Microcantilever Heater-Thermometer with Integrated Temperature-
Compensated Strain Sensor CROSS REFERENCE TO RELATED
APPLICATION [001] Not Applicable. STATEMENT REGARDING
FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT [002] This
invention was made with government support under Subcontract No.
B552749 to the Regents of the University of California and Georgia Tech
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Security Administration (DOE/NNSA) for the management and operation of
Lawrence Livermore National Laboratory (LLNL). The government has
certain rights i€ BRSS/BEfdRENCEK TR BEMAY EIF APRLISXEIONON [003]
This invention is in the field of atomic force microscopes and micro-
caltferdNatfiorigahtfon relates generally to a microcantilever having a
temperature compensating piezoresistive strain sensor and integrated
heater- thermometer. This invention also relates to methods of using such a

cantilever in HATEMENTHREGARPING £ FREBMkERRANGORED
chemical/biochemical sgﬁﬁﬁd"\ ﬁﬁrﬁﬁ\fﬁé‘%%m—ﬁ of the atomic force
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traces, piezoresistive or piezoelectric materials to realize s&eqific
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rapgR AIRY ERNRRLIONRB 0P B8Ya285 NE RE3 Cthe government has

certain rights in the invention.

BACKGROUND OF THE INVENTION

[003] This invention is in the field of atomic force microscopes and micro-
cantilevers. This invention relates generally to a microcantilever having a
temperature compensating piezoresistive strain sensor and integrated heater-
thermometer. This invention also relates to methods of using such a
cantilever in the fields of thermodynamic measurements and

chemical/biochemical sensing.

[004] Since the invention of the atomic force microscope (AFM),
microcantilevers have become one of the most frequently used
microelectromechanical systems (MEMS) devices with applications ranging
from scanning probe microscopy to bio/chemical sensing. Microcantilevers
are often functionalized by introducing current traces, piezoresistive or
piezoelectric materials to realize specific applications. Heatable

microcantilevers having either doped single-crystalline or polycrystalline
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by means of resistive (Joule) heating. This heating in microcantilevers can be
used for bimorph actuation, thermomechanical data storage, thermal
displacement sensing in contact and tapping modes, novel nano-material
synthesis, nanoscale thermal analysis and nanoscale thermal manufacturing.
Recently, cantilever type micro-hotplates have been reported as an

altsiingiver pritesneriaretal sineragllovauitratéewy pe inriidaiorarke heated
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microcantilever hotplates, were designed, fabricated, and characterized to
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coating sensitive to a specific analyte. ; Analyte adsorption induces static
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heatezﬁ and zores Jstors can offer simultaneous heating and deflection
sensmg ese brl c{'have been used as multi-functional scanning
probes in thermomechanlcal data storagge Similarly, microcantilevers with
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sensdivifute 8 usf aesl aiecssticautibhectisseskinginguaiieieafiserssloyed in
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and can give information about the material or reaction properties. Other

exSATIBS feARitLcIR Rt 38ANIRy, AtRlvEeAsisoRRiipt IDAYCRS M&itogate
thejigRaRabYerdapehdenneot Risssisraaitis@mdedded piezoresistors can

measure analyte adsorption.

[006] Microcantilevers having both resistive heaters and piezoresistors can
offer simultaneous heating and deflection sensing. These hybrid types have
been used as multi-functional scanning probes in thermomechanical data
storage. Similarly, microcantilevers with the ability of independent heating
and sensing operation that have high sensitivity to surface stress could be
used for a variety of sensor applications. One example would be calorimetry
of a material adhered to the cantilever surface. Chemical processes such as
melting and evaporation and chemical reactions between substances could
be triggered by the heaters while the changes in the surface stresses on the
cantilever are monitored and can give information about the material or
reaction properties. Other examples include biochemical sensing, where one
might wish to interrogate the temperature-dependence of biochemical binding

to a microcantilever.
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to a m icrocanti lever. Page 2 of 47 [007] One strategy for suppressing
unwanted signals, such as temperature drift, in piezoresistive cantilever
sensors is to fabricate cantilever pairs for a differential measurement. Two
microcantilevers with identical piezoresistive strain gauges can be arrayed
closely and interfaced in a Wheatstone bridge to cancel temperature drift
witl)87d adsnenpifiaiedhdQ FuRpIBRs KN Wanisel slgnalsp fogreasitain PRIAIERY,

thigAPRFOGIERMUHEROE RRIRRBI YIRS RS ERARAS BatU/BIGTIER W irs for a

cantilevers experience different temperatures. This could be the case when
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Tespénajavgeevative anapoe evtedy tara delddasechin alyoHeatstansdulitiydihe
SYSIGI SRVINORMENE &8 BXHhermal @rﬁ?‘qESHE%Qy‘ 10982 flaw quections
On-cﬂlp tem ere?ture compensation Yor @lezoress Ive cantilever sensors has
begrpdadgAstirdlewelat tHisarpieakivaUiinabbe appivpsgiatiad cases in
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temperature compensation use the principle of a Wheatstone bridge circuit
onREXMNBGRA SRRl AaRHRh mediifR U B ARGrEdi SRR eaiRPERREs in all
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INVENTION [008] The present invention provides microcantilever hotplate

deVPRESWRRA A RSO rfie TERTBEY SR REYIRER SRMBRSISHIS RSB/ Pinto a
cansieperatsraictinpehbatiga\icese fhiadprsentimiesitetd 6o e circuit on
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micracany) eveFSahr%X{HSg‘%&ﬂ%‘ﬁra%‘ére el %?Pe%tf'{‘ﬁre uSLEIRees A
resistive heatars2 I an mbodlr%en%mﬁe LOICES B e Brgsgn? vertion are
usedslsiermiditohveysiattss chednical sapsibie of Woiting reantiverlayscoapsasal,
Or SPRSISIYBINJS f#RUWIGkon surface, the stress distribution in the cantilever is
complex and three-dimensional. Therefore, it is favorable to incorporate
independent sensors for stress and temperature in the cantilever to correct

the effect of thermal variations on the mechanical signal.

SUMMARY OF THE INVENTION

[008] The present invention provides microcantilever hotplate devices which
incorporate temperature compensating strain sensors into a cantilever
structure. The devices of the present invention comprise microcantilevers
having temperature compensating strain sensors and resistive heaters. In an
embodiment, the devices of the present invention are useful as microhotplates
and are capable of heating a material, compound, or species which is bound
to or provided on the microhotplate surface. The present invention also
provides methods for using a microcantilever hotplate for temperature
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to or provided on the microhotplate surface. The present invention also
provides methods for using a microcantilever hotplate for temperature Page 3
of 47 compensated surface stress measurements, chemical/biochemical
sensing, measuring various properties of compounds adhered to the
microcantilever hotplate surface, or for temperature compensated deflection
meesnpentaies slotmastaess xeeasiagnanisoghaancadbioehenieglaensinte
PreReas IRy VKD LLOPRbISEe AT ASHPRNGS YRR RARE thihcadirs end;

a pair of piezoresistive sensors integrated into the cantilever near the fixed
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This expression also includes embodiments where the plezore3|st|ve Sensors
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other circuit capa le of sensm ach ange In a resistance, and sensing a
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some applications between 0 and 50 um of the fixed end of the cantilever.
This expression also includes embodiments where the piezoresistive sensors

are spatially coincident with the fixed end of the cantilever.

[010] In an embodiment preferred for some applications, the present
invention provides a method of sensing a surface stress of a microhotplate. A
method of this aspect comprises the steps of providing a microhotplate of the
present invention having a pair of piezoresistive sensors, electrically
connecting the first and second piezoresistive sensors in a Wheatstone bridge
circuit or other circuit capable of sensing a change in a resistance, and
sensing a change in a resistance of one of the piezoresistive sensors, thereby
sensing a surface stress in the microhotplate. In a preferred embodiment of
this method, the piezoresistive sensors are electrically connected in the
Wheatstone bridge circuit or resistance sensing circuit in an arrangement
which compensates for a change in the resistances of the piezoresistive

sensors due to temperature. In another preferred embodiment, the
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sensing a surface stress in the microhotplate. In a preferred embodiment of
this method, the piezoresistive sensors are electrically connected in the
Wheatstone bridge circuit or resistance sensing circuit in an arrangement
which compensates for a change in the resistances of the piezoresistive
sensors due to temperature. In another preferred embodiment, the Page 4 of
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comprises the steps of providing a mlcrohotplate of the present invention
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change produces a surface stress in the microcantilever; and sensing a
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a manner to compensate for a change in the resistances of the
p,e%]gggﬁ,@h%@gm§dg§q@rf@ﬁ]gg%ﬂg?§t one of the piezoresistive sensors.

This method may also further comprise sensing the resistance of the heater-
thermometer to allow for determination of the temperature of the cantilever
and compound, species, or substance. In an embodiment, the change in
resistance of a piezoresistive sensor is sensed by electrically connecting one
or both piezoresistive sensors in a Wheatstone bridge circuit, for example in a
manner to compensate for a change in the resistances of the piezoresistive

sensors due to temperature.

