgioriioreof 4 fluid condaating The met hod

acoessi bl Sk A el afis Bntih ommunicstpa mifne FORLIONGHEIRG FRe oA B ot
ac getsaagl %cfdg.cggg trRnitia g;eﬁaﬁetsngqas@aha ig'€orivel/Bd fo tHe filel Self Wierd R Wal | s of
used to generate power.
The present invention also discloses a method for fabricating a
15  device for processing at least one fluid stream. The meth'od‘ includes patterning a
substrate to form at least one tube mold having walls accessible to an
environment and to form at least one release pit not accessible to the
environment, depositing a thin film to coat the walls of the tube mold but not the
release pits, and removing selected regions of the substrate using a chemical
20  etchant to form at least one fluid conducting tube.
Embodiments of the micromachined device of the present invention
address the difficulties described above encountered in adapting such devices for
use in portable power generation. Micromachined devices constructed according
to the present invention may be adapted for conducting chemical reactions with
25 fluidic reactants wherein the device consumes substantially less energy than can
be produced from the fluid products. These and other advantages of the present
invention will be apparent on consideration of the following detailed description of
embodiments of the invention. The reader also may comprehend additional
details and advantages of the present invention upon making and/or using the

30 micromachined device of the present invention.



rel ease pits, and renoving sel ected regions of the. substrate using a
chemical 20 etchant to format |east one fluid conducting tube. EnddviARelfiss
of the m cronachi ned device of the present invention address the
difficulties described above encountered in adapting su ?&‘ ' (=) for wuse
in portaBY@WPYIE? generation. M cronachined devices cong F gﬁé’é %ccording
to the present invention may be adapted for conducting chem cal reactions
with 25 fluidic reactants wherein the device consunes substantially |ess

energy than can be produced fromthe fluid products. These and ot her
advant ages of the pres | | || n n consi deration of
the foll ow ng detail ed%‘gfrlﬁgs%‘si'fdm%ig\@wwé)he I nvention. The
reader also may conpigakent)asidischemalic Afrasdrtativiionsly BRicagRRamiorbhe present,

i nventi on ypon ag:ﬁ'ki ng, and/ or using the 30 m cronmachi ned device of the
present i AYERMAasAINey devicenadaniad fonnrocassinma AgidranT csminRERI0sccRRIET

DESCRI PTI RS b QLT o ' : ation of an
enbodi mantg\lt ohgigggﬁtcrona'yﬁ;srﬁef%em)%é@aﬂg%y %8‘? §{)\$gge %%cjs@fghgéﬁﬂéwﬁ d and
const r @ct d¢a)addgurditfe) is edop view obtherambaodiment onFighregtfad. 1(b) is a side view
of the enbodi nent o|f_.. Figure 5 1l£iaé' F'irgure. lc%pjilé a.top view of the

enbodi ment of Fi gure'gﬂeg#.'sl #eGaAwEn eleg nJearHan k@Etﬁ*&RpfﬁW@@Waph t aken
at appr ox RORtrRAghificiSnBIGR drbaditiat 6f a MicRIMRing devite dd4pted girachi ned |
devi ce adapted for _processi ngua fluid and constructed according to the
present i RURGPSPipE a fiyigand conplucied egaeiding tolthemresentinvesgorph t aken at-

approximately 10 I f.l i | lJrent. . of a
m cromachi ned devi ﬁ@%@%@é@@ﬁ'@%ﬁ?@iﬁg%ﬁ P lﬁﬁ%‘% ﬁnaggg’gﬂdﬁgtglyed
accor d0ng 106X trhagnification tof amegioni afran embodipaent of almictomadhiwéddeviast s
according to t I nventi.on. Fi.gure 4 ILS.a schemgtic representation of an
embod nenadapletiier PISRESHNG & THIEART sAMsthucS BrSRIRg thole BresebIVEIATY) (s a
top view ghdtpaficerEtREH®NMg posts according to the invention. '

Figure 4(a) is a schematic representation of an embodiment of the

present invention incorporating posts. Figure 4(b) is a top view of the embodiment
15  of Figure 4(a) further including passive fluidic stop valves.
Figures 5(a) through 5(k) illustrate a fabrication process for forming
a microméchined device constructed according to the present invention.
Figure 6(a) depicts a top view of an embodiment of the present
invention employing the use of vacuum packaging, reflective coating and low-
20  emissivity coating. Figure 6(b) is a side view of the embodiment of Figure 13(a)
further showing the use of packaging layers.
Figure 7 depicts an embodiment of a generally U-shaped thin-walled
tube of the present invention.
Figure 8(a) and Figure 8(b) illustrate the resuits of a finite element
25  simulation of fluid and heat flow in the inlet and outlet portions of a fluid
conducting tube in an embodiment of a fluid-processing micromachined device
constructed according to the present invention.
Figure 9 is a graph showing simuiated ammonia cracker and system
efficiency as a function of system power for a micromachined device constructed
30 according to the present invention and incorporating a conventional proton
exchange membrane (PEM) fuel cell system.



15 of Figure 4(a) further including passive fluidic stop valves. Figures
5(a) through 5(k) illustrate a fabrication process for forming a 30 MAR 7006
m cromachi ned devi ce constructed according to the present invention. Figure

6(a) depi bS3/6u3b 3P view of an enbodi nent of the present ,. 8&%5@“ enpl oyi ng
t he use of "vacuum packagi ng, reflective coating and | ow emssivity

coating. Figure 6(b) is a side view of the enbodi nent of Figure 13(a)
further showi ng the use of packaging |ayers. Figure 7 depicts an enbodi nent
of a generally U shaped thin-walled tube of the present invention. Figure

8(a) and Figure 8(b);=i¢¢rl9um(é)aa§pié@% presadd of é?ﬁmanfgi%fgyﬁggkmybﬁ

simul ation of fluid and heat” fl'low in.the inlet an portions of a
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device c t C ' . esent . invention.. Figure 9 is a graph
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syst em povexrriédbutainrd micromaichined dévicetnstistbd detGdingd the pRiding to the
present_ i nventjon and |{|corpor,at| ng a conventiqnal proton exchange menbrane
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m cr omachi ne ce constructed accor resen I'nvent Fi gure
10(b) depi Hi(¢) depicisceprocess nktheamoklectricqgematstion thatanayby daeieccautin @d out in

a m cronmachi he evi constructed accor.di to the present. 5 invention.
Fi.gur e 10(@501'(8'33&59%&geﬁﬁﬁppgpﬁgg}gt(‘jg{:?%rﬂlr@fqg@ﬁ.a;ggeg INENWe carried out in
a m cromachi ned deviFgureorisisia @rapH d@ﬁmhgitﬁw@smém iRTEPRIAGmAERES | ON.
Figure 10(d) depi ctslhgﬁgéocess of thernoel ectric generation that nay be

carri €@ oudevige sistive msrRefungtion ettheamhicniqressuiedor reryvanyinghe. ~ pr esent
I nventi on.a@'“gar\/s“ d s a graph depicting the resistance in a mcromachi ned
10 device resistive heater as a function of the anbient pressure for three
varyi ng Figure 12(a) is a reflection optical micrograph taken at approximately

20X magnification of iridium catalyst impregnated in fluid conducting tubes in an
embodiment of a micromachined device constructed according to the présent
15 invention. Figure 12(b) is a transmission optical micrograph taken at
approximately 50X magpnification of iridium catalyst impregnated in fluid
conducting tubes in an embodiment of a micromachined device constructed
according to the present invention. Figure 12(c) is a graph of quadropole mass
~ spectrometer (QMS) signal intensity over time for ammonia cracking over iridium
20 catalyst at an ammonia flow rate of 4 standard cubic centimeters per minute
(sccm) in the thermally conductive region of a micromachined device constructed -
according to the present invention. |
Figure 13(a) is a photograph of a micromachined device adapted for
processing a fiuid and constructed according to the present invention. Figure
25 13(b) is an image of the embodiment of Figure 13(a} wherein the thermally
conductive region is heated to a temperature of about 1832° F (1000° C).
DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION
The present invention provides a solution to the problem of
maintaining the thermal gradients and therma! insulation requijred for efficient fluid
30 processing in micromachined devices. Itis believed that the present inventors'
solution to thermal management of micromachined fluidic systems is an enabling -

technology for man-portable fuel processing and power generation devices. The
7



applied voltages. Figure 12(a) is a reflection optical mcrograph taken at
approxi mately 20X magnification of iridiumcatalyst inpregnated in 30MAR 200
conducting tubes in an enbodi ment of a m cronmachi ned devi ce constructed

accor di n%{v&)oogﬁ)mz resent 15 invention. Figure 12(b) is PdidsHagsi on
r

opti cal graph taken at approxi mately 50X magnification of 1ridium
catal yst inpregnated in fluid conducting tubes in an enbodi nent of a

m cromachi ned devi ce constructed according to the present invention. Figure
12(c) is a graph of quadropole nmass spectroneter (QVS) signal intensity
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I nvent i on. ofiheWreba&teribg(b) 1s an i mage of the enbodi nent of Figure 13(a)
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application of the present irnvention to the fuel processi ng and power
gener al@ onmarked| far teshnelogies @nd applicationsaumenty maderiipaacticabby therlowbl e power
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greater than art eries.
has potential utility in a wide range of otherwise unrelated fields, including, for

example, small-scale chemical synthesis, chemical sensing and analysis, micro-
refrigeration {e.g., for electronics or superconductors), microcalorimetry,

15  thermophotovoltaic power geheration,, stifling cycles, catalyst testing, and a wide
range of chemical and biological laboratory applications, including biological
assays, chemical and biological sensing, and high throughput screening.

As used herein, the word "fluid” refers to one or more gases, liquids,
solid particles (e.g., beads), complex molecules (e.g., DNA), and combinations

20  thereof. |

As used herein, a "micromachined device" has the meaning
generally understood in the art, and refers to devices including a structure having
a minimum dimension of less than 500 pm. _

As used herein, the word "post” means a hollow or solid elongated

25  structure having a cross-section of any geomefry. By way of example only, and
without intending to limit the present invention, the cross-section of a post may
have a perimeter that is any closed shape, such as circular, oval, square, or
rectangular shapes.

As used herein, the term "substantially isothermal" means that the

30 variation in temperature over the substantially isothermal region is less than one
fitth of the variation in temperature over the entire device. Temperature variations’

within the device can be measured in a variety of ways apparent to those skilled in
8
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N As used herein, the word "tube” means a hollow structure having an

15 inner perimeter and an outer perimeter, and a cross-section of any geometry, and
which allows passage of a fluid therethrough. By way of example only, and
without intending to limit the present invention, the cross-section of a tube may
have a perimeter that is any closed shape, such as circular, oval, square, or
rectangular shape.

20 One embodiment of the present invention provides a single, thin-
walled tube, which may be utilized, for example, in high-temperature fluid
processing. The inventors have discovered that tubes with thin walls, preferably
less than 50 ym and more preferably less than 5 pm in thickness, are useful for
such an application because the thin walls provide reduced thermal conduction

25 down the longitudinal axis of tube, even if the tubes span regions of substantially
different temperature. To further reduce thermal conduction, the tubes also are
preferably made of a thermally ihsu!ating material.

" Tubes having such thin walls can be fabricated by many techniques
known in the field. A preferred technique described in detail below involves

30 fabricating a relatively solid mold with encased tubes, followed by thin-film
deposition of the tube material, and then release of the tubes by etching the
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as circul agith atith.the thetfrlly @bndu@ﬁbadiﬂwh&é i h%tﬁnm&ﬂzc@f?&w ﬁf@ﬂddnﬁ%ﬁgt of the
present invention provides a single, thin- walled tube,

‘utilized, ﬁmpe@@@ﬁb withthermal eneeayesing traQSﬁerr@ﬁcfrorputhe:b@téermmorh@ thaventors
have di sc%ﬁﬁ) tubes with thin walls, preferably |ess than 50 pm and
nore prefera l'ess than 5 pmin thi ckness, are useful for such an

appl i détion because Qdmset\daitlonMhiassrreqm'r@hatmedtdwiietlhetmly stgtaducti on 25
down the | ongitudi nal ax e tubes su?nrelo_ns of
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the present invention accomplishes that heat exchange by placing thermally

1%  conductive structures between a thermally insulating inlet portion of a fluid
conducting tube and a thermally insulating outlet portion of a fiuid conducting tube.
Preferably, the tube is arranged in a U-shape with longitudinal axes of the inlet
and outlet portion oriented substantially parallel. Heat flow from the tube due to
convection is ameliorated by the conduction of heat from the outiet portion,

20  through which the high temperature reaction products flow, to the inlet portion of
the fluid conducting tube. ldeally, thermally conductive structures are substantially
isothermal during operation of the device and have minimum dimensions typically
larger than those of the tube wall, and are constructed of a relatively highly
conductive material in order to facilitate heat flow. Preferably, the thermally

25 conductive structures are comprised of silicon.

7 Another embodiment of the present invention provides a fluid
conducting tube with at least one thermally conductive structure that is in thermal
communication with a thermally insulating inlet portion and a thermally insulating
outlet portion of the fluid conducting tube. These thermally conductive structures

30 further reduce convective losses, and thus allow for fluid processing to be carried
out at higher temperatures and/or lower flow rates. As an example, the thermally '

conductive structures may be oriented substantially orthogonal to a longitudinal
10
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are conpri
is thermally lnsulatlng. By way of example only, and without intending to limit the

15  present invention, the portion of the fluid conducting tube may be wholly or
partially embedded or encased in the thermally conductive region. The thermal
uniformity of the thermally conductive region helps to ensure uniformity of a
reaction taking place in the embedded or encased portion of the thin-walled tube,
and thus improves selectivity of reaction products and/or improves conversion.

20  The thermally uniform region also may minimize material constraints by
eliminating hot spots, maximize emission of radiation for thermophotovoltaic (TPV)
applications, and/or maximize contact area available for thermoelectric (TE)
generation. Thermal uniformity is also highly desirable in analytical applications
where it is critical that certain physical properties are measured at a known and

25 uniform temperature. it is to be understood that while the walls of the fluid
conducting tube within the thermally conductive region are substantially isothermal
during fluid processing, the fluids contained within the tube are not necessarily
substantially isothermal.

The present invention also recognizes that the fluid within the fluid

30 conducting tube may be a poor thermal conductor, causing thermal gradients from
the wall of the tube to the region of the fluid at the center of the tube. This non-

uniformity can be reduced by including structures within the fluid conducting fube
11
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uniformity of the fluid contained within the substantially isothermal structure.

15 In another embodiment of a micromachined device of the present
invention, at least one thermally conductive structure is in thermal communication
with a thermally insulating portion of a first fluid conducting tube and a thermally
insulating portion of a second fluid conducting tube. The two portions with which
the thermally conducting structure is in communication are at different

20 temperatures, with thermal energy being transferred from the hotter portion to the
cooler portion, o

Without intending to limit the scope of the present invention, one
embodiment combines multiple tubes with a common substantially isothermal
theri’nally conductive region and/or thermally conductive structures. This

25 combination provides an additional improvement that could, for example, allow the
heat generated by one reaction to be used by éome other endothermic reaction or
reactions. For example, hydrogen may be combusted in the presence of air to
produce water. This reaction generates thermal energy, which may then be used,
for example, to aid in the decomposition of ammonia into hydrogen and nitrogen.

30 In embodiments of the present invention, the open ends of the tubes
may be encased in a common substrate for ease of connecting the invention to

the environment.
12
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direct electrical energy conversion. This may be accomplished, for example, by

15 using thermoelectric (TE) or thermophotovoltaic (TPV) methods.

It is contemplated that in certain embodiments of the present invention the
fluid conducting tube may have more than one inlet portion and/or more than one
outlet portion. Such tubes may be fabricated as generally described herein with
modifications appropriate to form the muitiple inlet and/or outlet portions.