[012] Useful properties that are capable of being sensed by the methods of
the present invention include, but are not limited to: a melting point of the
compound, species, or substance; a boiling point of the compound, species,
or substance; a binding energy of the compound, species, or substance; a
heat capacity of the compound, species, or substance; a mechanical
expansion of the compound, species, or substance; a mechanical contraction
of the compound, species or substance; or other properties. In some

embodiments, a surface stress produced in the microcantilever may be
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[012] Useful properties that are capable of being sensed by the methods of
the present invention include, but are not limited to: a melting point of the
compound, species, or substance; a boiling point of the compound, species,
or substance; a binding energy of the compound, species, or substance; a
heat capacity of the compound, species, or substance; a mechanical
expeedicabPY raoifio @vantpecisdnaos abstaneetia ivmeesaidE. coHaction
of FRARTRAK! IREFIEAANFHRIIDCY: HPIGET IR SRS IeUBRpound,

embodiments, a surface stress produced in the microcantilever may be Page
5 FPEPIFPoQlCHA TSR FANRIABRILNGIAG RN N%a 3 FRHL 8T M ture.
Suahnoememstrhrecztpdmdwida@e@e&ndtemmmcb@ng@m thetls@te of the _
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in {He amount of'the com oun&, Species, o0 su%s ahce present on the
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example a reduction in binding from 100% of the initial amount of compound,
spERRASS YUHREIREDHBAHBA P LRFGENAFE 1883 Hth HBBobiRdNRal
amguot biobmeid seelthnitehiexpsusion of the compuuiit] spreriesoor

subsE)ance' a mechanical Fontraction of. tthe compound, species or sy stance;
supstance ! 8?[% nica coRtram n of the ¢ Wﬁo%n s;f)emes r.substance?
or other even s.n[ In"analternative’embodinient, the présent invention

praviggeaenestisod for sensing a species bound to a microhotplate. A method

of this aspect comprises the steps of: providing a first microhotplate of the
Prgess] inveaiiehdaxing @masdinpiez ciepessensanenfiongstiades aear the
fixed A pf 8 microcantieyer and heaterihormometerpociioned iphe
free €énd of “the microcantilever; providing a speciés capable of binding o the
freaspediaionherisastifevsispstadrepnovidingnalfirgton itre ppkitesabtiieepcasaitt ver
PrRUISRRR mHARES SHIPST Jlelih SAOHIE @I e 565518 FBANGR ¥Xk&d end
resistance of at [east one of the piezoresistive sensors, thereby sensing the
spetr&sasRNtHever and a heater-thermometer positioned in the free end of
the microcantilever; providing a species capable of binding to the free end of
the cantilever, wherein the binding of the species to the cantilever produces a
surface stress in the cantilever; and sensing a change in a resistance of at
least one of the piezoresistive sensors, thereby sensing the species bound to
the microhotplate. The method may further comprise the step of providing a
voltage or current to the heater-thermometer to affect a change in the
temperature of or fix the temperature of the microcantilever. In a preferred
embodiment, the free end of the cantilever comprises a substance capable of
selectively binding the species of interest. In a preferred embodiment, the
change in resistance of a piezoresistive sensor is sensed by a method
comprising electrically connecting one or both piezoresistive sensors in a
Wheatstone bridge circuit, preferably in a manner to compensate for a change

in resistance of the piezoresistive sensors due to temperature.

[014] In another embodiment, the method of sensing a species bound to a

microhotplate may further comprise the steps of: providing a second
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the microhotplate. The method may further comprise the step of providing a
voltage or current to the heater-thermometer to affect a change in the
temperature of or fix the temperature of the microcantilever. In a preferred
embodiment, the free end of the cantilever comprises a substance capable of
selectively binding the species of interest. In a preferred embodiment, the
chargehelRigistahthe dsirassiizoresiians gesigoral s slesdigalyathediriid
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Wheatstone bridge circuit preferablﬁ in a manner to compensate for a
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environment of the second microhotplate does not have the species of
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first and second microhotplates in a Wheatstone bridge circuit in a manner
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present invention also provides a method of performing a temperature
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plezore5|st|ve sensors due to temperature; and sensin change in the

redREkHBACEIANCRIESAECBISIHE ﬁm@ééﬁ%@ . g sensing a

change in the resistance of at least one of the piezoresistive sensors due to a
deflection of the free end of the microcantilever. This method may further
comprise providing a voltage or current to the heater-thermometer to change
or fix the temperature of the microcantilever.

[016] Without wishing to be bound by any particular theory, there can be
discussion herein of beliefs or understandings of underlying principles relating
to the invention. It is recognized that regardless of the ultimate correctness of
any mechanistic explanation or hypothesis, an embodiment of the invention

can nonetheless be operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

[017] Figure 1 shows a schematic of two types of microcantilever hotplates
with temperature-compensated piezoresistors.
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deflection of the free end of the microcantilever. This method may further
comprise providing a voltage or current to the heater-thermometer to change
or fix the temperature of the microcantilever. [016] Without wishing to be
bound by any particular theory, there can be discussion herein of beliefs or
understandings of underlying principles relating to the invention. It is
red8dBlzed ierdghensse srhpmalisrehexonRIeEtassIoBNaPRESRIRtIC

EXphREUAR RFdYPANRIIEr ABLSEBE WTCRERh dhst iRy RBHSb fflgaonetheless
be operative and useful. BRIEF DESCRIPTION OF THE DRAWINGS [017]

FigiPe Y518 a schematic of two types of microcantilever hotplates with
temperature-compensated piezoresistors. Page 7 of 47 [018] Figure 2 shows
a de@hatfdasfreiR Agwe fataitino e pricsREe ograparetitenfibrinaiadliever

hotplatesawitlJermpespitie-compensated piezoresistors. [019] Figure 3

shows scanning electron micrographs of the fabricated microcantilever

ho S. ZO'J%F' re 4 shows,simulated boron, concentration using a
RO A SRR R B Lo AR ¢
sheiwltatiestiiogldivcidnfandlbighclipthauriotassggon of the microcantilever

hotplates. [022] Figure 6 shows data illustrating (a) Heater resistance and (b)

hegogn |powiguKS 5apidiesl & gy trte healrciocdnsherileietibpestHe)
Pier%orresist?[ resriiltinﬁ and (d) piezoresistor power vs. applied voltage to
the '&é’fgpe!s%/t%r PETE> and <100> direction for two cantilever types.
[023] Figure 7 shows data illustrating the hot spot temperature of each

delf2ly p& it eeshppARtB el Rnada dIRRIeR BIRRTPRBFIONRERET
[0Zsdvrdgvee Sophewsdmenstyeneaniatef localicempalaidreypesiaiptive

PO Y0 s R G BB i S e O L 31 105he

piezoresistors in <110> and <100> direction for two cantilever types.

[023] Figure 7 shows data illustrating the hot spot temperature of each

device type for five different power levels from laser Raman thermometry.

[024] Figure 8 shows measurements of local temperature vs. relative
position for type A and B (a) along the cantilever length, and (b) along the

cantilever width.

[025] Figure 9 shows two circuit configurations using the on-chip resistors in
the Wheatstone bridge.

[026] Figure 10 shows measured characteristics of the various resistors
from a type B cantilever.

[027] Figure 11 shows a summary of cantilever deflection sensitivity up to
200 °C.

DETAILED DESCRIPTION OF THE INVENTION
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cantilever width. [025] Figure 9 shows two circuit configurations using the
on-chip resistors in the Wheatstone bridge. [026] Figure 10 shows measured
characteristics of the various resistors from a type B cantilever. [027] Figure
11 shows a summary of cantilever deflection sensitivity up to 200 C.
DETAILED DESCRIPTION OF THE INVENTION Page 8 of 47 [028] In
gelR28] thénteaneradolaure s el ASesI IR Betabiy Ravertigaized

MEBHHI YU FheaRthBEWRAIACLRY BRICSERED O SievaRE et iads,

references and contexts known to those skilled in the art. The foIIowrn
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caﬂaeb!ﬁ %f both generating heat and use as a means for measuring
temperature nan embodiment, a heater-thermometer is a thermistor. An
ideal heater thermometer is a material that has a resistance which is
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heater-thermometer useful with some embodiments of the present invention
cotﬁ;?r"blé@@éﬁ@dﬁs‘ih@dﬁ%‘?@%&ﬁrBié@ﬁl|E%%t%ro"p’§mmetﬁﬁH§;9HSFU€96'§t'V9

bo(ooul¥)Ieaitigz BrrIstiMe reNSERCER S he@defisiive metariatbapagiture
res&stanc(ee Wh{Ch chan&ses when a straln is mduced |n he mat rial, for

exaaneie WHen {re" H‘?a rral i Arathed crpre(?dc‘rlﬁrr')rr%sse erreazgrgsfs?we

senseause tivatiesistance of the heater-thermometer, the temperature can be
determined. A heater-thermometer useful with some embodiments of the
present invention comprises doped silicon, for example silicon doped with

phosphorus or boron.

[030] “Piezoresistive sensor” refers to a resistive material having resistance
which changes when a strain is induced in the material, for example when the
material is stretched or compressed. A piezoresistive sensor useful with
some embodiments of the present invention comprises doped silicon, for
example silicon doped with phosphorus or boron. In some embodiments of
the present invention, piezoresistive sensors are integrated into a cantilever
near the fixed end, and are useful for sensing surface stresses induced in the
cantilever. According to this aspect, when a surface stress is induced in a
cantilever which has an integrated piezoresistive sensor, the resistance of the
piezoresistive sensor will change and can be sensed by a resistance sensing

circuit thereby sensing the surface stress of the cantilever.

[031] “Wheatstone bridge” refers to an electric circuit which is capable of

sensing a change in a resistance of an element of an electric circuit and/or
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some embodiments of the present invention comprises doped silicon, for
example silicon doped with phosphorus or boron. In some embodiments of
the present invention, piezoresistive sensors are integrated into a cantilever
near the fixed end, and are useful for sensing surface stresses induced in the
cantilever. According to this aspect, when a surface stress is induced in a
caffrakie WhittheiadNinDiafeyRERQIVPicoVRtaNsR/ef Serglement ekaizelaekiof the

PiegRiGEISEEnSRING Oh WhERRRGR M G8BiRE BRNSSHSRUALE B ing

circuit thereby sensing the surface stress of the cantilever. [031] ‘Wheatstone

britfyE T eERILEd A *ér@@r“n&"ﬁ‘?%hﬁ"’wﬁr ‘c’:r?'&e&E{Béﬁ?é%”%%ﬁéu%ea[%‘ﬂa%éﬂn a
resistarmencdrahtieéerasistapiceroelecitic ciraittanid/HneRagiu tabil G&@a’ele of

e R 09 AN IS SIRANEE SRRl AR EISEIE caleY
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ressmhisun@hmdg@@maﬂewwe\r@rwﬁé teawsiStdardasicina \sisastine

unkRayd aredithie AR NS fel-RRNB Yt Lepiste 3ilinel saitiablee Hatyie 9

shows construction of two different emboc? ments of Wheatstone bridge
cirPQRUIgeeA fiPnde prd Snhim/ AR YEiBLAE® @Paﬁﬁué@“ﬁﬁm@a&%ﬁéb

bridgpiciscuivineatsicn ésritrpisiandeiofwhpie Zosasisitimsenser pfezranxamsiple

posmosrg?d al nc%a S 10> or<ﬂ. O>rcr stal aSXIg,blglrt])eln&]gggsed tlé ure 9 (b)
dep|c REa s?oneqbﬁa%e circult Pﬁ TN the resistance of & plezore5|st|ve
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Wheatstone bridge circuit embodied in Figure 9 (b) is useful for

coRTEFERSEHEH éeé}m@?é?@ﬁ'éwﬁéﬁ@é%ﬁ (63 PEBREELISBPE due to
terapriatinmauiek deipigeioingdieanbange ploasistanne ebaspiedosasistien.

se 0 strain. A W ea st b e SI @ to th t of Fi b) can
alsrA ehﬁg?eép of bc”c?r% S |ng ? fr g 1? %‘?an%g d[l),le ar]?é'(r
effeompma}lroémlwmgwa raa@taoaameeév cirersiéeciaterchangeably
herein and refer to a structure having one fixed or attached end and one free

0r[032] “Cantilever” and “microcantilever” are used interchangeably herein
and refer to a structure having one fixed or attached end and one free or
unattached end, for example a cantilever of an atomic force microscope. In
some embodiments, the cantilevers of the present invention have dimensions
on the order of 10 to 1000 pm.

[033] “Microhotplate” refers to a microcantilever having a resistive heater or
heater-thermometer integrated into at least a portion of the free end of the
microcantilever such that the microcantilever can be used to heat a material,
species, or compound bound to or positioned on the microcantilever free end.
A microhotplate is preferred to have a uniform temperature distribution across
the free end of the microcantilever, and may have one or more resistive
heater portions. The terms “microhotplate” and “microcantilever hotplate” are

used interchangeably herein.
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unattached end, for example a cantilever of an atomic force microscope. In
some embodiments, the cantilevers of the present invention have dimensions
on the order of 10 to 1000 pm. [033] "Microhotplate” refers to a
microcantilever having a resistive heater or heater-thermometer integrated
into at least a portion of the free end of the microcantilever such that the
mitP3dantildierpahasennystiortineateiatsteaal origidatios or Resiisourfdwound
to gleRRsiiOne’iPadhenpitssRaIRYREBEERNE pidBHSSROI kRSt PegterTed

to have a uniform temperature distribution across the free end of the
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'”t%‘%%r&%fc YPIRID, i@?%?}slooﬂ‘éﬁ%é?ﬁé‘éﬁ%hne”é]%'rnceoﬂ%“n‘é”é%ﬁ%ﬂ'ﬁ’é‘r"r%%f{%rs
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an@uichle toredistiecclrmsots Ytk isokatatkee Rafmorbydffisiaiedanyfer of heat
beprgREHRS TWRAINESTDAR At dRalRG dicH aienally dRKIBIRMN BISMENTS

may be considered in thermal communication if heat is transported between
onEXNEFEIRHD SNSRI R P HIRSKRA RS AR BB a8l ieaiaRH Uy
thakitraty énswddiedl. Two elements in thermal communication may reach
thermal equilibrium and in some embodiments may be considered to be
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identical” refers to two objects, values, or other items being the same or
neRAPE 8BS [BRRFaHE RIS RBtplate devices of the present invention
comprise a cantilever having a fixed end and a free end; a pair of
pi@Sadsistive sangstplategtavictined tive preatdveyedmnthenfirésesnd,

whetgineths ftjlin i%wséiéna%ﬁa%%ése%e%e&aﬁ!aﬂgi@zﬁﬁg&ﬁxfé_%aﬁé@f

the cantilever and” has a first piezoresistive coefficient, and wherein the
sedUREBleddRR R ea RS MealitiftxambRgdh WBeia kg dist axis of the
captdevrsseiNdasrisor is aligned along a first crystal axis of the cantilever and

has a first piezoresistive coefficient, and wherein the second piezoresistive
sensor is aligned along a second crystal axis of the cantilever and has a
second piezoresistive coefficient that is less than the first piezoresistive

coefficient; and a heater-thermometer integrated into the cantilever.

[037] In a preferred embodiment, the first piezoresistive coefficient has a
value selected from the range of 0.01 to 100 Q per um of cantilever deflection.
In another embodiment, the second piezoresistive coefficient has a very small
value, preferably selected from the range of 0 to 1 Q per ym of cantilever
deflection. It is also preferred that the first and second piezoresistive sensors
are positioned in the cantilever close to one another such that they have a
substantially identical temperature, for example a temperature within 1 °C, 5
°C, 10 °C, or 25 °C of one another. In some embodiments, the first and
second piezoresistive sensors are positioned less than 10 ym, 25um, 50 pym,
100 ym, or 250 uym from one another. In an embodiment, the two
piezoresistive strain sensors are positioned near the fixed end of a cantilever,
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second piezoresistive coefficient that is less than the first piezoresistive
coefficient; and a heater-thermometer integrated into the cantilever. [037] In a
preferred embodiment, the first piezoresistive coefficient has a value
selected from the range of 0.01 to 100 O per pm of cantilever deflection. In
another embodiment, the second piezoresistive coefficient has a very small
valkkshpiabagyyexerieads@makenting&anoveen thepsaphteyetistdiested.
defleghatmBdaiplen: Preiesies batihe Hatinrdserendairaaissisiyesensors

are positioned in the cantilever close to one another such that they have a
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stranﬂséﬁbgr@aat&p?@éltloned near the fixed end of a cantilever, Page 11 of
47 such that they experience a maximum strain when the cantilever is
defi@ssgd. Ihnaayreferbadlsndnidithenienenesistivansileaier 3 0601SiaERl poSitighed
ot diaiange flam e Tued. g s fhen 5036 of e toiallspeth ol G
cantigver 1hsome ments eflrs and seconde plezore5|st ve
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microcantilever is comprised of Sll’lgEIP| crystal silicon or poly-crystalline
e

siliEBRtIRYS plbfeRise 8Fﬁfzﬁ56‘?ﬁ13‘rﬁt fff%tcwgfb?é%%ﬁ\%%b%ﬁi@eﬁ oMYy
a|%1m:@ﬁlé$fdlﬂy§@é@ﬁﬁ efyifialcansiievex a0k dirsreondgiesaremisive
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sesdicdrrdgnatiaxib idraeteroent thaldticolirbkiliosilidoraand thbboliasfies the
Pleg LG RIS NG SRS SR PRI IS HoRASLRiIC B pRERIHARIYS SiliGedgPed with

an element that is soluble in silicon and that modlfles the silicon electronic

prapeteeeddNahtag PEFOResISIME SSRSRSBSA §Pgepant concentration

selected from the range of 10" to 10?° dopants per cubic centimeter.

[039] In a preferred embodiment, the first and second piezoresistive
sensors are substantially identical; that is, they have substantially identical
compositions and substantially identical dimensions. Substantially identical
piezoresistive sensors help to ensure that any changes in the resistance of
the piezoresistive sensors due to temperature will be substantially identical. It

is preferred that the first and second piezoresistive sensors are identical.