20 In certain embodiments of the present invention the fluid conducting tube
can branch into more than one tube. In addition, one tube can be formed frbm a
junction of at least two tubes. '

By way of example, and without intending to limit the present
‘invention, any combination of two or more of the following is contemplated: thin-

25 walled tubes, thermally insulating tubes, posts, thermally conductive structures,
substantially isothermal regions, thermally conductive posts, multiple tubes,
multiple inlets and outlets, branching of one tube into more than one tube, joining
multiple tubes into one tube, encasement of the tube ends, packaging of the
embodiment in a sealed chamber with various characteristics, and/or inclusion of

30 direct energy conversion devices. The present inventors also contemplate the
combination of these elements with other elements, devices, and features known -

to be useful in fluidic devices. These include thermopiles useful, for example, in
' 13
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the fluid conducting tube located in a thermally conductive region. The fluid

15 conducting tube also has a thermally insulating outlet bortion which carries fluid
away from the intermediate portion of the fluid conducting tube. Thermally
conductive structures contact both the inlet portion and outlet portion. Thus, the
direction of fluid filow and the direction of conductive heat flow are separately
controlled. That is to say, the direction of fluid fiow is in the direction of the tube

20  and conductive heat flow is at least partially {hrough the thermally conductive
structures. This substantial separation of fiuid flow and conductive heat flow is
enabled by the large difference in thermal conductance of the thermally insulating
tube portions and the thermally conductive structures, as defined previousiy. This
difference in thermal conductance is achieved by using very thin wall dimensions

25 (below 50 pm) for the tube and larger dimensions for the thermally conductive
structures. Preferably, additional thermal conductance difference is achieved by
the use of different materials for the thermally insulating'tube portions and
thermally conductive structures, with the material used for the thermally
conductive structure having a higher thermal conductivity than the material used

30 forthe thermally insulating tube portions. The device can be packaged such that
the inlet, outlet and intermediate portions are in a vacuum environment, using '

microfabrication techniques known to those of ordinary skill in the art. The device
14
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of these elenents with other elenents evi ces, and features"known to be

usef ull0i n reagliogiascues/indbe intme@cﬁaiermrtmgot therfiigh cordudtipgtube. for exanple, in
L e O B RIS SR RRER bR O e |7

or tenperatture s A“sel'ective or ac gener at e
l'i ght fromnjedher pratjorbef thetfluig edretlicting dutske viFoliwind theweactiorg dkeafluidnvent i on

For use I Sl LR R8s AhSltating buBA ot of the Tt
" conducting tube. By providing one or more of the thermally conductivé_structures

15  between and in contact with the inlet and outlet portions, heat is transferred from |
the fluid products in the outlet portion of the fluid conducting tube to the fluid
reactants in the inlet portion of the fluid conducting tube. Only a minimal amount
of heat is lost by way of thermal convection through the fluid conducting tube to
the substrate.

20 One type of structure providing good thermal isolation from the
environment is a suspended fluid conducting tube made of a thin film ceramic
insulator (silicon nitride) attached to a supporting silicon frame. The fluid
conducting tube is integrated with slabs of silicon for purposes of thermal
mahagement. The silicon slabs are shaped and located to form thermally

25 conductive and/or substantially isothermal structures to enable maintenance of a
local thermally uniform region and heat exchange between various process
streams, allowing heat recovery between the inlet and outlet portions of the fluid
conducting tubes. The fluid conducting tubes may be further insulated using
aerogels or can be vacuum packaged. The fiuid conducting tubes are usually

30  packaged within a sealed cavity in the substrate. The cavity can be filled with an
aerogel to reduce thermal conductivity and minimize emission losses or it can be

evacuated to minimize convective/conductive losses. The IR refieciors and/or low
15



be integrated into the m cromachi ned device, including resistive tenperature
5 sensors, photo-acoustic spectroscopy devices, 'IR spectroscopy deVilcdtR, 2006
capaci tance sensors, thermal conductance sensors, flow sensors, chenica
sensors,dﬁﬁhﬁﬂ¥mof_various_other sensors. Actuators mapcqhgyR8d Ntegrated
into the cromachi ned device such as, for exanple, resistive heaters,

el ectrodes for electrophoretic or electroosnotic flow, electrodes for

el ectrochem stry, valves, 10 punps, and any of various other actuators. One
enbodi ment of a m cronachi ned devi ce constructed according to the present

embodi ment. , _ ted g o the pres:
| neulat i g LA pocindshioBRe sbol MR bl e RoRe X R edhudeBr o

the fluid wishthectaowym and/or ecegels.in a thermal |y conductive region. The

fluid 15 conducting . hermal Ly insul ati utl et .portion
which carries fluid IE&&gyeﬁﬁﬁq#@ﬁggﬁﬁfgﬁ%%tiw@ B+t (?nngﬁg'af’ﬁ‘gs'f' @ d
conduct i ngnitridecubd$ ertayete place® Iprkinvity BLoneCAnttRS: 1HI0EA SourkPhhnéiBe i nl et
portio anﬂ?outl et portion. Thus, t direction of fluid flow and the

he
di rect iton ote gengiattrshapsaithe ube Rlays ar jrapertantyoledp thatdl seses that is to
say, the di ' ' i e e : and
conduct i Vgh[@g%&ﬁ? B%&\/E?é Iiriz;fthgl ttélgg}tomp'@r f[nlﬂgo §uﬁ1§r%E%%}%@%ﬁﬁ%ﬁ?@ségnduct Ive
st r uct ur esBy Winimiziop strassdsasuste patoatard neseftsfasutisde buoklingnate @voidedt i ve heat

flowis epabl e |lar i fference,.in thermal conductance of the
thermal |y |?\°§)ﬁ&§9w8’m‘? BB@ %@F%a@ﬁg’ df"ﬁ'gn{ 'ﬁéﬁ%SF‘;‘rggsmgF?%eSﬁnﬁ uct ures,
as def i nedinpgmtionde oY limbd %o adiihé AAERE S w@hbb@,rmlram@ﬁﬂ@&&ﬂéﬁgia%eac hi eved
by usin vertv)athl n wal | di nensions 25 (bel ow 50 p for the tube and | arger

di nensitbnsthabany sleessqealigwing\shapa das be dsedt Wpdensuitableppaiiditionsiitis addi ti onal
th | ' ' ' ' t.
mteral o TSHIB R dher (ihehigocs o A B8 uSdd, THE LIaRY AlnefinblBle
conduct i vepartionafieash, tubse ishcermpletaly encadedln edsifigie relativeli dricklaygr ofconduct i ve

SEEUCt U SR el B BB o A o e BB B e 20,
the inl et infdtirlediate Pportiohs IR bvid 18! (SRR BxEhbrye\id eesiaia Yo onnent ,
using mcrofabrication techniques known to those of ordinary skill in the
art. THe geamdrg oyt endothermic reactions using a chemical heat source froman
exothermic reaction, rather than other forms of heating. One example would be
for hydrogen combustion to be carried out primarily in the intermediate portion of
one tube to provide the heat required for maintaining temperature of the reaction
zones and heat for endothermic hydrogen generation reactions carried out
20 primarily in the intermediate portion of the other tube, such that net hydrogen is
produced. The thermal conductance properties of the silicon structure should
provide a substantially common temperature throughout the silicon layer. As
such, the region of silicon or other thermally conductive material within which the
intermediate portion is encased may be referred to as a "substantially isothermal
25 themmally conductive region.” Without intending any difference in meaning, the
region usually is referred to herein as a "thermally conductive region." By way of
example only, and without intending to limit the pfesent invention in any way, the
aforementioned "other thermally conductive material" may include any metal, such
as copper. The inventors believe that providing such a region would provide a
30 substantial advantage in heat integration of multiple process streams in

micromachined devices.
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3 0 MAR 2006 WO 031013729 PCT/ US02/ 23305 may al so be packaged with IR
reflectors lining the vacuumcavity and low emssivity coating on thgMAR 2006
device itself to minimze radiative heat |osses. By way of exanple only,
and without intending to limt the present invention in a silicon
subst r at eYRY'B&%coated. with an IR reflective materi al P?Séﬁ@%ﬁ%l um num 5
In an enbodi nent of a m cronmachi ned device for fluid processing constructed
according to the present invention, cold fluid reactants are introduced

t hrough a substrate at roomtenperature to a thermally insulating inlet
portion of a quidgél.?,g | T Iy r rted to an
I nternmedi ate portion o gﬁ?}%@?‘eui gﬁ%%% ué‘!’%é%‘%@ghgﬁ?%%u%%g%&@e@' in a
t her nal | y woraltheninably cendustive iliton stracturesmay bemsovided trespart hiorfedd at e
portion of the fluid conductin ube., Lnportantly, however, the fluid may
react whi |%oqcﬁlcilmchhﬁse?ﬁ)&tﬁgtraalbroqqq%#l ﬁf’fﬁ“"eélﬂ?o\ﬂ pethemaliliph fer ¢ he
fluid condngitirseuperaton bstWeewithe hbtlfmiagPéawirsy}hettﬁ@nialuyic%nﬁ%tﬁ%%gﬁnar e

e Tlul

transported to a thernmally insulating outlet” portion of t
conduct ngthreigh ampuiistparinmef @ silicen nifidestube anddhe icold ity entenidg the ve

structures e ' | qut.l.e ortions,
heat is tr@%ﬁpgﬁ%WP Q%Qr%qg%ﬁﬁ%@ B%’E%ﬁ‘%ﬁ?’w‘ﬁ% S@@%Pﬁ"ﬂ%ﬁlﬂtﬁ%ﬂ&of t he
flui d condpiatinug Heabsr/tempetatude sending registar{TSRI) withfeur lebas spspdnided of the
fluid conducting tube. Owla/ a m nh_'rral armlrynt of heat is | ost by way of
t her nal coﬂ%"&tgﬁﬁu??ﬁ BiegRoereVer &thegna c?‘?'}%‘°¥"(&)§eg'%‘- Aowilkbdstrate. 20
(ne type Oﬁnéérétéféﬂ,tﬂg%@éé’&f Shdiita grgg irf ng\%réfﬂlthé ﬁ?ht;’éﬁrr]ﬂ?ﬁ ?‘sré%%ﬁﬂ?aﬁfgaenw ronment .

is a suspended fluid conducting de of a m cer am [

i nsul at or
(silicth niesistive heataraBygaeasuringshe yoltagendropi andeanrent asrossthie résisiod

managenent nerRokoirBtiSBRL B8 tbiePertee et e ferndrafle B Bithcrtet y o5
conduct i vecambé detetmiirsdda nAcadrdivighysthiehtesated argd theciansesmag berdsinglemai nt enance

of a local thernall ni farm regi.on and heat exchang et ween vari ous
orocess. steusebaving il Penationalsvor 1y Gt b separale devias. dAUIBR: | ot

portions oheiifs Ahd'teinperature sensors may also be included at various locations on the
15 device. The materials used for construction of the heater/TSR are known to those
of ordinary skill in the art. Alternatively, heating may also be done radiatively or
using thermoelectrics. There is no direct silicon pathway between the thermally
conductive region and the surrounding silicon chip (substrate).
The present invention also provides a portable power generator
20 including a micronﬁachined device for processing a fiuid stream. The generator
may be comprised of a micromachined device, such as is described in Examples
3-5 below, wherein the device is in communication with a fuel cell. A preferred
product produced by the micromachined device is hydrogen, which may be used
as a fuel in many known fuel cells. Alternatively, hydrogen and carbon monoxide
25 may be produced by the micromachined device and used in certain fuel cells.
Another embodiment of the present invention is a refrigeration
device, such that the thermally isolated structures are at temperatures lower than
the environment, By way of example only, a Peltier cooling device connects the
thermally isolated tube region to the substrate. Applying voltage to the Peltier
30 device causes heat to flow from the thermally isolated tube region to the
substrate, effectively lowering the temperature of the thermally isolated tube

region relative to the substrate and the environment. In one embodiment,
17



conducting tubes. The fluid conducting tubes may be further insulated using
aerogel s or can be vacuum packaged. The fluid conducting tubes are GHUARI MG
30 packaged within a sealed cavity in the substrate. The cavity can be
filled wwth an__aerogel to reduce thermal conductivity U5h9i8)sze em ssion
"l osses orWPP¥UAR’be evacuated to minimze convectivel conductive | osses. The
IR reflectors and/or low 15 3 0 MAR 2006 WD 03/013729 PCT/ US02/ 23305

em ssivity coatings described above nay be utilized either alone or in
conjunction wth the vacuum and/or aerogels. In one enbodi nent of the

present i nefhalR eordiRt b hLnh de din
proximty to _oﬂgﬂ?not hgéb §igﬁ<§tgfbn§?dod3§egwgﬁh%{d§% léwl?lﬁ@j eneélr%g'fjmé ape of
t he tube pperiensef theflid eenducting tibbe.t Tbe tharmally cesduding stiuctures sérvesses i n

Stresane, e e PéaffiefividBabat bedun i ing SREN . Bibida tRsRAl ui novy.
whi | e onl yefficiene) aPles! thesrhnally fsoltingtubes 806 Seshbat Sichangée bPinefthe | NVeNtion

is not limted to a tube having a U-shape, but rather 1t is contenplated 10
that any siniebaad ogletstrean §ﬁ@4§§°dﬁ‘?'fﬁ'§e%EQW%W%am@mmlw@dhet ions it is

D by Lpalicdie Sd rahianChodd ReriBlrdtfre TGS al BRoLaRM: foIkBH™" 2 ©

portion) of ea ube 1s conpletely e Ina singlere t hi ck
| ayer of keéreinowhick aefer tabighdemperatitessshould aleo bercninktraet éménvsiohange:

bet ween the internediat ortians .pf .the t t yhes. Such heat exchange is

desirabl e PRFAHE! %ﬁtﬁmﬁeﬁ%‘%&%ﬁ E@H&&Bﬁ&'ﬁpﬁr‘*@&&%%&%E"Yfg‘?%e’i cheni cal heat

source froman exotdyes BinbotipAgitiiicrombbsined FRVicBldopsriGkaBceédiRabl Ng. One

exanpl e woul d be for hydrogen conmbustion to be carried out primarily in the
0

i nt er néHi athe REesant dnvestion sy ingldedlyidheendugiing tubasauith atlgastane static

ot ai i el ‘ ' ) 0 .
v ogen ol TSHYsHinfo ot QRS Gy BE B BB wRIinte e BRERMR T° .
portion ofthetebat Tkese niikng strotiutdstamibe dasigned by those skiliedlin ¢lde aflte t her nal

conduct ancgnd%\(l) :%roglrhge in f?l]:a ffurl1 arsuij lrrixa?yol?e ﬁ'ntz;;ouri:atnlt' rfc?r rseggttljclm% as well as heat
transfer. These mixing structures may be positioned in an irregular pattemn so as
15  to result in a increased mixing behavior of the fluid within the tube. The mixing
improves thermal uniformity of the fluid within the tube and decreases the diffusion
distance of fluid components to the wall. The static mixing structures could also
be used to mix at least two different fluid streams.
. “The present invention also anticipates the possible inclusion of
20 heterogen'eous catalyst into various portions of the micromachined device. The
inner volume of the intermediate portion of the fluid conducting tube, which may
be encased in the thermally conductive region, often must include catalyst. The
posts or other equivalent structures described above may also serve the function
of catalyst support in order to increase the catalyst area and decrease the
25 distance fluid components must diffuse to contact catalyst. The micromachined
device of the present invention also may include other known structures for
catalysis in fiuidic systems. Such known structures include, for example, porous
catalyst supports, closely spaced posts for use in trapping powdered catalyst or
passive fluidic stop valves designed to localize catalyst deposited from solution.
30 The space between a set of such "closely spaced posts” is smaller than particle
size of catalyst to be retained.
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provide a substantially comon tenperature throughout the silicon |ayer.

As

such, the region of silicon or other thermally conductive material WSQOMAR 2005
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glass tape has some benefits because it is thermally stable at high temperatures,
which helps in manufacturing flexibility.

One representative class of applications of the present invention is

as a gas-phase chemical reactor designed to conduct high-temperature reactions

in an efficient manner in a small system. One particular application of a gas-
phase reactor of this type is in fuel processing for portable power generation, as
described previously.

An embodiment of the present invention, desirgned for the specific
application of portabie fuel processing and power generation, is the gas-phase

_chemical reactor designated generally as 1, shown schematically in Figures 1(a)-

(c). This particular embodiment consists of a thermally conductive region 2 in
which the chemical reaction may occur. The thermal conductivity of the material
from which region 2 is constructed and the geometry of its structure allow the |
region 2 to be substantially isothermal when the reaction is occurring. The region
2 is connected to a substrate 3 by two fluid conducting fubes 5 and 6 in order to
allow two separate fiuid streams to be passed through the region 2. Fiuid flows
substantially along the longitudinal axis of each fiuid conducting tube 5 and 6. For

ease of presentation, going forward, the discussion will focus on fluid conductihg
19
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conductive region and the surrounding silicon chip (substrate). The present
i nvention al so provides a portable power generator 20 including a 30 MAR 2006
m cromachi ned device for processing a fluid stream The generator may be
conpri se f I.cromachi ned device, such as is describ ' les 3-5
bel ow, mﬁ¥$8?ﬂ3 e device is in communication with a fugnggp . A preferred
product produced by the m cromachi ned device is hydrogen, which nmay be used
as a fuel in many known fuel cells. Alternatively, hydrogen and carbon
nonoxi de 25 may be produced by the m cromachi ned device and used in certain
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structure protruding i_nwar romthe tube walls into the interior of
the iniet portion 5b or removed from the outlet portion 5a.