[040] In an alternative embodiment, the microhotplate devices of the
present invention may also comprise a resistance sensing circuit electrically
connected to the first and second piezoresistive sensors. An exemplary
resistance sensing circuit comprises a Wheatstone bridge circuit. Such a
Wheatstone bridge circuit can be useful for compensating for changes in the

resistances of the first and second piezoresistive sensors due to temperature
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preferred that the piezoresistive sensors have a dopant concentration
selected from the range of 1014 to 1020 dopants per cubic centimeter. [039]
In a preferred embodiment, the first and second piezoresistive sensors are
substantially identical; that is, they have substantially identical compositions
and substantially identical dimensions. Substantially identical piezoresistive
seAsOrPhegnsNavhaRIBTINIA I BlRAGgE Mithaurértetaliessses aieantilever
piezsigsigthe sensors due to temperature will be substantially identical. It is
preferred that the first and second piezoresistive sensors are identical. [040]
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Wheatstone bridge circuit can be useful for compensating for changes in the
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also preferred that the heater-thermometer regions have a dopant
coREBISESPerRMA AN SME e NGRS ABMAINRSBNIISYRAts PEXBTIRETY

ceriibetimdntsohe isatdineantanther he pietitibesmameiry 48anaitiegrhs of

either nee*r the fr?e etrﬁd or near.the fixeﬁglI end qf the cantilever, In other
the ¢an |Ietver n other embodlmenEs e cantilever aBd or Peﬁiter- .
embaodiments; the heater-thermometer comprises substantially an entire

sunfa&rmarea@fwmgmrsdeonipg@mm@mem@om the group
he ARSI N BGIRIS a%%&%gn%t#,marﬁevaﬁabé%gnaaa&fsﬂa%g&rﬁlew In

other embodiments, the cantilever and/or heater- thermometer may have any

shaHEMRBRRANGINYIER e safitmyenRRskog Rgier-thermometer can be

formed or patterned.

[042] The microhotplates devices of the present invention may also
comprise other regions of doped silicon or regions of metal, useful as
electrical traces or contacts or useful for delivering current to the heater-
thermometer regions of the microhotplate. Use of highly doped silicon is
preferred for some embodiments because it is capable of carrying high
current densities, for example densities capable of producing temperatures in
the heater-thermometer regions up to 1300 °C.

[043] In an exemplary embodiment, the first and second piezoresistive
sensors are in thermal communication with the heater-thermometer of the
cantilever. Having the piezoresistive sensors in thermal communication with
the heater-thermometer ensures that the temperature of the piezoresistive
sensors can be controlled by the heater-thermometer and that the

piezoresistive sensors can have substantially identical temperatures.
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consisting of square, rectangular, circular, U-shaped, ladder shaped, or any
other shape into which the cantilever and/or heater-thermometer can be
formed or patterned. [042] The microhotplates devices of the present
invention may also comprise other regions of doped silicon or regions of
metal, useful as electrical traces or contacts or useful for delivering current to
thd Oflter T tiecimvention mayykmiigheicndersietb Ritdh i @Fing RRNdBP’IAY
siligeanipi@referred for some embodiments because it is capable of carrying
high current densities, for example densities capable of producing

tempeE3iuigs R 116 el U MEIE e ANSRI0 300 ColbaRLin A
exemplary odlmen irst and Secon piezor SSistive. Sensors arein
thermal communlcatlon withegresisiiee-ghi@imasansss of the cantilever.

Having the piezoresistive sensors in thermal communication with the
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temperature-compensated piezoresistive strain sensors [045] This example
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crystal direction where the piezoresistive coefficient is maximized and the

otHECEhRVRERRIAREIA SR Ao R YEIA IR SifRsIF Rfktetion in temperature

sensitivity. The deflection sensitivity shifted 10% for heating up to 200 °C and
cantilever deflection on the order of 10 um. This work enables cantilever

sensors that can measure temperature-dependant phenomena.
Introduction

[046] Since the invention of the atomic force microscope (AFM),
microcantilevers have become one of the most frequently used
microelectromechanical systems (MEMS) devices with applications ranging
from scanning probe microscopy to bio/chemical sensing. Microcantilevers
are often functionalized by introducing current traces, piezoresistive or
piezoelectric materials to realize specific applications. Heatable
microcantilevers having either doped single-crystalline or polycrystalline
silicon or patterned metal traces allow current flow so that they can be heated
by means of Joule heating. This heating in microcantilevers can be used for
bimorph actuation, thermomechanical data storage, thermal displacement
sensing in contact and tapping modes, novel nano-material synthesis,
nanoscale thermal analysis and nanoscale thermal manufacturing. Recently,
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the piezoresistive coefficient was nearly zero. The fabricated devices exhibit
excellent temperature compensation, with a 20 times reduction in
temperature sensitivity. The deflection sensitivity shifted 10% for heating up
to 200 C and cantilever deflection on the order of 10 pm. This work enables
cantilever sensors that can measure temperature-dependant phenomena.

IntRsatitaks s tYpLe]BIACROREIATERNEIPE LIS ROTIPICAD AtbaRERGEYE I ),
MigsPEaIYHIREFS. hR‘é%Mﬁé?é??yB@%ﬁ’érﬁlﬁdgﬂ% FGBHEANAY Ba8Ed on porous

microelectromechanical systems (MEMS) devices with applications ranglng
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microcantilevers avmg either doped single-crystalline or polycrystalline
silicon or patterned metal traces allow current flow so that they can be heated
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fabricated based on porous_silicon technology has been introduced and
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chaedrieitred e risaasiiaalerraspenssdined ang entReiaddrpisrdiegiirs[04m]
Mlcrocantllever Wlth mtearated plezore5|st|ve strain sensors are malnly

a
usSF e rep AR optlcaﬁod Rtion sensing but are also employed in various
sensing applications such as gas flow sensing, acceleration sensing,
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as multi-functional scanning probes in thermomechanical data storages or
calorimetry and microbalance applications where the integrated piezoresistors
were usually optimized for free-end deflection by a point load and not for
surface stress loading. Similarly, microcantilevers with the ability of
independent heating and sensing operation that have high sensitivity to
surface stress could be used for a variety of sensor applications. One
example would be calorimetry of a material adhered to the cantilever surface.
Chemical processes such as melting and evaporation and chemical reactions
between substances could be triggered by the heaters while the changes in
the surface stresses on the cantilever are monitored and can give information
about the material or reaction properties. Other examples include
biochemical sensing, where one might wish to interrogate the temperature-
dependence of biochemical binding to a microcantilever. Recent work has
shown the usefulness of cantilever sensors for temperature-dependent
biochemical sensing, although heating was global rather than local, and
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coating sensitive to a specific analyte. Analyte adsorption induces static
deflection by creating a surface stress, and thus embedded piezoresistors
can measure analyte adsorption. [048] Microcantilevers having both resistive
heaters and piezoresistors can offer simultaneous heating and sensing.
These hybrid types have been used as multi-functional scanning probes in
thedeileatigehsenciiziwes eviajesd usiadoiamier) apiicmidisiihrine heater

apRbEHO R MKRRER N HHORERIGSbRIGABEARIBINE AMRIfoVEHREYOPtIMIZed for

free-end deflection by a point load and not for surface stress loading.
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heating was gaobal rather than local, and Page 15 of 47 deflection sensing
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cancel temperature drift with the assumption they have the same temperature
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the cantilever, a method which assumes unidirectional, equal stress in all
resistors. However, for chemical sensing, in which a reactive layer causes a
surface stress on the silicon surface, the stress distribution in the cantilever is
complex and three-dimensional. Therefore, it is favorable to incorporate
independent sensors for stress and temperature in the cantilever to correct

the effect of thermal variations on the mechanical signal.

[050] This example describes the design, fabrication, and characterization
of microcantilever hotplates with temperature-compensated piezoresistive
strain gauges. Two different cantilever designs with the same surface area
have integrated heaters along the cantilever edges and a pair of
piezoresistors for temperature compensation near the clamped base. The
fabricated devices showed successful integration of resistive heaters and
piezoresistors and their electrical and thermal behaviors were thoroughly
tested. Excellent temperature compensation of the deflection signal was

confirmed, such that effect of the heater operation was negligible to the
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which the two cantilevers experience different temperatures. This could be
the case when a reactive coating modifies the thermal properties of one
cantilever. Temperature deviations between the two devices can also be
caused by the system environment, e.g. by thermal gradients due to gas flow
directions. On-chip temperature compensation for piezoresistive cantilever
seRger esistyegraanbnEnegednisiecheidie\winitvatesdiad enape
Interaith RRIEEIHIRRBADSIRI thdTHURANRG 8 UM IPLIS SRBIORERERAlMg

on- Chlgﬁ? mperature compensation use the principle of a Wheatstone bridge
cirdlf RS HhRRisZ A GRISIRbRANHRIF S umes unidirectional, equal

stress in all resistors. However, for chemical sensing, in which a reactive

layesignsndd abritatiostress on the silicon surface, the stress distribution in

the cantilever is complex and three-dimensional. Therefore, it is favorable to
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have integrated heaters along the cantilever edges and a pair of
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simultaneous calorimetric and thermogravimetric measurements by operating

theaBsfep RaihRe %@?@%§@0F%§lﬁﬁ5§@ﬁ@t"ﬂﬁe§]§m iy®iriE&tion [051]
Figedistanys 4ha tharsiardilangssiesigngeddiatlenathienfhauididof The size of

the narrow resistive heater at the free end is 130 um x 5 um for type A and 63
um x 5 um for type B. The doped silicon piezoresistor and the temperature-
compensating resistor near the cantilever base are made up of the low-doped
silicon. The size of each resistor is 20 um x 10 um as shown in Fig. 1. These
elements are connected by highly-doped, lowly resistive electrical traces, so
that the resistance of the traces is dominated by the piezoresistors and not

the electrical connection.

[052] The temperature compensation is accomplished through two highly
resistive elements, one of which being sensitive to both strain and
temperature, and the other one being sensitive to temperature but relatively
insensitive to strain. The strain-sensing resistive element is the high
resistance element on the centerline of the cantilever, such that the current
flow direction in the piezoresistor is aligned completely in the highly sensitive
<110> crystal direction of the silicon device layer. The second resistor of
equal dimensions is placed in close proximity to the first piezoresistor, but with
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cantilever A are each 200 pm, while cantilever B is 300 pm long and 133 pm
wide. The two cantilevers have approximately the same surface area. Each

cantilever goes through two boron doping procedures, a high doping step to
create low-resistance electrical traces, and a low doping step to create high

resistance regions for strain and temperature sensing. The specifics of the
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elements are connected bé{ ghly-doped, lowly resistive electrical traces, so
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elepmsry &&g@&mh@‘%%gggpe%emg%gp e centerline of the cantilever,

such that the current flow direction in the plezoreS|stor is aligned completely
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silicon in this direction are zero, so th he <100> resistor should

insRiRARECR SRS IR bR SiGRY Seviasdayas was 2 um, the buned oxide

(BOX) layer was 1 um, and the silicon handle layer was 400 um. To precisely
control the cantilever thickness, silicon dioxide was thermally grown on the
wafer surface and etched away with high selectivity. This process, which
slowly but evenly consumes the silicon of the device layer, was repeated
several times while the remaining device layer thickness was monitored and
the growth parameters were adjusted accordingly. After the thinning of the
device layer to meet the target thickness of 1 um, the beam structures were
patterned with photoresist (Shipley 1827) and etched into the silicon device
layer using a Bosch process in an inductively coupled plasma (ICP) etcher.

[054] Two implantation steps were performed with hard-baked positive
photoresist (Shipley 1827) as a mask for ion implantation. The first doping
step created current traces and heaters by ion implantation with the
parameters shown in Table 1. Then, the photoresist implantation mask was
removed and a 200 nm thick layer of silicon dioxide was deposited using

plasma enhanced chemical vapor deposition (PECVD) to prevent the dopants
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the sensitivity of the <110> resistor is maximized. A similar concept has been
demonstrated previously for an AFM cantilever with resistors in its two legs,
which are angled at 45 to each other and provide effective temperature
compensation. To cancel the effect of temperature changes, the two resistors
can be connected in one branch of a Wheatstone bridge and supplemented
by @ giftlisnedressistion FoamhEnichiriihiiagubreausst beahdieaimest.
Wherlsionaredfae#armbpErnad P heraa iR imA-sgeA s )eYS AR

the same chip, thus cancelling effects that alter the surface stress other than
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falaicationrsie psgoemEier the hoitroeattientetneqipdaiessiyitieposited silicon
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thickness, silicon dioxide was thermally grown on the wafer surface and
etched TWAY I/ HIPHiGH depingiFisP 1 ROBrotickvHiice ntiRkig ¥R venly
conrabsesiéhe\siesssinédendemiceriayissdasdrpeaie spietakiimas while
the femaining leviss averidness.as monioredaand, dhg grown
parameters were ajusted accoracl)ng?y. /ﬂ!tjer %en{ﬁ%nlng oftne’ device layer
to impdantaticargéhehikacesnscting the deped silicetuietheenetad daramedraith
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Bosch process in an inductively coupled plasma (ICP) etcher. [054] Two
imBISAEATPEBRERRTEI QR HorRTBBINGH M Fallib ATHBGRGES phbiRwaTes. 2
(Sizp!enLER énesriagrsaek foum igplantatining Tz frst doping stiep erested
curé%nt tracefs dandéwerflterr']s b[}/ iop implantation with the parameters shown in
Table"L °fhe RHS of reglsch uﬁ]éntfg%ion mask was removed and a 200

nm thick layer of silicon dioxide was deposited using plasma enhanced

chdRflvapBleaEsikIK (REEVER e pleFERTele"d SRegtRd fhefta 7

resistances from doping simulations for high and low-doped areas.

High-doped areas Low-doped areas

Implantation dose (cm™®) 3x10" 2x10"®

Implantation energy (keV) 120 20

Anneal temperature (°C) 1000 1000
Anneal time (min) 60 30

Expected sheet resistance

(Q/0) 32.85 2182

[055] For the final release, the handle layer was etched from the backside
using the Bosch process in the ICP etcher and the BOX layer was removed in
49% hydrofluoric acid (HF). To circumvent the problem that HF attacked the

aluminum, an additional photolithography step was added after the backside
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from diffusing from silicon to ambient during the subsequent heat treatment.
The heat treatment was performed in a furnace with nitrogen atmosphere and
is used to anneal the silicon and to achieve a more uniform dopant
distribution as shown in Fig. 3. After the heat treatment, the previously
deposited silicon dioxide was removed in buffered oxide etch (BOE) to

revBEIUBB-WiAtReioh thEhesaardithqosanbi cnaste iaf revsalashineltisineeep

WagPREYERREIAR BIake WARPIBZRERINSRING R iMPRRRLIPRWLR AN Wt
doping parameters in Table 1. Similar to the first doping steg a 200 nm thick

. . P
siliEB\ﬁ%i‘&%&é%Q%‘ﬁ(B?Héﬁ%hﬁg?cﬁ%?ﬁigﬁéﬁaé{m@ t‘i’n@w&%&é& [pyesang {figre
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allow inter- diffusion of doped silicon and aluminum. Table 1. Implantation
and$¥&RSreatment parameters and expected sheet resistances from doping
simulations for high and low-doped areas. High-doped areas Low-doped
aregimiatipintation dose (cm-2) 3x1015 2x1013 Implantation energy (keV)
120 20 Anneal temperature (C) 1000 1000 Anneal time (min) 60 30

Ex[o88pd Shess tesistapecadd. paddfien( B/ d0ebistos tre finediisjanse, the
P e BIER y BP E TERD UG R G52 L e Ge e,
Toaticttmiive iporet gardd ke ateHAt A thigide db dien alapeid siticem ddditaed
PhELRhe ArRRIY-RIEP 1Y 3SR RRsh At eiRasKRIdR B398 AP Same
doping level as for the resistors or using a different electrically conductive
material. The resistance of the current traces made of high-doped silicon will
be small compared to the resistance of the piezoresistors, which ensures a
high ratio of resistance change to initial resistance during sensing operation,
and thus a good sensitivity. The high-doped silicon also has a reduced
piezoresistive coefficient, so that unwanted resistance change in the
conductor areas is small. Furthermore, doping the silicon will have very little
effect on the stress state inside the cantilever, whereas deposited layers
might cause intrinsic stresses and lead to initial device deformation. Finally,
the coefficients of thermal expansion for intrinsic and doped silicon are
expected to be very similar, so that changes in the cantilever stress state due
to heating are minimized. The last requirement is impossible to achieve with
most other electrically conductive materials that could otherwise be used to
shape the current paths. The described arrangement of the piezoresistor and

the additional resistor is used for both cantilever types.

[057] A design requirement for the piezoresistor, the additional resistor and
the heater is that the total resistance for each element is below 5 kQ. This
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through-wafer etch. The same lithography mask that revealed the trenches
on the backside of the wafer to get free-hanging cantilevers was used again
to cover the same geometry on the topside leaving only the cantilever and
the surrounding trench area uncovered during the BOX layer etching. This
additional step effectively protected the aluminum from the HF and resulted in
sigieisictanieiiscpetisienyielawtadeigsivgie it oo perdionrle soyraicasdlie 4-
incly(Riehdidg; Buthowg P eampiakaIRFEPR MiRieRidSIRtiBa JeleAsedince

devices. Simulation [056] Since the shape and placement of the resistors are
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cantilever, whereas deposited g/ers might cause intrinsic stresses and lead
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used for both cantilever types. [057] A design requirement for the
picPSrBSRIRS SIS IR BItafPPsiRtp rEMAIOre evenly distributed which acts to

reduce current density during heating.