The fluid ‘conducting tube 5 is fabricated from chemical-vapor-

15  deposited (CVD) silicon nitride, preferably using the mold and release technique
described below, and preferably has a wall thickness of 0.1-3 ym. The very small
wall thickness inhibits conduction of thermal energy along the tube 5. The
thermally conductive structures 7 and thermally conductive region 2 are
composed of silicon, which has high thermal conductivity. The thickness of the

20  minimum dimension of the thermally conductive structures 7 and the thermally
conductive region 2 varies from 20-200 ym. The region of the inlet portion 5b and
the region of the outlet portion 5a of the fluid conducting tube 5, which extend from -
the substrate 3 to the thermally conductive region 2, are each approximately 3 mm
long and the inlet and outlet portions are spanned by 3-14 thermally conductive

25 structures. It to be understood that while additional structures improve heat
recovery, decreasing marginal utility is seen with each additional structure. The
thermally conductive structures 7 are 50-500 pm wide (measured parallel to the
longitudinal axis of the fluid conducting tube 5) and fully surround a region of the
inlet portion 5b of the fluid conducting tube 5 and a region of the outlet portion 5a

30 of the fluid conducting tube 5. The thermally conductive region 2 is approximately
2 mm long and 1.6 mm wide. Within the region 2, the inlet portion 5b of the fluid '

conducting tube 5 and the outiet portion 5a of the fluid conducting tube 5 are
20



the tube. These m xing structures can be designed by those skilled in the
art to inprove nmixing in the fluid and nmay be inportant for reacti §iisMARSI006
wel | as heat transfer. These m xing structures nay be positioned in an

i rregul argRaih8%9 so as 15 to result in a increased m XipggnReadsor of the
fluid vmt%n the tube. The mixing inproves thermal uniformty of the fluid
within the tube and decreases the diffusion distance of fluid conponents to
the wall. The static mixing structures could also be used to m x at | east
two different fluid streans. The present invention also anticipates the

ossi bl e icagh S QARG s of
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catal yst supports, closely spaced posts for use
catal yst &9 alsga@ended ta contlust heatrbe,twmnshej Ertermmkhttacpdrhmml cufztebe‘saﬁ ahnylst

pontan 1 s O oEEERNY Fafificive oG EE T arg AU Rt FecyPerRioR batiedt theh 570"
MAR 2006 mﬂﬁrﬂdﬁsa%nla@{ﬂésgaﬂmaﬁﬁoﬂ\ﬂgbég netal catal ysts have been

i ntroduced successfully into the  fluid conductlnﬁ tubes by the inventors
t hroudf standard meﬁgur@?é@ﬁ&paewngte&qﬁrmnqn@sogmn ﬁh?@xﬁﬂmﬁﬂﬂtl@n@fcorrpound

o ckod or HhferBddinehfotine (i ieh boBucBli s sl bRl 1P, o 20
further ddekrihdsdbatoenson thmeiementlsembemnglesad in ﬁlgur&sh‘la(at)—(rb)es uegj n wetted
with cat alFBfgure 3! ssls(.)uve%ea of thate & w?ucth S ggR/ters%s a pempergfure sensor,

; may be integrated into the structure to allow for electrical heating (for example,

15 during startup), as well measurement of temperature during operation. The
resistive heater trace 9 is disposed on an exterior surface of the thermally
conductive region 2 and heats the region 2 to the desired operating temperature.
The resistive heater trace 9 has a plurality of electrical leads 10. The inlet portion
5b and 6b of the fluid conducting tube 5 and 6 and the outlet portion 5a and 6a of

20 thé fluid conducting tube 5 and 6 are disposed below the leads 10. The
intermediate portion {not shown) of the fluid conducting tube 5 and 6 is encased in
the thermally conductive region 2. Thermally conductive structures 7 span the
gap between the iniet portion 5b and outlet portion 5a of tube 5 and the ga-p
between the inlet portion 6b and outlet portion 6a of tube 6.

25 Figure 3 is a scanning electron micrograph of a fluid conducting tube
5 showing posts 15 projecting from the tube walls and disposed within the inner
volume of the fiuid conducting tube 5. The posts 15 are disposed between the
bottom wall 5f of the fluid conducting tube and the top wall {not shown) of the fluid
conducting tube. A side wall 5e of the fiuid conducting tube is also shown,

30 removed by a gap from the posts 15. These posts 15 may be disposed in one or
mbre of the inlet portions of the fluid conducting tube, the outlet portion of the fluid

conducting tube, and the intermediate portion of the fluid Conducting tube. The
| 21



of catalyst deposition. During evaporation of the water, the netal conpound
precipitates on the walls of at |east a region of the fluid conductiht)MARiBSE
This solid is then reduced to a pure netal by reacting it with hydrogen at

el evat ed rature, as is known by those of ordinar ILL.bn the art.
A nunber %’80%@;@% gues for packagi ng enbodi nents have be%cnﬁ&ﬁt%)rﬁsshbed by the

I nventors. The use, of glass sealing techniques has been explored. The
greatest success has been found with a glass transfer tape used as a
preferred adhesi on | ayer between the substrate and packagi ng | ayers. The 15
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reactor of Lhis typeadditiomalhtiRonRirfiiREeaRpI6bf AN BN AMET aRRBRAN | O, a3

described previously. An enbodi nent o6f the present invention, designed for
t he speti f Figureafhia)iapgtfiiguwect(bpoFigurs 4(ah iscd spherveticiapyesardatimvefrargener at i on,

I's the gas; ] | enerally as.1l, shown

schenat ?ca?'ﬁ?egﬁ]ﬁ{ﬁgﬁﬁéé;ﬁ‘g’?éﬁ&géﬁ)‘{ Bgﬁﬂfﬁﬂgtsﬁg\‘" ia&ﬂsélb'%HB%'H?%ﬁ?O%ﬂéi sts of
a ther mal | gisposatlglbngavittetbernally condustve Stridigres!TE tha inleEa6Hib® Bb B h@CCUr .
The thermaﬁ, ondgctivit c\p’r %he rT1ate_riaI fromwhich region 2 is constructed
and the geBHECPD B‘Ff'n%%?t -u€esilawillanhense CPB%QSW“’Pfttgewf@DEEQYafmmal ly :
i sot her mal {hal¥Riig | eXhemtaikd ' | ed to a
substrate t3 by Itmhﬂﬁlﬁ\ﬁ?ﬁ&%%gsglsl ng udgggu%tngﬁséﬁ‘%%ﬁggrtéetbé%n%ﬂ%ﬂﬁ | ow t wo
separ at@ ftubed, sthasameat maydhen bedtansfereddh repions eflower2emperateref | ows

substant | ooty B3 b8 UL, R itRalin BPBIL S HeCREHRES P 5
AR o e e e B e o
" be 0% tube gvl IggstsI 185C::lajr%sallgc? di%Bgsédei?\ tﬁg liJriiaterr%edigte ;lJJor?ion 5¢ ol# thee ﬂuitli >
conducting tube 5. The intermediate portion 5c¢ is encased in the thermally
15  conductive zone 2.
Figure 4(b) is a schematic top view of the embodiment of Figure
4(a). Figure 4(b) shows two fluid conducting tubes 5 and 6. The embodiment
shown in Figure 4(b) also includes passive fluidic valves 11 for catalyst deposition
within the tubes. The stop valves 11 serve to control fluid flow within the fluid
20 conducting tube 5 such that catalyst is deposited upon the walls of the fluid
conducting tube 5 upon evaporation of a catalyst containing fluid.

B The device of the present invention may be fabricated according to
the method illustrated in Figures 5(a) through 5(k). The goal of the first several
steps of the method is to provide a structure that will serve as a mold onto which

25 the material of which the tubes are made is deposited. The mold will not only
include structures that will define the tubes, but also will include buried release
pits, which will not be coated with material by the tube deposition process and will
later serve to define the thermally conductive structures and the thermally
conductive region. Release pits are critical to the fabrication process. Release

30 pits are cavities within the mold which are inaccessible during deposition of tube
material, but are accessed during removal of parts of the mold using a chemical

etch. Essentially they define thickness of the tube mold side walls, which allows
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generally U-shaped and includes a thermally insulating inlet portion 5b, a
thermally insulating outlet portion 5a, and internedi ate portion 5c. 3,&9‘4AR 2006
shown in Figure 1(a), the tube 5 has a rectangular perinmeter. It will be

understo yever, that tube 5 may have a cross sect éaln[H is circular
or of an;./‘séigt0 ”e{r}9 cl osed shape. The inlet portion 5b andIl Ste@?fg}ﬁgrtlon 5a of

the fluid conducting tube 5 are thermally connected by several thermally
conductive structures 7, as described above, for heat recovery. The inlet
portion 5b of the fluid conducting tube 5 is thernally connected to the

outl et por 5,10 f thermally
conductlveédggé]l‘]@?qug@gw%ﬁs%éégoﬁ%@&gﬁ%gﬁégﬁ?ws#% H}%m\é\@/ﬂﬁ%ﬂ a@b of the
fluid conduateriabintather Ezgiims a@deemnw inahe ﬂ:ﬂloerth? réphastrate 3 and nay
be accessed through_ports t he, substrate 3 s may be introduced to

the inlet portion 5 "P% ussiom Wil focysianea pmelss@ﬁhaag atrigast twgi d
conduct i NGy jdf§te?. Iﬁommrlgﬁhﬁfﬁei oPbSBEPAESAY B UsetRoFFBAE {ffmb

silicon nitride, preferably using t ease t nr que scrl bed
bel ow, 5anoBfmG§JrerIalbluﬂlﬂgetbealsmflommmﬂ(aﬂmraw Mote mqnnhNoTﬂ)mtermwob‘rral | wal

ner a1y WBRETSR, SREHR o/ alind FiofFRaery oAU RRE AR RSt o o

conposed ab athldvedhis stﬂmcﬁheh&léréihgiésbh%d@'a WMﬂaYé Pbbceﬁ'ﬁa{rih ckness of
the 20 -m ni num di nensi on_of the thermally conductive structures and t he

t her mal |y SeYEfRl yariatians: efivinventpss have wwgfyllweecbthe tmesuhsg’atm of the

I nl et por

conduct i ng}5 tu%e@[gﬁaﬁ\ﬂl {&gfﬁgggﬁtﬁ%}#@?%&ghﬁ&&%hu'gr&)ﬁa{" ﬁ itpg‘?%
conducti vemicegshachided deeices ohthepresentrimeeritipn3 nm | ong and the inl et and
outlet portions are nned b -14 the matllht?| Uct i Q\;ﬁ? % ﬁjructures It
to be understood th H%P@HE{?S ‘?g'ﬂﬁ i peRiEle recovery,
decr easi ngmaRrigis\adedfor thet yubs&aﬁ@%y%él%@&éheﬁéiﬁplb' SORlsifdonugf ure. The
thermal |y conductive structures 7 afe 50-50 m w de (measured éarallel to

the | ongiipsdpies) walers asd plaie silicen WaiQfﬁdﬁ@tFPQ wafgs&llews grgorelsniigrsur r ound a

of "t e outjfitshRftofBhanAinRe Rlbiofuent BhdceteENTans But dBR sfibn ? 7P\ °°
conduct5 vewafegalso vﬂorks \mﬂprT(bvei srdish‘hge 1@3 ispatiempdwilh telétively shallew Roleédi n t he

region 2, énhgné g{deet a s ct)\}vrcn) r|Jn |gures %@1‘?—5((':)‘.J 'P(\j dry or wet etchant may be used to

pattern the substrate 103. In the present example, a deep reactive ion etch
{DRIE) process is used to pattern the silicon.
The substrate 103 is then patterned from the opposite side such that

20 the substrate 103 is patterned entirely through in regions of the initial shallow
pattern. This patterning can also be accomplished using any suitable wet or dry
etchant, and the DRIE process was again utilized in this example. This patterning
step is crucial for establishing the final device geometry. The shape of a tube
mold 135a and 135b and a second tube mold 140a and 140D is determined in this

25 step, as seen in Figures 5(d) and 5(e). Figure 5(e)is a cross section of the device
of Figure 5(d) at positions I-I, lI-il, lll-Ill and [V-IV. For ease of presentation, going
forward only tube mold 135a and 135b will be discussed, unless indicated
otherwise. Any discussion of tube mold 135a and 135b, however, is equally
applicable to tube mold 140a and 140b. The release pit 120 geometry is also

30 determined at this step. The shape of the tube mold 135a and 135b and the
shape of the surrounding release pits 120 determine the thickness of the mold

walls. Varying this thickness, combined with a subsequent etch to remove
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conducting tube 5 and the outlet portion 5a of the fluid conducting tube 5
are 20 3 0 MAR 2006 WO 03/013729 PCT/ US02/ 23305 connected by the 30 MAR 7006
i ntermedi ate portion 5¢ of the fluid conducting tube 5, which may be a

sinple ' é;v ?ﬁlg et hat is encased within the region 2 SU%%Thﬁﬁizﬁﬁ‘sat
generated W n-the internmediate portion 5c will be con ucteci I'nto and

t hroughout the region 2. The fluid. conducting tubes 5 and 6, thermally
conductive structures 5 7, and thermally conductive region 2 preferably are
packaged in vacuumin order to mnimze conductive and convective heat

| 0sses t0 ¢drfions!bf PianAbRGRalsRED g!%(t)e?rmlﬁ%etglagﬂ 'Igé\ﬁgéjgfﬁéé’ rrg‘? %Q{,m%eat

bet ween the internediate portion uctive
st r uct ur esasrseandn rdgurerie), Hrawalie etipesitian bl dfthedave mokd, dramichphinhepn 5b

i cr ogr aptinal e SR8t e 8 Fagle gt Posihte B ashr N Ry
const r uct eskpased timﬂfeaéérMe stummt fdi tﬁe eumes’ardé périod fhere Emr bé hal ffaaﬁr%% the

el enent nunberlaﬁ used E (a)-(c) is used in Figure 2. resistive
heat er 2t r JEE@ ?&H‘@F'@%"EH \b@%"@%atepqséﬁﬁél'ﬁt ure sensor, nay be i nt egr at ed
Into the structure 15 during
startup), as well rrggg%]rlge%’iﬁ?@ E&%hbg’%&?gﬁgt&ﬁbﬂthg{ tﬁ??gﬁ{eﬁtﬁw

resi stive fremthe tuhmallsemtcstmnubeseah be pavvided. eFlgure Sw)fsaowstphsﬁlh@ thermal |y

conductiv n 2.,and ats the re erat |

t enper at ur 5’819 aé%‘?ssﬁﬁé”rﬂ%?lgrmt ﬁ@tgeﬁ%&'a“ fﬁqﬁrr'ﬁlth?ia &93@ FIB%I‘I cal

| eads 10. fiifidic lstdpe&alwaﬂeqarmé@ugm tﬁ@DNlEtd?scéésUééisétqaﬁh"ébbm tube 5 and 6
and the out]| et portlon 5a and 6a of 20 the fluid conducting tube 5 and 6 are

di spod€d pRIMiarly.Rostemaseqyt of gubstrate eaa’eermlaaa hsopattasned thyoughauithe of t he
fluid conduetiniild tiBGe BsRBné DRIEHIGERRT Td pddiinchel il InacE AdNG e T egl on

y condu five structure span gap ween portion
5b and outdatalygtaand assigtdn athieving umifand hehbdlgﬂmutlbnfmaetmaﬂwd irnfhet port ion 6b

and Ut o cBRSEAaR behutide Riperiel PG it SERRNBRSoEEN Ty (1 om
the tube valbsEagiYatdrib Afshidd boipatibhRd tAfighout the tube mold space using
15  the DRIE process. These mixing structures can improve mixing of thé fluid and
may be important for reactions as well as heat transfer. The ability of this process
to utiize almost arbitrarily complex device geometries without impacting the
overall processing is important for design optimization.
Following the patterning of tube molds and release pits, the tube
20 mold and the release pits are capped with a substrate material roof 125, i.e., the
fourth wall, as shown in Figurés_ 5(f) through 5(i). Figure 5(g) is a cross section of
the.device of Figure 5(f) at positions |-, lI-lll and IV-IV, while Figure 5(j) is a cross
section of the device shown in Figure 5(h) at positions I-1, 1I-I}, HI-1If and IV-IV.
Again, the walls at position -1l of the tube mold, are much thinner than the walls
25 of the tube mold at position lll-lll. Accordingly, if both areas are exposed to the
same etchant for the same amount of time, there will be wall fragments remaining
at position 11I-11l, but not at position 1I-1l. Several strategies can be used for the
capping layer. A thick substrate materiai roof 125 can be bonded to the original
substrate 103, and then thinned back to desirable thickness through either
30 chemical or mechanical machining. Alternatively, an SOl wafer can be bonded
with the thin silicon side down. The buried oxide in this case provides an etch

stop for the chemical thin back of the substrate material roof 125, leaving a thin
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vol une of the fluid conducting tube 5. The posts 15 are di sposed between the
bottomwall 5f of the fluid conducting tube and the top wall (not shg\@fn) of
the fluid conducting tube. A side wall 5e of the fluid conducting te MARS1006
al so shown, 30 renoved by a gap fromthe posts 15. These posts 15 may be

di sposed wip ey nore of the inlet portions of the flﬂgﬁsﬁgm&cti ng tube,
the outlet portion of the fluid conducting tube, and the I nternedi ate
portion of the fluid conducting tube. The 21 3 0 MAR 2006 WD 03/013729

PCT/ US02/ 23305 arrangenent of the posts 15 in Figure 3 is neant by way of
exanple only and in no way indicates any limtation on the configuration of

post sI conranﬁiﬁf wrel?fib%t_! birthe prigisainhickmassrifiton Sg@\g@érj mg{heof)ﬁer algmgéﬁm,t i Z?b)
exanpl es of post i sposi.tion are seen in i'gure 4(a) an I gure :
Fi gure 4( g)suggtr%teé ﬁ@ﬁﬁg‘gg“ﬁ:@}?ﬁ%§§ﬂtb§th%‘ﬁiegid'r§ﬁﬂy g}rm%me@uhwate nventi on
and partigggarly shows a possible position of posts 15 disposed along with

thermal |y conductive structures 7 in the inlet portion 5b of the fluid
conducting tube 5. $iiesrscapping slibsiratemonly 20ndu dhiclo havé beke utidedan gy from

the flwided : Lcinit h hermal |y conductive structures 7 to the

val | o#l tﬁdgﬁféh]&ué@%g?é’v%e‘&%u %%§ptl r\p@erghé%pggalgﬁ]yah@ EAPRIAG SUPStERIR ons of

| over  t enfiickaiess eetdrimirasghetilickitdssWwithe &5 WallsTruchlies 400haalizogs of posts

15 and structures 7 will  further assist in preventi nig'gdl ssi pation of heat
Bdrecessgyitisa

away fronPeeiein Fgure@(@; figuresSff) aRd S showth nSQimwafal so di sposed

 ihe i ; . A o .
|t e edi Sy B8 ¥ SuRifate fidtetfal fof'128 defblellyin K Whd FidyiBT s 087 e o
Fi gur e 4( bfji) shovathecproness with ap SOlaaohH125 wafer@ftedthimbackf Figure 4(a).