Characterization

[059] Electrical characterization. The basic electrical testing was performed
following characterization techniques described in [J. Lee, T. Beechem, T. L.
Wright, B. A. Nelson, S. Graham, and W. P. King, J. Microelectromech. Syst.,
15 (2006) 1644-1655]. Fig. 5 shows the circuit for electrical testing, where the
doped resistors (heater, <100> piezoresistor, or <110> piezoresistor) were
configured in series with a precision power resistor. The series power resistor
can be referred to as the “sense” resistor in the 2-resistor bridge design. Fig.
6(a) shows heater resistances as a function of the applied voltage to the
heater (heater voltage). The measured resistances are nearly constant at low
voltages since the Joule heating does not increase the device temperature
significantly. As the heater voltage is increased, the heater resistance
increases due to the positive temperature coefficient of resistance (TCR) at
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the heater is that the total resistance for each element is below 5 kit. This
Page 20 of 47 resistance is sufficiently low to be driven with conventional
electronics and to reduce noise, but is high compared to other resistances in
the system. Since the two piezoresistors are twice and long as they are
wide, the sheet resistance of the low-doped silicon must be below 2.5 kit/o.
ThiowRjHerpaigtusesp fMose prediraiasivetiacsl eaehestarticatneinisistors
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heaters are about 40-50 times longer than they are wide, and so the heaters
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characterization techniques described in [J. Lee, T. Beechem, T. L. Wright,
B. IR IR RibtPshasifafichaqie 35 &gt intticroelectromech. Syst., 15

(2006) 1644-1655]. Fig. 5 shows the circuit for electrical testing, where the
doffl lesitter sqheagiackitalchpieztarzidion, warsddrborpied évellistor) were
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can be referred to as the "sense" resistor in the 2-resistor bridge esgn. Fig.
6(df' 5hORR REAILP MRGSPHESSEIS A0 (VAN FREAIIPN A9 INRER 39he
heateictieriauneliagexpEbraensyRe Fesistengesnmeaipeary wrNsiatYy. arav

alignment of the crystal directions does not affect the resistance, which is
important in order to achieve a well-balanced bridge circuit for temperature
compensation. Compared to the small surface area of the resistors, the
dissipated power in the piezoresistors at the thermal runaway point is very
large, which is due to the proximity of the resistors to the clamped base.

[062] The relationship between resistance and voltage in Figs. 6(a) and (c)
and hence also the information about power vs. voltage in Figs. 6(c) and (d)
were obtained after the device was powered past the thermal runaway point
several times. These thermal cycles were found to reduce the room
temperature resistance and also modify the behavior of the resistance at
increased voltages. This burn-in period for heated cantilevers has been

previously investigated.

[063] The electrical characteristics of two cantilevers on one chip were
within 0.5 % from each other, so that only results for one cantilever are shown
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voltages since the Joule heating does not increase the device temperature
significantly. As the heater voltage is increased, the heater resistance
increases due to the positive temperature coefficient of resistance (TCR) at
Page 21 of 47 lower temperatures. Once the heater voltage reaches a critical
point, the heater resistance drops suddenly. This is the well-known thermal

ruf@iRy OtetiGpadesibebayipresake thessualcuiedormifewmstiat eeragon

calgiaietiQnaHysRraRE eRi@nce and the geometry is between 29 and
32 D/o, which is very close to the predicted value of 32.85 D/o. [060] Fig.
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occurs. This can be attributed to the relatively closer placement of the heater
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achieve a well-balanced bridge circuit for temperature compensation.
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the proximity of the resistors to the clam base. [062] The relationship
beelév% ot)ﬁ ?hersgcls '8chee%'\r'1e Ucfﬁgg'eo iy %gg.rp gﬁ(lt%eacnﬁ éf ga‘r%?l)gigi''er::@eealso the
inftempeicia olistploviionys . ploltag e sntfégel@ied aoditidh, werthebsadined after

the,gRvich WRRRBWRERA PRSI LRSIEAMALHHRNVEY |Bﬁgéfgﬁ%?¥§%'j?‘hf5‘ﬂesr-h is

These thermal cycles were found to reduce the room perature resistance

anBIISIRVAE thessarkansres thellpvsdeimrlejter comparison of the

temperature trends of devices with different lengths. Although the
distributions are almost linear and very close to each other, there are
differences between the two heater shapes. Fig. 8(b), which shows the
temperature distribution along the width direction, seems to confirm this trend
although the differences are marginal. The data points at about 2.5 and
82.5% in Fig. 8(a) and at 45% in Fig. 8(b) show somewhat higher
temperatures than expected from the adjacent data points. Since these
positions were in the high-doped silicon areas, the change in the temperature
slope could have been caused by the lower thermal conductivity. The
deviation could also be caused by the measurement error of the Raman
system because the relationship between shift in peak position and
temperature is calibrated for the intrinsic silicon. The accuracy of the
temperature measurements in the intrinsic silicon areas is within 5 K over the

tested temperature range.
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increased voltages. This burn-in period for heated cantilevers has been
previously investigated. [063] The electrical characteristics of two cantilevers
on one chip were within 0.5 % from each other, so that only results for one
cantilever are shown Page 22 of 47 here. Their similar behaviors make them
well-suited for differential operation to cancel out any parasitic effects. [064]
TelfApdlatbensiivificeheradienzationar BpAYRCSEBIRY Aas WReertelagticaang

theHerALIPIRRIRRY G BN SRIIRKHPENR PRAREHEES AN E 8RN dsdd 9o /

shows the hot spot temperature of each device tyi)e for five different power
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8(b), which shows the temperature distribution along the width direction,
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Since these. P SinoheRres '\fﬁe%?gaﬁ' ' %\beer S g'reas,etrr]\ o(:Hange in the
temjgcirgietors are included in the Wheatstone bridge, the resulting signal is

nearly identical to the signal from the <110> resistor alone.

[066] The three experimental runs were repeated, but instead of deflecting
the free end of the type B cantilever, the hot spot temperature was modulated
by powering the integrated heater trace. Fig. 10(b) shows the bridge output
for the heated, undeflected cantilever. For a hot spot temperature of 100 °C,
the circuit output for the <100> resistor is considerably large. Without
temperature compensation, the signal from this piezoresistor is equivalent to a
deflection of more than 100 um. When connected alone, the bridge output
signals of the <100> and the <110> resistors are very similar, indicating that
their temperature sensitivities are also very similar. When both resistors are
connected in the Wheatstone bridge, the output is much smaller because the
resistance changes due to the temperature variation cancel. The temperature
sensitivity of the temperature-compensation piezoresistor pair is reduced by a
factor of 20 compared to the uncompensated piezoresistor configuration at a
hot spot temperature of 100 °C.
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slope could have been caused by the lower thermal conductivity. The
deviation could also be caused by the measurement error of the Raman
system because the relationship between shift in peak position and
temperature is calibrated for the intrinsic silicon. The accuracy of the
temperature measurements in the intrinsic silicon areas is within 5 K over the
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characterized in the previous sections, were used to perform deflection
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characteristics of either the <110> piezoresistor, the <100> piezoresistor, or
bollRPRYBIAYRG & IRV 1&<R ity KSR EFr gt ot a98elstors
weresianfigueag dmeve owineatatamne, bridge indeddh s hevitnrrigisBrd-ig.
10(a).3hau's (e e, uipas adunalion aldipdefiselion forha ype B
cantiever: As expecte%l, the 21005 p Zordsistor s \/%ry NSENSHvE tO
cairienenatiefahingesking thdheutigreitisisgpomigchiahis dsigiiyity. cantilever
deflection. When both piezoresistors are included in the Wheatstone bridge,

thqoesyltingtsignakitnpeasin ide micakittilbecsivise tonsithe ©ldorettivintor
ann%.} 066 Th%.tt}rete ?Xﬁﬁ:’im ntal runs Werte reﬁ?eateocli but instteagfof th
defleCHRY BRETHEE Ly B 1Re Bpe B"ENRtRver the hol Sl IR e alire Was
maozhuititemeriby bavecsimsisienhdedieienremnsitivityoey &Fig.|AQd jeshpevstthe

bridac,QuipHs Rk N5 iRaGHt BN9EiretarhsRMIEERERMYr IR deflection
temperature of 100 C, the circuit output for the <100> resistor is considerably
Iar@@f‘WI‘fH&SLﬂCS)’ which must be minimized. Fig. 11(a) shows the

temperature-compensated bridge output signal as a function of tip deflection
for the type B cantilever. The cantilever was deflected for six different hot
spot temperatures under self-heating. The deflection sensitivity is not a very
strong function of the hot spot temperature in the range 25-200 °C. Fig. 11(b)
shows the normalized deflection sensitivities vs. temperature derived from the
slope of linear fits to the data points in Fig. 11(a). The slope of the linear fits
in the resulting figure represents the TCS and it is on the order of -5x10™* K™
Overall, the deflection sensitivity of the temperature-compensated cantilevers
under self-heating varies by about 10% over 200 °C. Both cantilever types
have very similar values and their difference is not significant compared to the

scattering of the data points.

[069] Table 2 summarizes typical characterization results for both cantilever
types. Type A has smaller hot spot temperature sensitivity, which indicates
that is well-suited for static chemical sensing applications which accompany

temperature. However, for oscillatory operation it might be favorable to use
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temperature compensation, the signal from this piezoresistor is equivalent to
a deflection of more than 100 pm. When connected alone, the bridge output
signals of the <100> and the <110> resistors are very similar, indicating that
their temperature sensitivities are also very similar. When both resistors are
connected in the Wheatstone bridge, the output is much smaller because the
rediediiee Breaniteyauasoirdaeas Sailay sarmgidroednets. seReitemiserature
seRgiIBhPHiESs leMRAaGIre6PENRE AsABRMRIRZ QERSIBIRIRAIHE fRskiged by a
factor of 20 compared to the uncompensated Piezoresistor configuratjon at a
hoPéBBlFt’@rhﬁ%fPaﬁﬁ BRI BAhE P31BR% 8B {MPRISGHAP SIGhRAh IR the
reroaireshigrassembddadoeatsechhy tide djffenesteg thahgosvA vesittiorst has
aver mperature their different location the cantilever. While
i Sl DU PR TSI i e
treindiediGtesbiiediedepe@ion addedaipeesainte waumritiow! Hsalgvewexetype

A GRHilayspahese Righer ggggﬁt_ion sensitivity because an equivalent
absolute change in cantilever deflection will cause greater stresses in these

sq -s? ed devices than in the longer and narrower type B device. From
AL R e e At

canti arrindeedbeusedto astire anges cantilever stress
with greatly reduced parasitic signals frof temperdfure changes and without

sacriifdaen erparitrbseeRibABe [0638] While itis |mt£ortant for the cantilever
to be sensitivg Hegtefleetipns with low sbﬁgitivity to ﬁ‘nperature changes, it is

even meka {ms&@m;@yéggtmilever to have consistent deflection
sensitivityiQuera lagergeiegrature ranté? This méy®e thought of as the

temp icient fg' flection sensitivity (TCS), which must be
minirﬁfégf{ E?ggﬂﬁggg%&g %étempel%ﬁﬁe-comﬁe?%ated bridge output
signal as a f ttigrnvg | edef ection for the type B cantilever. The cantilever
was deflgegd, él%(i )hot spot iémBperatur&lunder self-heating. The

deflection ?—?ena%g'r\/}t LIS ot a very

at thermal runaway (kQ) 2.27 2.06
Heater power

at thermal runaway (mW) 51.4 31.8

Base temperature at 200 °C hot 462 129

spot temperature (°C)
Room temperature tip deflection
sensitivity (mV/V-um)
Hot spot temperature coefficient of
tip deflection sensitivity (K”)

Hot spot temperature sensitivity
(MV/V-K)

0.268 0.0931
-5.97x10™ -5.86x10™*

-4.84 -8.74

Conclusions

[070] Silicon microcantilevers with integrated heater and temperature
compensation structures were designed, fabricated, and characterized. Two
different cantilever geometries were compared. The hot spot temperatures

that can be reached with these devices are greater than 500 °C without
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strong function of the hot spot temperature in the range 25-200 C. Fig. 11(b)
shows the normalized deflection sensitivities vs. temperature derived from
the slope of linear fits to the data points in Fig. 11(a). The slope of the linear
fits in the resulting figure represents the TCS and it is on the order of -5x10-4
K-1. Overall, the deflection sensitivity of the temperature-compensated
cathgevaidalinger Beartnemeiatviaiwevipund ie degteeseratoutdinaat along
CafiReyaitiRes WiABY 8Dl SHBHRSHYBieR ANS: e IFdETBFRNSSd Ha%oldest

significant compared to the scattering of the data points. [069] Table 2
suRRIT A dRe G Rmpes SHRSIEAS NI § dRG HE MR e SHiTRIIOR BdRe Wit A
hagissotdriotspatitempeRasistosensitivitys wiitickiffehoate sy statitigections

well e a1 S FemIgel Sansing ADLEAl QU YIIEN ACCONIRAL in ne
temperature. However, Tor oscillatory operation It mig e tavorable to use

Padesitm GhdzhRis pypeemtieanivss ehaigalasizedgelsapxinsvisnentyshiowesokat
SeqRide EQisisiieiRgidnas s 1108 IRV APSRBRAIEE MgS HHERI BRIt Of the

type A _cantilever can be explained with the distance from the piezoresistor
pafaditREeApigHinaand BIPEHAHEHANARR WRFESRSIRTIRP TR S Pe A
cartileysdirastibe e éasnpesahsievieridasmipe snecificalygies aidthadirestjantle
upgn.the. integrated heater operation. The rature uniformity will likely
g T e S R el R R R i
botksisiotitesan gypatly IRRBICR RNPesaiperindusedsstonvdhpuiosactidicsicheater

(KiRRecBHeBRG i e URSISI 8GRt tdird-e8mBERddibn esstRIdEabRoom

temperature resistance 3.56 3.78 of <100> resistor (ki)) Heater voltage 10.8

g fsensitivity is not a strong function of the temperature, enabling the accurate
sensing of deflections during heater operation or exposure to external heat

sources.

Figure Descriptions

[071] Figure 1 shows a schematic of two types of microcantilever hotplates
with temperature-compensated piezoresistors. Their sizes are 200 um x 200
um (type A) and 300 um x 133 pm (type B), respectively. Thus, both types
have approximately the same surface area. There are a resistive heater near
the free end and two piezoresistors near the clamped base. The zoom-in
shows a piezoresistor parallel to <110> direction and a piezoresistor parallel

to <100> direction.

[072] Figure 2 shows a schematic of six major fabrication processes to
make the microcantilever hotplates with temperature-compensated
piezoresistors. (a) beam and metal pad outlines are etched into the device
layer (b) heater and high doped regions are boron implanted (c) piezoresistors
are boron implanted (d) vias are made and aluminum metallization is followed
(e) silicon handle layer is etched from the backside using ICP (f) the buried
oxide layer is etched in HF.
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at thermal runaway (V) Heater resistance 2.27 2.06 at thermal runaway (ki))
Heater power 51.4 31.8 at thermal runaway (mW) Base temperature at 200
C hot 46.2 42.9 spot temperature (C) Room temperature tip deflection 0.268
0.0931 sensitivity (mVN-pm) Hot spot temperature coefficient of 4 4 tip
deflection sensitivity (K-') 5.97x10 5.86x10 Hot spot temperature sensitivity

_4[943B 7hiqure\B e Opn SRANOMY FIFUISIIRBOgIRRhEA ke éxbrigaied

INtGQrAlRE MRAIEF RO ERBAPErature compensation structures were designed,
fabricated, and characterized. Two different cantilever geometries were

co ed -The hot spot temperatyres. that can be.reached. wi

72 LR S e e N T R
teriqye end feighdofing @receesrsaselshand Hashely keadreneotamileiigsyith
theolaﬂiré%%ﬂ@q@lﬂ{@aﬁrﬁ’a@riﬁr&ﬁ,f?_egpfé@ﬂ\}&?h@ls!rﬁ%ié’qmi RideoRlaemed

substrate, while the temperature distribution in the width direction is very
unffbiif IRWAORFSRIGERIRAISIAt SRR NG RfitBE RN pYRrikniqlaess:
praxopyte arenoantiedy sistdnsgeddie high-dopenestedvnithactesign and
therier (é)urggerties (!v&[ﬁ Waracteﬁizaetg. The experiments showed that those

resistors alljéFleen i <1 PO ditection Showed high sensitivity to both cantilever

deflection and temperature changes, whereas the resistors in <100>_

dirf ¥R Wes SR ShoMsitR IR e Abe R AL lg iR Shr@tistarkigttaiher

detieptiarmsansitvipie hRis e vised inecidthentstene Dritutai(pricitiase
power resistor) which senses current and protect the device at high powers. V
total represents actual applied voltage to each doped resistor and V sense

represents voltage drop across the sense resistor.

[076] Figure 6 shows data illustrating (a) Heater resistance and (b) heater
power vs. applied voltage to the heater — heater voltage — for two cantilever
types (c) Piezoresistor resistance and (d) piezoresistor power vs. applied
voltage to the piezoresistors — piezoresistor voltage — in <110> and <100>

direction for two cantilever types.

[077] Figure 7 shows data illustrating the hot spot temperature of each
device type for five different power levels from laser Raman thermometry. The
long type B devices reach the same temperatures as type A devices at lower

cantilever powers.

[078] Figure 8 shows measurements of local temperature vs. relative
position for type A and B (a) along the cantilever length, where 0% is the
center of the free end and 100% is the center of the clamped base and (b)
along the cantilever width, where 0% is at the cantilever center in length and
width direction and 50% is at the edge in width direction and in the center of
the length direction.
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resistors can greatly reduce temperature-induced error without sacrificing
deflection sensitivity. Under temperature compensation, the deflection
sensitivity is not a strong function of the temperature, enabling the accurate
sensing of deflections during heater operation or exposure to external heat
sources. Figure Descriptions [071] Figure 1 shows a schematic of two types
of HRiE9bcahigereep BbRKeEL0 WitpLIL ARHEIGMTAECBS MPBadAENpIb Y resisteis N
Thee $esaRROBRIze 19PToTREDRE Mt AU dmrartd did REN ti¥ResRror

respectlvelg Thus both types have apEroxmater the same surface area.