Fi gurg.4(b) shows t flui.d conducti bes .5 and 6, ,The enbodi nent shown
in Fi g%re 4(b) al soﬁblﬁ%ﬁ?%'&s Qs%%g‘%ﬁﬁél‘?ffféf%"%? fﬂ’efrﬂ?ﬁéégﬁﬁr%

deposi t i owith Wnifddaediteleasd pits. Alensritied Abvos, this BBF¥AidcoNss B fluid flow
within .the fluid 20 conducting tube 5 such that catal yst 1s deposited upon

the wal | s2eieYafbinia yaipty ObAUNGE Ways Fapexampigomoss Hia it ebstntedayarsal yst
cont ai ni ngaf hilighinated together to build up the mold structure and release pits. The

structure could also be built using electroplating'with sacrificial layers or other
15  rapid prototyping approaches. |
Following the capping step, the tube material 130 is deposited on all
the exposed surfaces of the mold, as also illustrated in Figures 5(f) and 5(g). The
inventors have utilized a low pressure CVD technique to deposit silicon-rich silicon
nitride films 2 pm thick. Electroplating or eleciroless plating, wet deposition of
20 ceramics using sol gels, and other processes known to those skilied in the art may
also be used to achieve the deposition of other tube materials. A key feature of
this step is that the release pits 120 have been seaied in during the capping step,
and are not exposed during the deposition step. The tube material is therefore not
deposited inside the release pits 120. Once the release pits 120 are exposed in
25 subsequent processing, the substrate 103 surrounding these release pits 120 can
be selectively removed while leaving the tube formed in the tube mold 135a and
135b intact. This removal is accomplished by using a liquid or gaseous etchant
that selectively removes the substrate but not the tube niaterial.
The next step, shown in Figures 5(h) and 5(i), is directed to pattern
30 masking layers on at least a region of both the top and bottom of the substrate
103. If the capping layer selected is an ultrathin substrate, both sides of the

substrate mold will be coated with tube material, which can be patterned using
25



The device of the present invention may be fabricated according to the
method illustrated in Figures 5(a) through 5(k). The goal of the first
several steps of the nethod is to provide a structure that wll sedeMilsi0ss
nold onto which 25 the material of which the tubes are nade is deposited.

The mol d Wwid 39088 Only include structures that will defpppuéhpsfybes, but
also will include buried release pits, which will not be coated with
material by the tube deposition process and will I|ater serve to define the
thermal Iy conductive structures and the thermally conductive region.

Rel ease pits are critical to the fabrication process. Release 30 pits are

e ;> . : oy > 0 of tube
materi ol hOneOBpAp oHd Whee TooXIREr SEor S BEbLPE AET IS kb E S -

chem cal sliasin. wikbedhinnatl Iback he shedediiiedcoxitie tdyeedn wifich tasd tiBdumeld si de :

I'l's, whi |1 3 2006 VWO 03/ 013729 PCT/ USD2/ 23305 sone nol d

\Q?deam | sl‘f’gd%@ag’%éfe&‘?&r m&g‘ Fﬁﬂ'ﬁsé'%ﬁﬁa B yshel hesugetralg will beat eri al in
other regi iiedamchen@rdrgshropriseamasting yBewlrHAY t@FHésc\iA%p-U%ﬁetg GRgent ~
di scussion will focus on a process utilizing at |east t substrat es.
Howeverd Paiained ogthemaskingsssiasay These srasking Isyersiptetechthermibdirat in

structure, . di ' rate, Mre than two patterned
or unpatte?thdg%élgétél%r%% rFQ@grgfsd@{H%tgg%Hg’gﬁﬁfe@%ee.l:%s coul d be | am nated
toget her to achi evéitithis step ome mayeaisdideposit aies paitdracbther MmateriBlsSorPaier at e
process- havi several variatiops. The inyentors have successfully used the
t wo- subst r¥t eﬁ?i‘&%ﬁbﬁt'@%m 1 EQ’" ?mplﬁoﬂ@ igvenfershave dapagited thineat e 11 ui d
conduct i ngfjlindRstplatinuPwith & tAFRRBANRTadify 6P eﬁ&%%eﬁ%aferé gugntion. The
two-substrate process begins wth a thin su gtrate. e nmaterials used for
t he sullst rigsistiveiemprrpiide sensersdhmughdanetsals keown tothase ofiondinaytskil) inwaf er s

d pl ai Ll N f L : | f defi niti f
fu-be shans o TREMEHTRBEr e Eocklio i SRl Bhedieotaich, 10" °
waf er al sowa@ehkpioyedl . The substrate 103 is patterned with relatively

shal | ow hol es on one si ?_I'e, s, shown in Figures 5(a)-5(c). A dry or wet
etchant may be used QRrpe the substrate 103 is exposed in strategic areas, the substrate

may be exposed to a substrate etchant for a timed etch. Figures 5(j) and 5(k)

15  show the final released tube structure. Figure 5(k) is a cross section of the device
of Figure 5(j) at positions 1-1, [I-li, HI-lll and IV-IV. The etch is controlied, for
example throtjgh timing, such that the thin substrate walls are removed completely |
while leaving substrate in areas with thick or masked substrate walls. For silicon
substrates a number of silicon etchants have been used with good results,

20 including potassium hydroxide solution, xenon difluoride, fluorine, nitric
acid/hydrofluoric acid mixtures, etc. Two fluid conducting tubes 105 and 106 are
shown. For ease of presentation, going forward, the discussion will focus on fluid
conducting tube 105, However, the following discussion applies edually to tube
106. The fiuid conducting tube has a thermally insulating iniet portion 105b, a

25 thermally insulating outlet portion 1052, and an intermediate portion 105¢. At

~ least part of the intermediate portion 105¢ contains at least one passive fluid stop
valve 111 and is encased in a thermally conductive region 102. The inlet portion
105b and the outlet portion 105a are contacted by thermally conductive structures
107. The fluid conducting tube 105 is encased within the substrate 103 and the

30 inlet portion 105b and the outlet portion 105a may be accessed by way of ports
104.
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pattern the substrate 103. In the present exanple, a deep reactive ion etch
(DRIE) process is used to pattern the silicon. The substrate 103 is ¥IigeMAR 7006
patterned fromthe opposite side such that 20 the substrate 103 is

pat t er nedyg:k oiﬁllrny through in regions of the initial Shaﬁ%l‘?ﬁ‘ém@ﬂ)t ern. This
patterning can al'so be acconplished using any sultable or et chant,

and the DRIE process was again utilized in this exanple. This patterning
step is crucial for establishing the final device geonetry. The shape of a
tube nold 135a and 135b and a second tube nold 140a and 140b is determ ned

0o Te 25 o1 ep, a5 Oltfst fhal HH@DREd InskiOnB iBhos GiAYBIERor, 5,2 31 °50

section of the deV| Ge ure at positions 111-111 and
| V-1V. Form@ﬁwsomcbﬂmrﬁ@ra&)(a!mplegmehg\prégnammemmquewﬁh/Dmi plafidga and 135b

wi || be discussed, at r\m,se. d| scu of tube nold
135a and 135b, howe BP &%Q{%gh%q@qh%%ﬁﬁm'ﬁg PEP §bde SQ? éh?éfeaﬁ'ﬁy 140b.
The rel easgarpbf theHubgtrateinbld ¢4n aéamdéqodéﬁﬁmmt@at@a vitH he3lis®- The shape
of the tube nold 135a and 135b and the shape of ‘the surrounding rel ease

pits 120 dJeptarig.ngh mhtth!ﬁd}{ﬁ@%'@ the tlﬂwa\ahlwcenduﬁweﬁmmrgsa inteigsatedli cknessi
conbi ned r /013729

PCT/ US02/ %@%g‘% stz,]c%t o) P[aﬁhé%ﬁ‘%d lﬁﬂﬁ\é? t@fﬁbgtr%@m&%ggl % 6) I nal device
shape. Forsel&etaﬂrt@remamm'emeltwoFtrgw eordldpur sides obthedulbé nmatsidli on 11-11 of
the tube nold, are ch,t hi nner h s.of the tuhe nold at position
I11-111. Accordingl SH"EI WOE(&Fﬁ s of g'gssu&s& @x"ﬁ@Leé@! quﬁ@dﬂﬂbthéttﬁh%?a or the
sane tinme g§ebAfolidaahroughl don%llm%lthuckﬁ@armbﬁlboﬁ%&da@bﬁ@ 18ferB GRHhEN

111-111, but not at position 11 is also during this second pattering

step tiht Hickneseandshapeohthe patiamn imEiqurescb@irnd 5(e dherdeptubthecan be
provi ded. ﬂbggrn?afélg% %‘Pﬁmﬁ?ﬁﬁ&%ﬁnﬁ&lu’;’é G{Fﬁth&ﬁ(ﬁgsé’ 8 Subdtfatethigh aid in

cat al yst depositi I C stop valves are
f or med usi paftarhed Wﬁums)ﬁ(wandﬁ(e)eﬂndlmad]ustmg\kbe eléh &pth) arly, posts made

ising the DRI E pr ool aali BIeRe i PenEdled ndorine ot dpe pilastate © e
mold integrated with the tubes themselves is a substantial improvement over the
15  prior art. This is achieved by including well defined release pits in the original mold
substrate in areas of the mold that are to be removed and by masking substrate
surfaces with a desired hattern in areas of the mold that are to be retained in the
final micromachined device. It is to be understood that while Figures 5(a)-(k)
address a micromachined device, the process of using a structured mold to form
, ‘20 integrated structures, which are structures that remain together after material
removal steps, may be useful for a variety of non-micromachined applications.
Figure 6(a) depicts a top view of an embodiment of the present
invention showing the utilization of vacuum packaging 12, reflective coating 31,
and low emissivity coating 32, the benefits of which have been set forth above.
25 Figure 6(b) is a side view of the embodiment of Figure 6(a} further showing the
use of a packaging layers 33 above and below the device layer ia.
| Figure 7 depicts an embodiment of a thin-walled tube of the present
invention. In this embodiment, the fluid conducting tube 5 is substantially U-
shaped and possesses an inlet portion 5b, an outlet portion 5a and an
30 intermediate portion 5c¢.
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catal yst and assist in achieving uniformheat distribution fromthe fluid in
the center of the tube out to the tube wall. Fluidic nixing struct glcdARnatfe
out of substrate material nay al so be patterned throughout the tube nold
space usi e DRIE process. These mi xi ng struct ur escsaiol ve m xing
of the f|‘9u19897§185fg may be inportant for reactions as wel I§l as P\ié%?és?ransfer.
The ability of this process to utilize alnpbst arbitrarily conpl ex device
geonetries wi thout inpacting the overall processing is inportant for design
optim zation. Followi ng the patterning of tube nolds and rel ease pits, the
tube 20 nold and the release pits ghg Red with a substrate material roof
125, Le., the fourth wall, as shown in Figures 5(f) through 5(i). Figure
5(g) is a cross secthigiredi(a) ankFiguve 8¢) showithe resulsiof adfinitecsleémenns |- 1,

i gur o PRt or Mld St ol dng i o5biing 56 98B 4T agai n- the wal |
at posi ti anicrémathinéd tbwict coastitdd astsrdingah thé praseht invaptiehandel | s 25 of

the tu nold,at _position Il11-111_. Accordingly, if both areas are exposed to
t he sgfre ﬁ%tomemmﬁﬂns&%e'aﬁﬂuﬁpa@wl@r genulatiosy mogelsithpdeahl | fragnent s

remai ni ng gyghaf \‘driéjge\}iéé bh{}r‘ing DifatiRla fibicﬂ%?ﬁ%&i‘i?ﬁu :e'-a'li[)n[%ﬂﬁf‘é & .
strategi es can be used for the "~ capping layer. I'CK substrate naterial
roof 125 cHibW (BOAFEY with tha subsiraterheid ab8HYF (30 ¥C)1 A8gleatiny bissas froimned back

to desirable thickness through eit 30 chem cal or chani cal nmachi ni ng.
Al t er nat i Slbpﬁxpea{f?r §E§G%Pfe&'egﬁhe @Qgﬁé‘?{%y Wgﬁg‘lvf?@t?ﬁﬁ{%-i N%i%n si de down.
The buri echawewds, that & SoraBastie ¥l defy BusdE "ThetaB dh@an bengAemt&al thin
back of the substrate material roof 125, |eavi ngﬁa thin 24 3 0 MAR 2006 WO

03/ 01329 theinleipprtion 285b of dhe fluigdcondustingdtbe 20bAwn theysukstrate120Rnigss of the
sa | . t ' | ' b
bonded ai 1 elpaRe ithe MICHARG kfo thofaty ki HeofFradE o B Rifie 1T T, o
only 20 pninteninegistiepertioaaf tve fllidzeendictingisbe fwhizhiis eatased iptios dsamally el |

as SO waf c?ornsﬂ'uc{i\g? Pcargtl&n%él)’, a%g FettAl tiOQRe Ssﬂggt}artth%S via the outlet portion

205a of the fluid conducting tube 205. These simulations indicate that between

15 50-70% of the heat in the hot stream exiting the thermally conductive region can
be recovered using this design and the recovered heat may be used to preheat
the entering stream over the 3 mm long heat recovery section of the fiuid
conducting tube 205. Calculations also indicate that the conductive loss through
the tube is approximately 0.1 W at a thermally conductive region operating

20 temperature of 1652 ° F (900° C).

Example 2
Theoretical analysis of the behavior of the thermally conductive
region as an ammonia cracker has been carried out. Results of this analysis are
25 provided in Figure 9. The system was assumed to use the combustion of
hydrogen from a fuel cell anode to supply the energy to achieve elevated
temperatures in the thermally conductive region for the endothermic ammonia
cracking reaction. It was assumed that enough catalyst would be present to crack
30 sccm of ammonia at 1652 °F (900 °C). The temperature of the thermally
30 conductive region was varied to refiect the need for higher cracking temperatures
at higher ammonia fiow rates. An optimal operating point for the device based on '

the increased importance of conductive thermal losses for lower power operation
28



t hi ckness determ nes the thickness of the top walls in structures 102 and

107, as seen in Figure 5(i). Figures 5(f) and 5(g) show the processp@,@m Ak
S01 wafer used as the substrate material roof 125 before th| n back

Fi gures 5@ oaish2e 5(i) show the process with an SO roof, {yy%gﬁ)n after
thin back. 10 The capping step conpletes fabrication of t et ol d
substrate wth enbedded rel ease pits. As nentioned above, this fabrication
can also be achieved in a variety of other ways. For exanple, nore than two
substrate | ayers can be | am nated together to build up the nold structure

and r el easdpdd? redipration oldxhanstiiedtdt A émr r BewBHidvbisUsid 8mtidifid figR! ati ng

with sacrificial |ayers or other 15 rapi ot ot ypi ng approaches. Foll ow ng
the cappi figtestigpxprediedt ube material 130 is deposited on all the exposed
surfaces of the nold, as also illustrated in Figures 5(f) and 5(g). The
I nventors have utili zed a low pressure CVD technique to deposit silicon-rich
silicon nitride filns 2 pmthick. EkampleoBl ating or el ectrol ess plating,

wet deposition of 2Q cgranics usin el s, .and ot her processes known to
those 2killed in th ﬁ?%@‘"g Fﬁgi)@@hé&t? Rasticlieg aRRroagh ¢ QU$iBEithE on of

ot her t ubejd¥gfised ?é@phés%ﬁéécicﬁ%f%@pﬁé‘senﬁ RVEntRIreR 4 Eoﬁtﬁﬁ!b polNr! el ease pits
120 have been sea during the capping step, are not exposed during

t he deposiafplieationdpg thqﬂ“@rmabéemmsmn ofa tlwdrrea@iaat mtn fluidgpsoductedin nsi de

the rel ea 25 bsequent

processi n;tﬁsﬁ]xtaﬁ'lgt%gl @&?ﬁ%‘gggtdrgrlaﬁﬁﬁ gtaSﬁéégh?@ﬁ'égé@agﬁgs %20 CZﬁ Sbgu

i gl{)gct i ;/ell%ydr@mm mtrogen I‘mmaeng afuet ¢el|be-!3fdwwd|si theltmefet?tjefuéﬁmd 135a and
| acC aCCco S a |1 qul or aseous

et cha t"RaRY ‘é%if ?Xﬁi Sy thﬁ'&&”? @ﬁse‘%a@'ﬁasaer%{tgmetamg mat eri al .

The next stRpoRhIHe aﬁprsawaméémncﬁmt&sé irensﬁoﬁbd wt&tirés@nm#tern 30

maski ng Iayers on at least a region of both the top and bottom o
subst r at e ingregsed enengy sterppeNgnBillyer sel ected is an ultrathin substrate

bouh31des of e, bRl b A B

insulating inlet portion 5b of a fluid conducting tube 5 to carry ammonia gas into

15 intermediate portion 5¢ of the fluid conducting tube 5. The intermediate portion 5¢
is encased in the thermally conductive region 2, which is comprised of silicon or
another material of high thermal conductivity. The thermally conductive region 2
is maintained at an elevated temperature, causing the ammonia gas to
decompose (possibly with the assistance of a catalyst in the intermediate portion

20 5¢). The material of which the thermaily conductive region 2 is composed is
selected so that the region 2 is substantially isothermal during operation of the
device of Figure 10(a). The thermally insulating outlet portion 5a of the fluid
conducting tube 5 carries the nitrogen and hydrogen products of the
decomposition of the ammonia back to the substrate 3, where they would be

25 directed to a fuel cell (not shown). The hydrogen not consumed by the fuel cell
may be combined with air and fed back through the thermally insulating inlet
portion 6b of a second fluid conducting tube 6 into the intermediate portion 6¢ of
the second fluid conducting tube 6. As shown in Figure 10(a), the second fluid
conducting tube is encased in the thermally conductive region 2 so that the

30 intermediate portions 5c and 6¢c are adjacent. The hydrogen fed through the
second tube 6 would react with air (possibly with the assistance of a catalyst) in

the intermediate portion 6c to produce water and heat. The heat generated by
29



phot ol i t hography and etching, for exanple. If an SO capping |ayer is used,
the silicon will be thinned back to. the buried oxide layer, in whiThM&R3@6
the buried oxide may be patterned. If a thick plain substrate is used t he

substr at t hi nned back and an appropriate maski have
to be de;e)\gg: %elc?pgjnd 5 patterned on the masking surface. #ﬁ[gﬁs&@%%gﬂq ng | ayers

protect the substrate in strategic areas fromrenoval during the device
rel ease etch. At this step one nay al so deposit and pattern other naterials
on the surface of the substrate nold. For exarrpl e the invent ors have

deposi ted : sion layer to
serve as h?H@P ts'&lz‘ihgﬁ'ﬁc)‘fwd}égé}f %@%%5?% ou'llnélré rgt"ﬁ MREH s known
to those af the thenanlly séhductive regiba Zatbtsupﬁmﬁefelnéﬁwabsoﬂﬁw &ﬂ‘ie vapor

dep05| tion usb?)g el ectron- beam evaporati on ce the substrate

103 i s exssemppgitionof the ammenia to Qﬁﬂ%"ag%%‘i@t‘%fé hyﬁweﬂéoewpcf@elcpedo a
substrate etchant for a tined etch. Figures 50) and 5(k) 15 show the fi nal
rel eased tube structure. Figure 5(k) is a cross section of the device of
Fi gur ed50? at posi tions 1-1, |1-1I|, Exainplé® and | V-1V. The etch is.

controlled, for | e r.opgh . timn uch that the thin substrate walls
are renoved conpl et gr&})" \/!/hlfb)e&q%é%ﬁaﬂger@?ﬁf@m?ﬁ‘i f PL& ww;elnﬁoq hi ck or

masked subﬁneaﬁ@teuelshﬁ dgiﬁé 1$)(é)'eﬁﬂ‘uséiwé?bbﬂél§1§ pwel GeREralbnsShit con etchants
have been used with results, i ncl udi ng E)Ot assi um hydr oxi de sol ution,

xenon di f |qa<ﬂwnrts;eoutfthe§tqan@refﬁrmmg@f rae,thamiymdm hiammonig ceackingtior es, etc.

Two f1uid eondy t at
o 1141 EIANG A BUHEIORER 1D cBoa pho e Sderfasag s ent o0
Howgveuo_ tueey ﬁlﬂ‘hlbom thait ﬂmmus?nmﬁamlmhp@umqb?wy ﬁmethdmll-gvla@@r miktwee f | ui d
conductin u r mal ul ati n | et ortion

Chor a1y 3 el Feadtat am Wiith hiireoss nd gaibot dPRe e aTawded,as fidn 1osc.
At | east ﬁ?@ﬂﬁct@f Agham, th@ﬁEﬁ’ﬂbﬁb?h?%bb@ﬂoﬂQ&’?su?ﬁHWﬂr%ﬁbl eARFsuI@Ne

passive fluid stop valve 111 and is encased in a thermally conductive

regi on 102be quabinad avithpair and ysed s madtiaintthe elaveated tepmaiune obthe are
Sontect oo RUmIFSRAYRERGNGL? Ko S RHE S i geli [ ., PontieLing (e
the outsl et portion 105a may be accessed by way of ports
Example 5
Figure 10(c) depfcts the partial oxidation of butane as carried out by
an embodiment of the present invention utilizing one fluid conducting tube.
-Butane is partially oxidized resulting in the generation of hydrogen and carbon
20 monoxide. The products may then be fransporied to and used in a fuel cell.

Example 6
As shown in Figure 10(d), another approach to produce electricity
using the described device in a portable power application is to carry out the
25  exothermic combustion of air and butane in the device. It is noted that the
embodiment depicted in Figure 10(d) uses thermoelectric elements 28. A mixture
of butane and air undergoes combustion, forming water and carbon dioxide.

30

30



104. 26 3 D MAR 2006 WD 03/013729 PCT/ US02/ 23305 Catal yst nmay be deposited
i nside the tubes using a variety of nmethods, including, for exanpl &0 M&R 2006
i mpregnation techni ques, CVD or plating. Inportantly, through the DRI E

et chi ng escri bed above, any part of the substr can be made
to remai ﬁ”ﬁﬁ%@‘;‘?z ted with the tube 5 material. Through tpgltrglsg?iosgoess t he

thermal |y conductive structures are integrated wth the thermally

i nsul ating tubes. Further, the substrate material can be selected to remain
on one, two, three, or all four sides of the tube material. The thickness of
the substrate material integrated Wlé)a ubes can be controlled through
controlling thickness of top/bottom<€ap ng l ayers and the 10 thickness and

slhapebof t he pialt t Sr A kay féaﬂlm]’elec_sf thé d?}lcmnﬁhcﬁ({e)i deﬂi% @fﬁhé fmr?ent hﬁehtithﬁ; may
al SO eCO,ntrO e contro n th thi ckness o0 t Su Strateto e
Lt or nod Brtssaniy i therah sulsts histulesoaraiin rsaagon fora s AnaEmentine

abil ity 1 OThe futitortiba exBRANAr ot thd Bresemhiditio, 8§ ;Iﬁ:@ﬁa%ﬂh@t e nold

i nt egrat ed wt ubes thenselves is a su stantla rodvement over the
15 pri do¥ athermaiy eonductivéregien angd therolallyicampmusiicatingftilbe desighediftgyres s in t he

masii g subLey i Whif eandy bi@RoRh ybaft Wbufat 0 oY fideheddl M ahe ol d ¢ ha
are to be fraétngdis Hedt be thd emirorimemonra@éutmmhrﬂpmme cbﬂvacaumo be
understood that while Figures address a m cromachl ned device, the

process of Paekagingand WQ?DW&{dh VG' PBVQCHPFFH needes ageHes @f sty weld es, which
are struct ghgsem} E‘n Wﬁ{fﬁkﬂo&rﬂ%‘tgﬁés \ﬁ%nre%éag\’ga Sctd¥s a F&igif‘ééll_]egte‘r?gé b ggay be

useful for"a varie non-m cro nac ["I'cat1 ons
depict$0a ttradhermaﬁyocﬁomﬂmchve)mglmat vayious lamhjemtsnessures'eﬁ'hiadﬂvisbmmedgs t he

utilization of vy refl ective coat
o 551 vi 1y SROHR TR TEES- Beenss ot yEs e RS ol Einenl: hedlfbve. o5
Fi gure 6(bjedigtarceséslid beasuidilatedcamiprdbmpBtatale ddllbE dedated HE tHer show ng
the wuse of a packaging | ayers 33 above and bel ow the device |ayer | a.
resistance is a function of the temperature of the reactor. These tests provide
insight on the heat transfer characteristics of the reactor/heat exchanger, as
15 illustrated in Figures 10(a)-(d).
Figure 11 summarizes the results of the tests. Below approximately
40 mTorr, ambient pressure has little effect on the temperature of the reactor and,
consequently, on the steady-state heat loss of the system. Above approximately
40 mTorr, however, increased ambient pressure results in increased heat loss to
20 the air. Figure 11 thus verifies the important role that vacuum packaging plays in

the present invention.

Example 8
Figure 12(a) and Figure 12(b} show fluid conducting tubes 305 and
25 306 with iridium catalyst deposited on the inside walls 305g and 306g. Catalyst
deposition techniques set forth above were employed. Thermally conductive
structures 307 are also shown in these figures. These pictures confirm that
catalyst is effectively being deposited internal to the tubes. |
Figure 12(c) depicts the results of a test conducted with an ammonia
30 flow rate of 4 sccm. In the graph, the signal from a quadropole mass
spectrometer (QMS) is plotted over time for hydrogen, nitrogen, and ammonia.

The voltage across the integrated heater was increased periodically to increase
31

- E"hun g L Ny T



Figure 7 depicts an enbodi nent of a thin-walled tube of the present
invention. In this enbodi nent, the fluid conducting tube 5 is substagl'glmklmﬁ
U- shaped and possesses an i nl et portion 5b, an outlet portion 5a and an 30

i nt er medi {icyzRei7hd ON 5¢. 27 3 0 MAR 2006 WO 03/013729 PC;J’éH@%g/ﬁ%gOS Exanpl e
1 Figure 8(a) and Figure 8(b) show the results of a finit enment

simulation of fluid and heat flow in one fluid conducting tube 205 in a
m cromachi ned devi ce constructed according to the present invention and 5
adapted for conbusting a fuel. This particular sinulation nodels the heat

exchange ftmraa@tmﬁt@m Attre I The Wedph Slovis Ba®tifd bdtvehd m xture
at 1652 OF (900 C V\Aﬁ t he sub\sgt?éﬁate hel d at 86 OF 'bﬁ"?i? neg ectl ng

| osses fr offﬁpﬂeﬁ@"téﬂtllyrth@ NHa eyryektodiydrogen ansknifnogen i{represanted by thecHp ve

d. The cold
1t 1 g ARy AP AAT L BB 020, T
t ube 205 f increaseé (sorrepoatingA03an insreape @i tarhgstatire). hat fhlethighadt vbltase t he .

t her mal ductive regi 202, conbusts in the internedi ate portion of
the T o SO convErsiane Daianaona e Apacaimatan: 3% s EANgatosdmauCr | ve

regi on 2023pn8kithatél ‘ﬁéb%rﬁ@ff—l?ﬁroﬂﬁ%é&r%é e%%%a‘fécf‘tég@?e@iﬂrleﬁ]ﬂféoﬁlét@él 205a of

the fluid conductl ng tube 205. " These sinulations | ween

50- 70% of voltrgedaapproximnatelyt 83’ Fet®08% )i ng the thermal Iy conductive regl on
can be recovered using this design and the recovered heat may be used to
preheat the entering streamover the 3 mmlong heat recovery section of the
fluid conducting tube 205. Cal cul at |Esmmp|bsg) I ndi cate that the conductive

| oss through the tu FPe is (ﬁg{om mately 0.1 Wat a t her mal IP]/ conductive

regi on®perating 20 figwgerakanchi3(bgemovide inauesof a miciamashiped Heyicet i cal -

anal ysi s off EierePEitaY bRvidds d'nddecsrTRE iy raBALREY Wevice 1 at room
temperature. The suspended thermally conductive region 2 is free standing and
the tubes 5 and 6 are U-shaped to minimize stresses during thermal expansion.
Figure 13(b) shows the device with the thermally conductive region 2 heated to

15 about 1832° F (1000° C) using the resistive heater trace 9, which is also used as
a temperature sensor for the temperature of the thermally conductive region 2.
The amount of power required to bring the thermally conductive region 2 to 1832°
F {1000° C}in an air ambient is 1.4 W. This test was performed to determine the
behavior of the device 1 when subjected to a substantial thermal gradient.

20  Significantly, only the thermally conductive region 2 is glowing, with the adjacent
fluid conducting tubes 5 and 6 being substantially cooler. The surrounding
substrate 3 rerhains essentially at room temperature, as confirmed by

. measurements of a reference temperature sensor 26 placed on the substrate 3.
These results demonstrate that the thermally conductive region 2 achieves the
25 high thermal isolation required for fuel processing and the substrate thermal
gradient that is required for co-location of sensing, computing, actuation, and
- power generation in a single micromachined device.
It is to be understood that the present description illustrates certain
aspects of the invention relevant to a ciear understanding of the invention.

30 Certain aspects of the invention that would be apparent to those of ordinary skill in

the art and that, therefore, would not facilitate a better understanding of the

invention have not been presented in order to simplify the present description.
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region as an ammoni a cracker has been carried out. Results of this analysis
are 25 provided in Figure 9. The system was assuned to use the conbustion
of hydrogen froma fuel cell anode to supply the energy to achieve ef BYAR a0t
tenperatures in the thermally conductive region for the endotherm ¢ amoni a
cracki ng (weaghi®gm It was assuned that enough catal yst waugkhg:pt esent to
crack 30 sccmof ammonia at 1652 OF (900 C). The tenperature of the
thermally 30 conductive region was varied to reflect the need for higher
cracking tenperatures at higher ammonia flow rates. An optinmal operating
poi nt for the device based on the increased inportance of conductive

t her mal |Aiss @ithdogh thevere servievendipartes e seribed/ RGO RS HWOWRE /@ 1AM 9

PCT/ US02/ 23305 and poor r.ecuper ati,aon . .of exhaust heat.at. higher power | evels
and ammorribaipants, Bese of SrlRSRANER S afint Pon Ssifing BERmEeRGLr e
10(a), ORRsB#tion %@Qn%ﬁh@ﬁﬁﬁn& enodfidatioh®and %ﬁﬁﬁdﬁm t_Eél%wléhﬁé@ mgact or of
the present invention in a portable power application is the thernmal

deconposité #npleyed: fisingendeschahall sughovariaticas gnd doedilications of & exanpl e t he
fluidgre i 1Al i t ogen and
nitro enqﬁ%e?ﬂégﬁ? gg\gg} u?ﬂ@%lfc?rgagéng?g&éﬁb@ﬁ%lﬁﬂfﬁ&@P@&ﬁﬁgﬁ@é] of 10 many
fuel cell systens. It is, however, difficult and dangerous to store and
transport. This approach allows amonia to be transported, which results in
i ncreased energy storage density. The ammoni a deconposition approach woul d
use the thermally insulating inlet portion 5b of a fluid conducting tube 5
te carry ammonia gas into 15 internediate portion 5c of the fluid
conducting tube 5. The internediate portion 5c is encased in the thernmally
conductive region 2, which is conprised of silicon or another material of
hi gh thermal conductivity. The thermally conductive region 2 is maintained
at an el evated tenperature, causing the amonia gas to
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deconpose (possibly with the assistance of a catalyst in the internediate
portion 20 5c). The material of which the thermally conductive regi of 0MARSI006
conposed is selected so that the reghgn 2 is substantially isothermal
during operation of the device of Figure 10(a). The thermally insulating
outlet portion 5a of the fluid conducting tube 5 carries the nitrogen and
hydr ogen products of the deconposi¢iamef the anmmonia back to the substrate
3, where they would be 25 directed to a fuel cell (not shown). The hydrogen
not consuned by the fuel cell nay be conbined with air and fed back through
the thermally insulating inlet portion 6b of a second fluid conducting tube
6 into the internediate portion 6¢c of the second fluid conducting tube 6.
As shown in Figure 10(a), the second fluid conducting tube is encased in
the thermally conductive region 2 so that the 30 internedi ate portions 5c

and 6¢ are agj acemmcﬂsh%chm%%waeff&qhérh@g%esaﬁ%aﬁgésmetfﬁﬁ@s@emu' d react

with air (possibly with the assistance o cat al I nt ernedi at e
t 0 MAR 2006

0 051 0135 pRARINEE p4A4E baBBlF B ead dReltER oRBIEHT e Undrginat oyt o

mai nt ai Wﬁéé?% rS#nSH %?EQ Wﬁ%ﬂﬁk@ubgfhag Q%é!ﬂﬁfcﬂﬁééé’oﬁ%&%ﬁﬁ "SU‘?m‘f Qg on 2 to

supply the ene econposi tion of ammoni'a 't 0 gener at e

add't'omrdya%pﬁgafaewaf@%fca ng-%b'amém%gzéqeﬂicddéb@ gure 10(b) depicts an

enbodi ment 0 resen nventt on® constr n Figure 10(a) and used
for portable power generation, but carrying out the steamreformng of

met hanol . Asowi t h Hia%hﬁw% G2 fdﬂherﬁ%&??@ic@sé’i y&QPI%S d‘r?éqfu‘?ffﬁ%drfot he

desired product e system eS| Simrar to
|
A %ﬁ@%ﬁbﬁlhé’#lda\?%gﬁnéﬂénﬁ%'E%*% Y il ool 41 )

houl d ﬁ%aﬁ %?%é‘ 5P R forihefita B8 heg St ?ﬁéﬁ%ﬂ?%%”v‘%"é A et ure of
the. hen oy LX (RSB UTndE BbAs B AGHRAL o FBlrb Dot

3. A micromachined device for thermal processing at least one fluid stream,
the micromachined device comprising at least one fluid conducting tube, wherein at
least a region of the fluid conducting tube has a wall thickness of less than 50 um, and

wherein the micromachined device is a component of a portable power generator.

4, A micromachined device for processing at least one fluid stream, the
micromachined device comprising:
at least one fluid conducting tube; and
at least one thermally conductive structure in thermal communication with
a first thermally insulating portion of the fluid conducting tube and a second

thermally insulating portion of the fluid conducting tube.



15 Exanple 5 Figure 10(c) depicts the partial oxidation of butane as carried
out by an enbodi nent of the present invention utilizing one fluid 3.0 MAR 2006
conducting tube. Butane is partiallysexidized resulting in the generation
of hydrogen and carbon 20 nonoxi de. T%e products nay then be transported to
and used in a fuel cell. Exanmple 6 As shown in Figure 10(d), another
approach to produce electricity wusing the described device in a portable
power application is to carry out the 25 exotherm c conbustion of air and
butane in the device. It is noted that the enbodinent depicted in Figure

10(0) uses et ToRke AL hABTb A2 aAnT) Xl 50 R bing

feat ur o ATIGTSTE 151 ol RHRG K R Bt oHEon PR HeROE PRIV TS oo bi ity
t eact or | PedinG R 8 Pe LB bohBTREGHY & ARBLESATT st rated by the 5

thermal |y conductive region and thermally comruni cating tube design of

s 10(g) (g WRIBAEAREN Lk REGKARETS AU Lokl 9551 P2

a small fraction of | e environnen ortance of

vacuum @8&?%?%g stilﬁcoirxﬁenti fy the I evel of vacuum needed, a series of
e |

tests we i ch known voltages were applied across a
resistive heater to heat 10 the thermally conductive region at various

anbi ent presguresyy [ Rgﬁrgﬁ\gékﬁﬁ%&ﬁg\g?% §f clﬁ@Qﬂwﬂe@eiﬁiag ?E{a%t &%@%ﬁ Pﬁﬁ%ngﬁe

current was neasured Fesistance
cal cul at e ki@ UL ed as the resistance is a
functi onC%gPu‘tqﬁg t@%ﬂ%%f%#'?'glf'%tségv!egggﬁé‘?ﬁp%‘ese tests provide

8. The micromachined device of claim 4, wherein at least a region of the fluid

conducting tube has a wall thickness of less than 5 ym.

9. The micromachined device of claim 4, wherein at least a region of the fluid

conducting tube has a wall thickness of 0.1-3 um.

10.  The micromachined device of claim 4, wherein at least one post is

disposed within the fluid conducting tube.

11.  The micromachined device of claim 4, wherein the fluid conducting tube

has a stress-relieving shape.

12. The micromachined device of claim 4, wherein a catalyst is disposed

within the fluid conducting tube.

13. The micromachined device of claim 5, further comprising a substrate

defining a sealed cavity, at least a region of the inlet portion and at least a region of the



insight on the heat transfer characteristics of the reactor/heat exchanger,
as 15 illustrated in Figures 10(a)-(d). Figure 11 sunmari zes the regybw@ Z@
the tests. Bel ow approximately 40 nifggr, anbient pressure has little e $ p
on the tenperature of the reactor and, consequently, on the steady-state
heat | oss of the system Above approximtely 40 mlorr, however, increased
anbi ent pressure results in increased heat loss to 20 the air. Figure 11
thus verifies the inportant role that vacuum packagi ng plays in the present
i nvention. Exanple 8 Figure 12(a) and Figure 12(b) show fluid conducting
t ubes 3 i i iR d B i i Lside wal | s
gﬁxgg%ﬁmﬁdéﬁ&éﬂ ﬁ13hé 5A5Htrat8, SRH WNERdin Qﬁwéﬁtiafg?n?iﬁné Bethk Ml

305g an Cat al yst eposition techni ques set above were

ermp! o echondligh LY aRARBYSk VAN hE WSS 8807 are al so shown 1n these

figures. ese pictures confirm catalyst is effectively being
deposited internal to the tubes. Figure 12(c) depicts the results of a test

conduct ed wi 4} ana #BRMaNIndR Jekr%\é’fér%%r%\;‘s’s;sinﬂa ARG vdnliBSBEABNne L he si gnal

from a quadropol e mass spectroneter I's plotted over tine tor

hydr Ogeﬂnic}Hrﬁdﬂcﬂ%&de@E@ OMPRIg: The voltage across the integrated heater
was increased periodically to rrncrease 31 3 0 MAR 2006 WD 03/013729

PCT/ US02123305 t ' i qfd-ure. The graph shows that the conversion
of ammoni a (reppigesﬁtﬁg@ %@d%ﬂ@BNﬁ%’curve) to hydrogen and nitrogen

(represented by té]geé:@\d Wc%@% ﬁ%%erg&oecti vely) increases as the voltage
across the heater 'S I'ncrease yc rresponding to an increase in

LSSE 3&?&3{ Zi'y ?‘LB%_‘aQﬁ%ﬁ“%ﬁ?@%‘%@@gﬁfﬁf%fﬁﬁﬁdtéﬁ?%E?%%{'éﬁ@ﬂf%@%ﬁ@f s @ : i
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m cr omachi .neq

insu atgneg\/;')cg:rﬁon of the second fluid conducting tube.

15.  The micromachined device of claim 14, wherein at least a region of at
least one of the first fluid conducting tube and the second fluid conducting tube has a

wall thickness of less than 50 um.

16.  The micromachined device of claim 14, wherein at least a region of at
least one of the first fiuid conducting tube and the second fluid conducting tube has a

wall thickness of less than 5 pm.

17.  The micromachined device of claim 14, wherein at least a region of at
least one of the first fluid conducting tube and the second fluid conducting tube has a

wall thickness of 0.1-3 pm.

18. A micromachined device for processing at least one fluid stream, the
micromachined device comprising:

a thermally conductive region; and



1. Figure 13(a) provides an inmage of the fully fabricated device 1 at room
tenperature. The suspended thermally conductive region 2 is free stag@ngﬂﬁ
and the tubes 5 and 6 are U shaped tg,;m nimze stresses during ther
expansion. Figure 13(b) shows the device with the thermally conductl ve
region 2 heated to 15 about 1832 F (1000 C) using the resi stive heater trace
9, which is also used as a tenperature sensor for the tenperature of the
thermal |y conductive region 2. The anmount of power required to bring the
thermal |y conductive region 2 to 1832 F (10000 C) in an air anbient is 1.4
W This test was Qﬁééﬁrdﬁ%muﬁooc%h@ﬂ‘r?rtﬂﬁemﬁ at E%Qﬁé!ﬁé){h %al&f\ﬁsﬂ@ﬂﬁgfe 1 when

subjected to a substantial thernal adi ent Si gni |ca y the

thermal ly condueh gﬁeé% g&lngn thhglﬂQW tﬂald ntghtufaz?ﬂnsﬁg i tﬁé ui d

conducting t bes 5 an ng su stantla c00 e surroundi ng

substrate 3 ﬂf‘??ﬁfﬁﬁméﬂid‘y at roomterrperature, as confirmed by
measurenments of a erence tenperature sensor 26 placed on the substrate 3.

These results denonstrate that the thermally conductive region 2 achieves

the 25 high wher he iitbabbMed 88HE4 SCLIAIRT 14, Wierdlh AFRES1 Sk A8l id he substrate

t her mal graadient t IS requir or co- oca I on Oor sensi ng, COITpUtI ng,

act uat i %poggﬁlwﬁﬁﬂ"ﬁ% ggﬁgﬁrdﬁﬁé)ﬂ_ua Eoﬁu%h@%{u%eral g@%fﬁe&ﬂ by nfn ﬁyspectl s to

be understood that t present descri ptl I'TT'ustrates cer s of
the inv b B‘?& ¥ant to a clear understanding of the invention. 30 Certain
aspectsecciz)sg1 k?(ﬂ'g |n ention that would be apparent to those of ordinary skill
in the art and that, therefore, would not facilitate a better understandi ng

oo | e, e ERECASSEN A 1 G M eaBis e il Presert
pr esent c'oﬂ&‘?&ﬁ/hon has been described in connection with certain

enbodi nent's ose of ordinary skill in the art will, upon considering the
foregoing description, recognize that many nodifi cations and variations of

the inventiop4 rrayrh@ﬁu&ambayﬁ@d dévicd &f dAFCTH GhetdiRthedhermisf bovatétRei ons and

nodi fications of the 5 invention are covered by the foregoing description
and the [fQLh URSthily Bothermal during operation of the micromachined device.

22. The micromachined device of claim 18, wherein the thermally conductive

region comprises silicon.

23.  The micromachined device of claim 18, wherein the portion of the fluid
conducting tube disposed within the thermally conductive region is encased within the

thermally conductive region.

24,  The micromachined device of claim 18, wherein at least a region of at
least one of the first fluid conducting tube and the second fluid conducting tube has a

wall thickness of less than 50 ym.



33 3 0 MAR 2006 34 CLAIMS 1. A mcronmachi ned device for thermal processing
at least one fluid stream the m cronmachi ned devi ce conpri sing at quﬁ ﬁﬁ?
fluid conducting tube, wherein at | t aregion of the fluid cond&c |Nb
tube has a wall thickness of less than 50 pm the m cronmachi ned device
further conprising a thernoelectric device. 2. A mcronmachi ned device for
thermal processing at |least one fluid stream the m cronmachi ned device:
conprising at |east one fluid conducting tube, wherein at |east a region of
the fluid conducting tube has a wall thickness of |less than 50 | am and

wherein the %pr OFRE gh&g%ggﬁﬁé\l?:d\ ?gbi?e ?)f @ﬁi’ﬁﬁé&%er&k af Ietar%% g?d?{)]lg éﬁ%’tm taic

device. 3. Amicromachine 0 | 'pr ocessing one fluid

Cube. gt on sy W RGN RECRRELAT uBRER' 5} B Bl e e 30 | ™

t hi ckness . Less t 0 and wherein the mcromachined device is a
corrponen"fa@"'cgg%s r?fg%l%etﬁﬁ% ‘generator. 4. A mcromachi ned device for
processing at |east one fluid stream the mcromachined device conpri sing:

St ructure | n2Pher 1af PRGHFRRe Haflos Bl la .19 Y RAT oRFs Piolofdl g ' '°
[ f.th ' ; ' .. th | 1y.i | ati
por i on gretHlE of Wi AsCRREHEN eind B8 PainSs R AN i ShOPig LomBY grmch nea

devi ce of aim4, ein the first thermally insulating portion of the
f1 uid co%ﬁtbfckﬁﬁsstﬁw;ﬁ%y“én inlet portion and the second thernally

i nsul ating portion of the fluid conducting tube is an outlet portion. 6. The

m cr omachi ned-devi l.aj. mﬁr? LD . onductive structure
conprises si Fton&ﬁgm?éfﬂg'a%'%éﬁﬁc éﬁ%]g' ew(ﬁeﬁgﬁ[n%} Lle?érsrf 91'?9 Whai%in at | east
a regl Ondisogosteg (\?vitmnuétqeast one fluid conducting tube.

28. A method for processing at least one fluld stream, the method comprising:
providing a micromachined device including at least one fluid conducting
tube having a thermally insulating inlet portion, and a thermally insulating outlet
portion, and at least one thermally conductive structure in thermal
communication with the inlet portion and the outlet portion;
introducing a stream of at least one fluid into the inlet portion of the fluid
conducting tube;
processing the fluid stream within the fluid conducting tube; and
conducting thermal energy between the inlet portion and the outiet portion

through the thermally conductive structure.

29. The method of claim 28, wherein the micromachined device further
comprises a thermaily conductive region, at least a portion of the fluid conducting tube

disposed within the thermally conductive region.



conducting tube has a wall thickness of less than 50 pm 8. The

m cromachi ned device of claim4, wherein at [east a region of the f%%]MARZNE
conducting tube has a wall thickness §f less than 5 pm 9. The m cronachi ned
device of claim4, wherein at |least a region of the fluid conducting tube
has a wall thickness of 0.1-3 pm 10. The m cromachi ned devi ce of claimi4,
wherein at | east one post is disposed within the fluid conducting tube.  11.
The m cromachi ned device of claim4, wherein the fluid conducting tube has a
stress-relieving shape. 12. The m cronmachi ned devi ce of clain14 wherein a

catal yst is djsposed withj he d conduct,in

mcr o%lach: negbdgvft&%"'\égfhod ‘ghcﬁﬁ JAP WPPF%'? agu Ir"i"'glﬂl"f f&agﬁwwhth@ ik i ning a
seal ed cavi,ty, at, least a re of _t eanet ortlon | east a region
of it re Sorgtdtingtingd Brivbrided Sesa et pliliiesdion brddhicls, B B RemBISING ubat aul ol

portions of the fl ui onducting, tube are nmounted within the sealed cavity.
14. A m%‘?’Bﬂ‘ﬂEﬁ‘ﬂé‘i‘F&é’ |r%%°t‘PBrpr‘%?‘{9ﬁse%c§Pm§'er hydeagen and it P9 st reams, the

m cromachi ned devi ce conpri si ng a first fluid conducting tube; a second

fluid conduc b d cast t ] duct truct
ther mal conmilt cal FoReUCERPI 2oy HEPIn FISe e HyReradt iy he e ot

fluid cond ctin and a thernal I nsul ati qQn of the second
fluid cdif ?:(ft'inﬁ utgqj@eproq%ce Flgaghowe hﬁ‘ﬁéﬂ?%‘@ﬂ p&%{;ﬁ%ﬁic}?ﬁﬁtﬂqj%ﬁ?ﬁ"@ﬁ'”%erel n at
| east a regio east one of  the first fluid conductln tube and t he
second A HH NG TR U AURIBSRIPIUGH PR GHDPR GOMRATE pm 16,
The m cromachi ned device of claim14, wherein at least a region of at |east
one of thYE8M9ePst flui d conducti ng tube and the second fluid conducting tube
has a wall thickness of less than 5 pm 17. The m cronachi ned device of

claim 14, wherei ast a reaqi
g& r"Thee meﬁwod of clalm%B whereln at least two fluids react within the fluid
conducting tube to produce at least two fluid reaction products, the fluids comprising air

and butane and the fluid reaction products comprising water and carbon dioxide.

33. The method of claim 28, wherein at least two fluids react within the fluid
conducting tube to produce at least two fluid reaction products, the fluids comprising air

and butane and the fluid reaction products comprising hydrogen and carbon monoxide.

34.  The method of claim 29, further comprising:

providing a second fluid conducting tube having an inlet portion, and an
outlet portion, at least a portion of the fluid conducting tube disposed within the
thermally conductive region;

directing at least a portion of the fluid reaction products from the outlet
portion of the fluid conducting tube to a fuel cell;

directing at least a portion of fluids exiting the fuel cell to the inlet portion

of the second fluid conducting tube; and



| east one of the first fluid conducting tube and the second fluid conducting
tube has a wall thickness of 0.1-3 pm 18. A mcronachi ned device fjarMAR 2006
processing at |east one fluid streamyghe mcromachined device conprising:

a thermally conductive region; and 3 MAR 2006 3 0 MAR 2006 37 at |east one
fluid conducting tube with at | east one thermally insulating portion, at

| east a portion of the fluid conducting tube disposed within the thermally
conductive region. 19. The m cronachi ned device of claim 18, wherein at

| east one post is disposed within the portion of the fluid conducting tube

di sposed wi thin thacilemBRoron ARG &ﬁttﬁgﬁﬁ!ﬂe%el cefl withiifihBiseEHBRG ned

device of claim 19, wherein the posts are thernmally conductive. 21. The

m cr omachi nedsAaYRg uile ! Rodlckineiia bRbiy e HeBPHETheMmdARRAGIdYE. 0T On 1

substantially isoth uring operatio e mcrorrac i ne evi ce.

The m cr orracpéd;grq device of claim 18, wherein the thermally conductive

regi on conprises silicon. 23. The m cronachi ned device of claim 18, wherein
the portion of the fluid conducting tube disposed within the thermally

conduct  ve r 851 OnTSARAY din'dsl furhBEcor AR LYdRRLAB N IRIREN. 21

The micromachi ned device of claim 18, wherein at | east a région of at |east

one of q%‘g'fﬁ?%““""ﬁ Hu‘f@t bgge and the second fluid conducting tube

has a ness o ess than pm 38 25. The m cronachi ned device of
claim 18, wherein at |least a region of at |east one of the first fluid

conducting tugge aﬂgohgge%%pgerﬁérgb@lcgﬁaﬁgﬁé| ng tube has a wall thickness
of less than 5

a micromachined device including
at least one fluid conducting tube, and
at teast one thermally conductive structure in thermal
communication with a first thermally insulating portion of the fiuid
conducting tube and a second thermally insulating portion of the fluid
conducting tube; and

a fuel cell in fluid communication with the fluid conducting tube.

37. A method for generating power comprising:
providing a micromachined device including
at least one fluid conducting tube, and
at least one thermally conductive structure in thermal
communication with a first thermally insulating portion of the fluid
conducting tube and a second thermally insulating portion of the fluid
conducting tube;
providing a fuel cell in fluid communication with the fluid conducting tube;

producing a fuel within the fluid conducting tube; and



26. The m cromachi ned device of claim 18, wherein at |east a region of at

| east one of the first fluid conducting tube and the second fluid conducting
tube has a wall thickness of 0.1-3 pm 27. The m cromachi ned device pMA 2006
claim 18, wherein at | east one post ig1disposed within at |east one ? UI&
conducting tube. 3 0 MAR 2006 28. A nethod for processing at |east one fluid
stream the nethod conprising: providing a m cronmachi ned device including
at | east one fluid conducting tube having a thermally insulating inlet
portion, and a thermally insulating outlet portion, and at |east one
thermal |y conductive structure in thermal conmunication with the inlet
portion and the ogddveling@hé fudNio hBki@ERi Nng a stream of at |east one fluid
into the inlet portion of the fluid conducting tube; processing the fluid
streamw thin the fluid conducting tube; and conducting thernal energy
between the i3p] et TRtV FtthimlBT, AMble thediélicompribbs AYdBgéme thernal Iy
conductive structure. 29. The nethod of claim 28, wherein the m cronmachi ned
device further conprises a thermally conductive region, at |east a portion
of the fl ui d3eondlid methddudfelaiti 37p akedkimproducing bdud! vemprisby rezrebisyat i ve
region, 3 0 MAR 2006 39 30. The nethod of claim 28, wherein at |east one
fluid resehm ofidt lbast ddefldit wittin thefididadondgetinghebd  proodest |aasthwadtidt wo f 1 ui d
reaction products, the fluid conprising anmonia and the fluid reaction
product ses&mpprdutss, fysifiig ebmansing iatrimsrtd andthe fllierakti®grodlics! ai m 28,
wherein at least two fluids react within the fluid conducting tube to
produce gmdriemgthytigehldndthittdet | on products, the fluids conprising

met hanol and water and the fluid reaction products conprising carbon dioxide
and hydrogen. 32. The nethod of claim 28, wherein at |east two fluids react
within the flojd Tieondtwd ofeidimay, WMherimpiedeciag alfesdsonipiees tescting gact i on
products, the fluids conprising air

stream of at least two fluids within the fluid conducting tube to produce at least two fluid

reactlon products, the fluids comprising methanol and water and the fluid reaction

products comprising carbon dioxide and hydrogen.

41. The method of claim 37, wherein producing a fuel comprises reacting a
stream of at least two fiuids within the fluid conducting tube to produce at least two fluid
reaction products, the fluids comprising air and butane and the fluid reaction products

comprising hydrogen and carbon monoxide.

42.  The micromachined device of claim 10, wherein the at least one post is

thermally conductive,

43. The method of claim 37, whersin the fuel comprises hydrogen and carbon

monoxide,

44.  The micromachined device of claim 1, wherein a catalyst is disposed

within the fluid conducting tube.



and butane and the fluid reaction products conprising water and carbon

di oxi de. 33. The method of claim28, wherein at |east two fluids reagfMaRr 2006
within the fluid conducting tube to pyoduce at least two fluid reaction
products, the fluids conprising air and butane and the fluid reaction
products conprising hydrogen and carbon nonoxi de. 34. The nethod of claim
29, further conprising: providing a second fluid conducting tube having an
inlet portion, and an outlet portion, at least a portion of the fluid
conducting tube disposed within the thermally conductive region; directing

at least a pab!i OTh@hidrbMathiHed dedes bi QFInPZ,Aphersin of cRAES dRPbsRt  portion
of the fluid conducting tube to a fuel cell; directing at |east a portion of

flui ds epMiHid the fluRfedrdattingtlubet 0 the inlet portion of the second fluid
conducting tube; and 3 0 MAR 2006 40 reacting the portion of the fluids

exiting the fuel cell wthin the second fluid conducting tube to produce

thermal ener gg. anthdwidrombehihbedewtd yf @aind|Gterdn thefiio Ronddcting eberet hod  of
claim 28, further conprising providing a catalyst within at |east a region

of the fihdlidbscmidlee portion atbestiet pbrtion apd halteAnedue podfiteintirMedR@MEI Si ng:  a
m cromachi ned device including at |east one fluid conducting tube, and at

| east onglet ptiorRahd/ theullecporien.st ructure in thermal  communication with a
first thermally insulating portion of the fluid conducting tube and a

second thermal ly insulating portion of the fluid conducting tube; and a

fuel cell in4f] ui Themmmackihéddevtd of didim 3, whetkis anfuad icogddating tubd7. A
nmet hod for generating power conprising: providing a mcromchined device

i ncl udi n@nffristesibdoromieidel ui d conducting tube, and

48. The micromachined device of claim 3, wherain at least a region of the fiuid

conducting tube has a wall thickness less than 5 ym.

49.  The micromachined device of claim 3, wherein at least a region of the fluid

conducting tube has a wall thickness of 0.1 to 3 pm.

50. The micromachined device of claim 3, wherein the micromachinad device

includes at least one inlet portion for introducing a fluid into the fluid conducting tube.

51. The micromachined device of claim 3, wherein the fluid conducting tube

has a stress-relieving shape.

52. The micromachined device of claim 2, wherein the fiuid conducting tube is

generally U-shaped.

53. The micromachined device of claim 2, wherein at least one post is

disposed within the fluid conducting tube.



at | east one thermally conductive structure in thermal conmunication with a
first thermally insulating portion of the fluid conducting tube anoj; BMAR 2006
second thermally insulating portion ofythe fluid conducting tube; providing

a fuel cell in fluid conmunication with the fluid conducting tube;
producing a fuel within the fluid conducting tube; and 41 conveying the fuel
to the fuel cell. 38. The nethod of claim 37, wherein the fuel conprises

hydrogen. 39. The nethod of claim 37, wherein producing a fuel conprises
reacting a streamof at |least one fluid within the fluid conducting tube to

produce at. | &st O it HirthoningdHel B8 oP LIRSS Sundrd the Ul aGAY ot ng anmoni a

and the fluid reaction products conprising hydrogen and nitrogen. 40. The

nmet hod of nﬁd i 1% %erei n producing a fuel conprises reacting a stream of
0 ?'a. talyst.” . .
at | east tvvor%% ui ds thin the fluid conducting tube to produce at |east two

fluid reaction products, the fluids conprising nethanol and water and the

fluid reactieg pﬂ'ﬂé’\\;\iﬁérﬁn{‘a@ﬁiﬁé&?k@iﬁeB%IQm%ﬁMﬁ&bH%ﬂé&t BYEsR@E Auighl- The

met hod of claim 37, erel n producing a conprises reacting a stream of

a1 eastmbdy 9 i fista Wity e i QRALEGNdpd D Lo Produce at deast 1w

fluid reaction pro s conprisirng air and butane and the fluid
reaction products conprising hydrogen and carbon nonoxi de. 42. The

m cr onachi nedgdevirke niiéroftadhifed AeyiB8f Shith 8 Wehdtbin! £3&dst BRE pBSsHe Aifait her mal 1y
conductive. 43. The nethod of claim 37, wherein the fuel conprises hydrogen

and car bag, JRGON dishostd withiteth@ifiPeaHelbiRdugeyi ce of claim 1, wherein a
catalyst is disposed 3 0 MAR 2006 wwthin"the fluid conducting tube. 3 0 MAR

2006 42
57. The micromachined device of claim 46, further comprising a substrate,

and wherein one or more regions of the inlet and outlet portions of the fluid conducting

tube are disposed in the substrate.

58.  The micromachined device of claim 3, wherein a catalyst is disposed

within the fluid conducting tube.

59.  The micromachined device of claim 48, wherein a catalyst is disposed

within the intermediate portion of the fluid conducting tube.
60.  The micromachined device of claim 3, further comprising a sensor.
61. The micromachined device of claim 3, further comprising an actuator.

62. The micromachined device of claim 3, further comprising a substrate
defining a sealed cavity, wherein substantial portions of the fluid conducting tube are

mounted within the sealed cavity.

63. The micromachined device of claim 3, wherein the fluid conducting tube

comprises at least one junction where one tube is connected to at least two tubes,



45. The m cromachi ned device of claim2, wherein a catalyst is disposed
within the fluid conducting tube. 46. The m cromachi ned devi ce of cljdi MAR32008
wherein the fluid conducting tube ingfudes an inlet portion, an outl et
portion and an internediate portion internediate the inlet portion and the
outl et portion. 47. The m cromachi ned device of claim3, wherein the fluid
conducting tube conprises silicon nitride. 48. The m cromachi ned device of
claim3, wherein at |least a region of the fluid conducting tube has a wall

t hi ckness less than 5 pm 49. The m cronmachi ned device of claim3, wherein

L e P B o A,
devi incl t t i nl et ti f i ntroduci fluid into th
il d coRRIER TG P BaL "o, Cmcii ned devi ce of ol ai m 3, “wnersi n the
fluid duct i t n ~relieyi hape. ._The m hi ned
devi ce of o1 ai m A BHER ARG BN K STRRR A R pe e Teviiedley |y U shaedt
53. The mi hi devi f clai wher ej t | t i

" BERSER, BB R e H L SREREY S oo

di sposed i t AEETHRE 19 8if BreRaust PR & (i =
of claim53, erein the at | east one post conprises a catalyst. 55. The
m cr omachi ned® EOBMeBY ai m 3, wherein at |east one static fluidic nixing

structure is dispgsed. within the fluid conducting tub 3.0 MAR 2006 56. The
m cr omachi ned dev‘i?‘?:@sﬁ'lnga %Iﬁ'@,m\ﬁﬁ@“ P W ?Of@'ﬁ '?b%ﬁ@?dpé%i ve fluidic stop
val ve is disposed wthi n?ﬁt_ghe fluid Ccﬁ duct i ng tube. 57. The m cromachi ned
devi ce of clai m 48MMNG $RIPCIRD FRAIGNS Gl dnesubishiate uiing a chglicjher ei n one or nore

regions of the inlet and outlet portions of the fluid conducting tube are
di sposed i n chdastiodprmatleast one fluid conducting tube.

64. The method of claim 63, further comprising defining a wall thickness of at
least a region of the fluid conducting tube by controlling a thickness of the thin film

deposited on the walls of the tube mold.

65. The method of claim 63, further comprising providing the fluid conducting

tube with at least one open end disposed in the substrate.

86. The method of claim 63, wherein the etch results in discontinuous portions

of the substrate remaining in thermal communication with the fluid conducting tube.

67. The method of claim 63, wherein removing selected regions of the
substrate provides at least one thermally conductive structure from the substrate, the
thermally conductive structure in thermal communication with a thermally insulating first
portion of the fluid conducting tube and a thermally insulating second portion of the fluid

conducting tube.



58. The m cromachi ned device of claim3, wherein a catalyst is disposed
within the fluid conducting tube. 59. The m cromachi ned devi ce of cl 3i %@6 05
wherein a catalyst is disposed wthingkhe intermediate portion of th nf i@
conducting tube. 60. The m cromachi ned device of claim3, further conprising
a sensor. 61. The m cromachi ned device of claim3, further conprising an
actuator. 62. The m cromachi ned device of claim3, further conprising a
substrate defining a seal ed cavity, wherein substantial portions of the
fluid conducting tube are nmounted within the sealed cavity. 63. The

i cronmchi nedflevirgg rithad 8t Bhit 63NBNAER b8k dbcetdyhs Bekube compri ses

b
at | east one junction where one tube Is connec?ed to at“least two tubes. 3 0

MAR 2006, d1b1/G prﬁviﬂgﬁQPI‘éaE%r}g tﬁ@ﬁﬁﬂ%ﬁoﬂ&u&ivg%%&ﬁré REmRKOSESsHalY at | east

one qui%I stream ereln the net conprises: patterning a substrate to

form at |, 6gsty ARndatiy KBALJTY SOl b T 1BREAIBHihG LA WIRNY ARt and

to forma east one release pit not access e environment;

to form dt™icast on | he“enti ronrrent .
el oot ca PR EEtiph bF Wit FARroch B iSe Sy & Merkthy iifelng BBfton BFEY Y "Peast

one fl ui t 4. The nmethod of claim#®63, further conprising
defini ngg%C%\ﬁgﬁﬁ%t%%gHﬁ!%gmB “at least a region of the fluid conducting tube

by controlling a thickness of the thin film deposited on the walls of the

tub | d. 6%g Th ' ; [,§ (ol th
ube o 99, ﬁnggﬁ%lmﬂgﬁj]gg clﬁﬂlrrﬁbﬁ‘?vﬁ%relﬁlé:jcﬁd?ﬁén &ﬂﬁ.@ﬁhﬁ'd&gd{?ﬁﬁ’m lighd1g the

fluid conducting t ast one open end spose he substrate.

66. The F%ﬁfﬂ%igé%%ldﬁ] gb%etowaﬁ rtl?érﬁalflﬂs?lﬂ&él%%ef 6L Bt i3 bRt | nuous

portions S e remalning comuni catronwith the fluid
conducting tube. 67. The nethod of claim 63, wherein renoving sel ected

regions of thg SuRgiidhéd Bf aé{iitrrﬁgii", viHlerbiR #% déViGe BREBEhbits WRRURL YR

structure fromthe substrate,
conducting tube.

71.  The method of claim 63, wherein the posts comprise substrate material.

72.  The method of claim 63, wherein patterning the substrate provides
structures within the tube mold that are static fluidic mixing structures in the fluid

conducting tube.

73.  The method of claim 63, wherein patterning the substrate provides
structures within the tube mold that are passive fluidic stop valves in the fluid conducting

tube.

74.  The method of claim 63, wherein at least one post is disposed within the

fluid conducting tube.

.?5. The method of claim 74, wherein the at least one post comprises a

catalyst.



thermal |y conductive structure in thermal comunication with a thermally
insulating first portion of the fluid conducting tube and a thermally

i nsul ati ng second portion of the fluid conducting tube. 45 68. The 8MARAL(G
of claim 63, wherein renoving sel ectedgregi ons of the substrate provides at
| east one thermally conductive structure fromthe substrate, wherein the
thermal |y conductive structure is in thermal conmunication with a thermally
insulating portion of a first fluid conducting tube and a thernally
insulating portion of a second fluid conducting tube. 69. The net hod of
claim 63, wherein a portion of the fluid conducting tube remains disposed in

an unet ched t#ger mahe yn&thod uEEaMEED ANHarein tied thiminshisa thidl@esd Bf leddiharet hod of
claim 63, wherein the device includes posts within the fluid conducting

tube. 71gp e nethod of claim 63, wherein the posts conprise substrate
material. 72. The method of claim®63, wherein patterning the substrate
provi des structures within the tube nold that are static fluidic m xing

structures i 7t heTheweth6®biitIgim B8] iHdein tie &t IBR0ABAIGId/chndlibthgabdod of
claim 63, wherein patterning the substrate provides structures within the

t ube nol gbrhhrfles@nicowarsda/e fluidic stop valves In the fluid conducting
tube. 74. The nethod of claim 63, wherein at |east one post is disposed
within the fluid conducting tube. 75. The nethod of claim 74, wherein the at
| east one pos8. coiMpeinsetiodioCaltial §& twhebeifl aMBBs 9 Agjicttoftbe afleastmidfuid of cl ai m
63, wherein the thin filmhas a thickness of |less than 50 um 77. The met hod

of cl ai nednductieetube hab Revalt thickaeds losethbh §itn.conduct i ng t ube

79.  The method of claim 63, wherein at least a region of the at least one fluid

conducting tube has a wall thickness of 0.1-3 pm.

80. The method of claim 63, wherein the at least one fluid conducting tube has

a stress-relieving shape.

81,  The method of claim 63, wherein the at least one fluid conducting tube is

generally U-shaped.

82. The method of claim 63, wherein a catalyst is disposed within the at least

one fluid conducting tube.

83. The method of claim 63, further comprising providing a sensor in

communication with the at least one fiuid conducting tube.

84. The method of claim 63, further comprising providing an actuator in

communication with the at least one fiuid conducting tube.

85. The method of claim 63, further comprising sealing substantial portions of

the at least one fluid conducting tube within a sealed cavity.



conprises silicon nitride. 78. The nethod of claim63, wherein at |east a
region of the at | east one fluid conducting tube has a wall thicknes?ﬂwmﬁqmﬁ
than 5 gm 79, The nethod of claim6347wherein at |east a region of e at

| east one fluid conducting tube has a wall thickness of 0.1-3 gm 80. The
met hod of claim63, wherein the at |east one fluid conducting tube has a
stress-relieving shape. 81. The nethod of claim 63, wherein the at | east one
fluid conducting tube is generally U shaped. 82. The nmethod of claim 63,
wherein a catalyst is disposed within the at | east one fluid conducting

tube. 83. Thaeenet haféviek selattdl fism aftHédmitphoRN6RAIL Sbigle i érflb@lBctic sensor i n
comuni cation with the at |east one fluid conducting tube. 84. The nethod of

claim G%evidéram{ﬁge@mﬁ Hevibg, a@fdwbam%;eaara@ﬁgueweé. WherBPNtREegi8Ei on wi th the
at | east one fluid conducting tube. 8 The net hod of claim63, further

CONDI i Si d3nRBS BMSiCRIMRHY c%v%cﬁg%élﬁﬁiﬁaﬂéaét%e%id &aRfucARprbUi d conduct i ng

tube within a sealed cavity. 4 devi ce selected from a

t her mopholntyal aéfég%vﬂagﬁh\ﬂé‘w’aﬁ%iéﬂh‘éb@ﬁﬂé%thaﬁ%\d}ﬁﬁ: a refrigeration device,

and a power gerneraftl ng ce, wherein the device conprises a m cronmachined
device including at | east one fluid conducting tube conprising a region

having a wal lg7t hi Tkaaswcobf LI8HP86,NAEEIR tsHedde isw%g%vé E&wE gelopttan. 86,

wherein the device is a portabl e power generator. The device of claim

86, wherein the fluid conducting tube is adapted for processing of at |east

one fluid stBeam TRe QeWbRoR8in 88, whbhein dey/ e cohdwdting tutiSis adhpiedifor
processing the at | east one fluid stream conprises subjecting the at | east

one fl uigtosddsmamfia0leabt bafiiid etéa@f a chemical reaction, heating, cooling,
filtration, adsorption, desorption, and a phase change. 90. The

m cromachi ned device of claim86, wherein the fluid conducting tube
89. The device of claim 88, wherein processing the at least one fluid stream
comprises subjecting the at least one fluid stream to at least one of a chemical reaction,

heating, cooling, filtration, adsorption, desorption, and a phase change.

90. The micreomachined device of claim 86, wherein the fiuid conducting tube
provides an inlet portion, an outlet portion, and an intermediate portion intermediate the

inlet portion and the outlet portion.

91.  The micromachined device of claim 86, wherein the fluid conducting tube

comprises silicon nitride.

92. The micromachined device of claim 86, wherein at least a region of the

fluid conducting tube has a wall thickness less than 5 ym.

93. The micromachined device of claim 86, wherein at least a region of the

fluid conducting tube has a wall thickness of 0.1 to 3 um.



provides an inlet portion, an outlet portion, and an internediate portion
intermediate the inlet portion and the outlet portion. 91. The 70 MAR 2005
m cromachi ned device of claim 86, wheygein the fluid conducting tube
conprises silicon nitride. 92. The m cromachi ned device of claim86, wherein
at least a region of the fluid conducting tube has a wall thickness |ess
than 5 pm 93. The micromachi ned device of claim86, wherein at |east a
region of the fluid conducting tube has a wall thickness of 0.1 to 3 pm 3 0
MAR 2006 48 94. The m cromachi ned device of claim86, wherein the

m cromachi nedq, devhé midrombbfiRed abvitLardlaiRigs, WHePdin B Fi?BmESfinéd1t roduci ng a
fluid into the fluid conducting tube. 95. The m cromachi ned device of claim

86, wherqifee intdudBsCdt fEERE Bhe ffet dé?dHnOfSr hﬂéﬁi%ﬁ?a ﬁﬁld'lﬁl%scﬁe ﬂGi@ c%HBuc%g portion
for conducting a fluid fromthe fluid ducting tube. .

m cronagfpned device of claim86, wherein the fluid conductl ng tube has a
stress-relieving shape. 97. The m cromachi ned device of claim 86, wherein
the fluid conducting tube is generally U shaped. 98. The m cromachi ned

devi ce of cl gsm 8fhe MAP6RbEhIAED HEASE ofIMAMIBES Wwhicfeif iPPRSSMEHIRdN the fluid
conducting tube. 99. The m cromachi ned device of claim98, further

conpri sigagica indifie¥et ioast 6QdUdt pRich IS t%hdﬂ&ﬂ'ngv@ﬁu@'ﬁ%n{ M@ Rt is disposed
within a thermally insulating portion of thefluid conducting tube disposed

wi thin theqidimpimd.y conductive region. 100. The nicromachined device of
claim 98, wheréin the post conprises a catalyst. 101. The m cronachi ned
device of claim86, wherein at |east one static fluidic mxing structure is

di sposed W tbhgh tTie hidibMasnedgdvidtdoft didig 863 wheMIRtOMAd conducting tube

has a stress-relieving shape.

97.  The micromachined device of claim 86, wherein the fluid conducting tube

is generally U-shaped.

88. The micromachined device of claim 86, wherein at least one post is

disposed within the fluid conducting tube.

99.  The micromachined device of claim 98, further comprising a thermally
conductive region and wherein the post is disposed within a thermally insulating portion

of the fluid conducting tube disposed within the thermally conductive region.

100. The micromachined device of claim 98, wherein the post comprises a

catalyst,

101. The micromachined device of claim 86, wherain at least one static fluidic

mixing structure is disposed within the fluid conducting tube.



49 102, The m cronmachi ned device of claim86, wherein at | east one passive
fluidic check valve is disposed within the fluid conducting tube. 1G22 MAM&IS
m cromachi ned device of claim 86, furjdier conprising a substrate and

wherein the fluid conducting tube includes one or nore open ends di sposed in
the substrate. 104. The m cronachi ned device of claim86, wherein a
catalyst is disposed within the fluid conducting tube. 105. The . ‘

m cromachi ned devi ce of claim 104, wherein the catalyst is disposed within
an internediate portion of the fluid conducting tube. 106. The m cromachi ned

device of cl gpm 8Bhe MikrbMAEhIBBAEEIEE BECIAINGE8) Siferein W ibastlBife pagsiverachi ned
device of claim86, further conprising a substrate defining a seal ed cavity,

wher ei n fiific EhatkGaf@Ns dRpbaEH WiHINR the B DR ‘tiAGtidee substrate and within the
sealed cavity. 108. A nmethod for processing at |east one fluid stream the

met hod conprising passing the fluid streamthrough a fluid conducting tube

of a m cromagb2nevhglmidremachifgd dévice 6f ESRTBE; irier icoRPribMglalslivdfatandeast a
region having a wall thickness of |less than 50 pm wherein processing the

at | eastwiiginfthe!figld Toh@Adting ABY nslR8eSURe BEMbRIJopdMerfls/ddbsb@ in e | east one
of a chem cal reaction, heating, cooling, filtration, adsorption,

desor pt igBstratand a phase change. 3 0 MAR 2006 50 109. The nethod of claim
108, wherein the fluid conducting tube conprises an inlet portion, an
outlet portion, and an internediate portion internmediate the inlet portion

and the outl apg4poThé microrhabhindd@evied boglaint 86; wheneid @%atar iediBpddea fl ui d
conducting tube conprises silicon nitride. 111. The method of claim 108,

wher ei n athid gadluichcdreidctry wbet he fluid conducting tube has a wall thickness
|l ess than 5 pm 112. The nethod of claim 108, wherein at |east a region of
the fluid conducting

105, The micromachined device of claim 104, wherein the catalyst is disposed

within an intermediate portion of the fluid conducting tube.
106. The micromachined device of claim 86, further comprising a sensor.

107. The micromachined device of claim 86, further comprising a substrate
defining a sealed cavity, wherein the fluid conducting tube is mounted on the substrate

and within the sealed cavity.

108. A method for processing at least one fiuid stream, the method comprising
passing the fluid stream through a fluid conducting tube of a micromachined device, the
fluid conducting tube including at least a region having a wall thickness of less than 50
um, wherein processing the at least one fluid stream comprises subjecting the stream to
at least one of a chemical reaction, heating, cocling, filtration, adsorption, desorption,

and a phase change.



tube has a wall thickness of 0.1 to 3 pm 113. The nethod of claim 108,
wherein the mcromachi ned device includes at |east one inlet portiory (AdRe6ed
to introduce a fluid into the fluid cgpducting tube, 114. The nethod of

cl aim 108, wherein the m cromachi ned device includes at |east one outl et
portion adapted to conduct a fluid fromthe fluid conducting tube. 115. The
met hod of claim 108, wherein the fluid conducting tube has a stress
relieving shape. 116. The nethod of claim 108, wherein the fluid conducting
tube is generally U shaped. 117. The nethod of claim 108, wherein at | east

clai F%Zitn' " Dby R R “i%ﬁpid.si‘é@e%“‘ﬂ@t‘éi'“%“@?@‘%}kk%é@ﬁ%@%Sd The
i sposed o PR R ELFRLS, At Ry SO Fiplerelle e p RSBl Tog © ' °

wher ein passive fluidic stop valve is d| sposed within the fluid
conduct |arq11tgtb§§§ﬁet?%%&me nmet hod of claim 108, wherein the m cromachi ned

device further conprises a substrate and wherein the fluid conducting tube

i ncludes one 4gg, 19 ﬁ@nﬁgﬁcﬂ!& f1ch hbﬁ%‘irﬁ@g@lﬂﬂ L&t a?ot%é'cﬁf?@ngééposed | n

t he substrate met hod of ¢larm 1 wherern at a I's di sposed
W thin tg] oh IhHkgs. conducting tube. 123. The nmethod of claim 108 wherein a
cat al yst gl sposed within the internediate portion of the fluid conducting
t ube. 124 The met hod of cl aim 108, wherein the m cromachi ned device further

conprises a §¢fSothe ﬂr%ﬁlodTJF%ld?ﬁttmdwﬁéreﬂ ét'lé‘ésl@@e WA K Hendid Borbuefiggrachi ned

i
device further conprises an actuator. (t; hod of claim 108, wherein

the m crgraRid B6MAIFGYFRs 144sHRSH 5 um.

112. The method of claim 108, wherein at least a region of the fluid conducting

tube has a wall thickness of 0.1 to 3 ym.

113. The method of claim 108, wherein the micromachined device includes at

least one inlet portion adapted to introduce a fluid into the fluid conducting tube.

114. The method of claim 108, wherein the micromachined device inciudes at

least one outlet porticn adapted to conduct a fluid from the fluid conducting tube.

115, The method of claim 108, wherein the fiuid conducting tube has a stress-

relieving shape.

116. The method of claim 108, wherein the fluid conducting tube is generally U-

shaped.

117. The method of claim 108, wherein at least one post is disposed within the

fluid conducting tube.

118. The method of claim 117, wherein the post comprises a catalyst.



conprises a substrate defining a sealed cavity, wherein substantial portions
of the fluid conducting tube are nounted within the sealed cavity. 33 ¥MARMMSE
2006 52 127. The method of claim 108, gwherein the m cromachi ned device is at
| east of part of one of a thernoelectric device, a thernophotovoltaic
device, a portable power generator, and a refrigeration device. 128. The
met hod of claim 108, wherein at |least one fluid reacts within the fluid
conducting tube to produce at |least two fluid reaction products, the fluid
conprising anmmonia and the fluid reaction products conprising hydrogen and

nitrogen. 12949 TheneRidivsl &FclaimaioB, WRSreiviiae £t BnalstdtRakidié Wking Ui ds react
within the fluid conducting tube to produce at |east two fluid reaction

pr oduct sstrubfife fsl didpbse8 WA HiMRid cBAdba tedd water and the fluid reaction
products conprising carbon di oxide and “hydrogen. 130. The method of claim

108, wherein at least two fluids react within the fluid conducting tube to

produce at |aggt TH®niethddlofickamt 108NwhERIHStISast bRE pbbsiiélfuisrisp sagisai r - and
but ane and the fluid reaction products conprising water and carbon di oxi de.

131. ThejigRisB@WitAi the AL cbABuctiMaausén at least two fluids react within the
fluid conducting tube to produce at |least two fluid reaction products, the

fluids conmprising air and butane and the fluid reaction products conprising
hydrogen and1gar bbie fiefriod sfelaim 108, wherein the micromachined device further
comprises a substrate, and wherein the fluid conducting tube includes one or more

regions of the inlet and outlet portions dispesed in the substrate.

122, The method of claim 108, wherein a catalyst is disposed within the fluid

conducting tube.

123. The method of claim 108, wherein a catalyst is disposed within the

intermediate portion of the fluid conducting tube.

124, The method of claim 108, wherein the micromachined device further

comprises a sensor.

125. The method of claim 108, wherein the micromachined device further

comprises an actuator.

126. The method of claim 108, wherein the micromachined device further
comprises a substrate defining a sealed cavity, wherein substantial portions of the fluid

conducting tube are mounted within the sealed cavity.
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127. The method of claim 108, wherein the micromachined device is at least of
part of one of a thermoelectric device, a thermophotovoltaic device, a portable power

generator, and a refrigeration device.

128. The method of claim 108, wherein at least ane fluid reacts within the fluid
conducting tube to produce at least two fluid reaction products, the fluid comprising

ammonia and the fluid reaction products comprising hydrogen and nitrogen.

129. The method of claim 108, wherein at least two fluids react within the fluid
conducting tube to produce at least two fluid reaction products, the fluids comprising
methanol and water and the fluid reaction products comprising carbon dioxide and

hydrogen.

130. The method of claim 108, wherein at least two fluids react within the fluid
conducting tube to produce at least two fluid reaction products, the fluids comprising air

and butane and the fluid reaction products comprising water and carbon dioxide.

131. The method of claim 108, wherein at least two fluids react within the fluid
conducting tube to produce at least two fluid reaction products, the fluids comprising air

and butane and the fluid reaction products comprising hydrogen and carbon monoxide.