ThEYEHY esibiVe Helierh8d7 SHER dirgGtiomWas ussid /e S t6E hear
thecotaprpedtaseharaetedstivsiof shovesistpiszoodsisidopanadel 100s1dystal

dlrca%gpo%ndeaz grlgsﬁggg 3 %r é)araI%el to <100> direction. [072] Figure 2
ShOWS a SChEMALIC Bf Sk major fabrication processes to make the

mlcrocantllever hotplates with temperature- compensated piezoresistors. (a)
befAUnd FtER PAF MBS ATH EtbARY ATS R Qi YAIQURTESISIRE and
higirotio pegoe Bieastdeedrorohd m@d@etedt(n)t signarésistiorm &setheron 0>

mplanted (d),vias mad and au inum met JZ is fqllowed, (e)
S e e R BRI RS R e
oxidsirigts WehetthedhéncHeuireidage @ (@MTW@?@]@IQ@ @utérweﬁ'am@ scahonvyfor

eﬁo%f!@!ﬁf&g EARhS L‘?rﬁHESt@é%‘%@e%ﬁ@@m@%‘{ﬁEfb‘?‘m@%t[@%} wgwe

ws simulated boron concentration usin ME3 for low and h

doﬁ%eedﬁﬁi@é‘seg eamqﬁe%d%q%%eaﬁé @cﬁ%%ﬁ%ﬁu@?%@f%%&td\iﬁer

thr-ahe@teﬁneaﬁmenwhneswe%wmrh‘s@teutbmnl@eeum:ﬁ@msdﬁetfb eé&flaetion but

Iow zﬁﬁle %esze%eﬂ%t? 1(% abgpat one third of the cantilever thickness.
are more even y it rlbu%'ed for high-doped areas which acts to

reduce current density upon heating.
081] Figure 11 shows a summary of cantilever deflection sensitivity up to

200 °C. (a) Bridge output signal with both piezoresistors configured vs. tip
deflection of the type B cantilever for six different hot spot temperatures (b)
Normalized tip deflection sensitivity vs. hot spot temperature for both
cantilever types. The cantilever deflection sensitivity changes by about 10%
over the temperature range measured, which is a factor of 20 improvement

over the uncompensated case.
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application publications; and non-patent literature documents or other source
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compounds disclosed in the references disclosed herein (particularly in

referenced patent documents), are not intended to be included in the claim.

[0126] When a group of substituents is disclosed herein, it is understood that
all individual members of those groups and all subgroups, including any
isomers and enantiomers of the group members, and classes of compounds
that can be formed using the substituents are disclosed separately. When a
compound is claimed, it should be understood that compounds known in the
art including the compounds disclosed in the references disclosed herein are
not intended to be included. When a Markush group or other grouping is used
herein, all individual members of the group and all combinations and
subcombinations possible of the group are intended to be individually included

in the disclosure.

[0127] Every formulation or combination of components described or
exemplified can be used to practice the invention, unless otherwise stated.
Specific names of compounds are intended to be exemplary, as it is known
that one of ordinary skill in the art can name the same compounds differently.
When a compound is described herein such that a particular isomer or
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this information can be employed herein, |f needed, to exclude (for example,
to HIEERR9LECific embodiments that are in the prior art. For example,
when a compound is claimed, it should be understood that compounds
kn&28) thAe psied herdincliadimgprisirglins spnopyarads avgbldssthidingé

refe{&ﬁ\%ﬁﬁr@%'ﬂéﬁ%‘e@'%%@%ﬂ%& By, Y elRIG0 GRIRRE S dpeRRREs.
are not intended to bé'included in the claim.
and does not exclude additional, unrecited elements or method steps. As

used herein, "consisting of" excludes any element, step, or ingredient not
specified in the claim element. As used herein, "consisting essentially of" does
not exclude materials or steps that do not materially affect the basic and novel
characteristics of the claim. Any recitation herein of the term “comprising”,
particularly in a description of components of a composition or in a description
of elements of a device, is understood to encompass those compositions and
methods consisting essentially of and consisting of the recited components or
elements. The invention illustratively described herein suitably may be
practiced in the absence of any element or elements, limitation or limitations

which is not specifically disclosed herein.

[0129] The terms and expressions which have been employed are used as
terms of description and not of limitation, and there is no intention in the use
of such terms and expressions of excluding any equivalents of the features
shown and described or portions thereof, but it is recognized that various

modifications are possible within the scope of the invention claimed. Thus, it
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[0126] When a group of substituents is disclosed herein, it is understood that
all individual members of those groups and all subgroups, including any
isomers and enantiomers of the group members, and classes of compounds
that can be formed using the substituents are disclosed separately. When a

compound is claimed, it should be understood that compounds known in the
artshetldipg tndersinpad tiidhiosdharrtrearitareindiasliosed herein are

NOLHUENERH @ReosKdusieraféhen aiiiinsihey ane ebﬁahsr@@qumeg is used

herein, all individual members of the group and all combinations and

su Mﬁﬂﬁrbﬂ@dp@é%'@”o?ftﬂkeW%‘r%hﬁf@ﬁ‘o‘@ﬁ%ﬁ&é’ Mgy ReLaserted to
inchydedsinskikedisclbsuae, [ﬂtﬁﬁ]aEsmy foodditittionoace viriattios ak
compol Oe[:ngs qgsocrlwﬁﬂ (ﬁ f5>I|f| % m?enpgﬁ dgf%%tocg tn% invention,
unléss otherwise sta Cnames of compounds are intended to be
exépsadedelaimsknown that one of ordinary skill in the art can name the
same compounds differently. When a compound is described herein such
that a particular isomer or Page 35 of 47 enantiomer of the compound is not
specified, for example, in a formula or in a chemical name, that description is
intended to include each isomers and enantiomer of the compound
described individual or in any combination. One of ordinary skill in the art will
appreciate that methods, device elements, starting materials, and synthetic
methods other than those specifically exemplified can be employed in the
practice of the invention without resort to undue experimentation. All
art-known functional equivalents, of any such methods, device elements,
starting materials, and synthetic methods are intended to be included in this
invention. Whenever a range is given in the specification, for example, a
temperature range, a time range, or a composition range, all intermediate
ranges and subranges, as well as all individual values included in the ranges
given are intended to be included in the disclosure.
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[0128] As used herein, "comprising” is synonymous with "including,"”
“containing,” "having," or "characterized by," and is inclusive or open-ended
and does not exclude additional, unrecited elements or method steps. As
used herein, "consisting of" excludes any element, step, or ingredient not
specified in the claim element. As used herein, "consisting essentially of"
does not exclude materials or stepg that do not materially affect the basic
and novel characteristics of the clar AM§ recitation herein of the term
"%@Bﬁﬁjﬁ;g"' particularly in a description of components of a composition or
in a description of elements of a device, is understood to encompass those
compositions and meﬁhods consisting essentially of and consisting of the

recitdd combBHERCR AFFABINES e invention illustratively described herein

suitably may be practiced in the absence of any element or elements,
limitation olimita@GastieMRIRY g g pixedicanamdadmraianskein. [0129] The
terms and expressions which have been employed are used as terms of
descriptioniand natgefilioiipadizoregistvib e rintégrited Intthsaitseantisueh

terms and expresgions. gl axeliding ameeguiaIsnis sbiedamiies oy
and described or por{ionst ereof',q utitis recognlzea ?ha{varlous
modifications are tggsidialonehinfiise crysise afisef Bardvastilewanand Mg, it

Page 36 of 47 shauldl e, upslesatRacbLiAdBnKeN e BreARNL IRyRRIion has

been specifically disclosed by preferred embodiments and optional features,

, ed & Y .
modification and PFEABH MR EEEHRIPReIA'ANLRSEEORR GBI

to by those skillegaiid thmagy enahthabsuckeawdiftetions istiveveuificioatanat
considered to be wi gél’s’l ]EEenscoi%e@)ftthis inrve%ttipré 818 qﬁ:‘fllgﬁ{j QX the
oT A7 e WE e T, mlt:rolqotplate

appended claims! age
comprising: _ _ _ _
C. a heater-thermometer integrated into said cantilever.

2. The microhotplate of claim 1 wherein said second piezoresistive
coefficient has a value selected from the range of 0 to 1 Q per ym of
cantilever deflection.

3. The microhotplate of claim 1 wherein said first piezoresistive
coefficient has a value selected from the range of 0.1 to 100 Q per

pum of cantilever deflection.

4. The microhotplate of claim 1 wherein the distance between said fixed
end of said cantilever and said piezoresistive sensors is less than

50% of the total length of said cantilever.

5. The microhotplate of claim 1 wherein said first and second
piezoresistive sensors are positioned in said cantilever in proximity to

each other such that they have a substantially identical temperature.

6. The microhotplate of claim 1 wherein said cantilever comprises

single crystal silicon.
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a. a cantilever having a fixed end and a free end; b. a pair of piezoresistive
sensors integrated into said cantilever near said fixed end, wherein the first
piezorestive sensor is aligned along a first crystal axis of said cantilever and
has a first piezoresistive coefficient, and wherein the second piezoresistive
sensor is aligned along a second crystal axis of said cantilever and has a
secohd pieZbreRItioBAiBlaiRcRs latiat wheseinaiddirt frgsisicrdedsistive! 0>

coefficient; §RgforRiReRiSsHRpINeRIcIsEntparAed e Al qanulem@ttién

The microhotplate of claim 1 wherein said second piezoresistive coefficient
has a valud"s3li%9Rd from the range of 0 to 1 0 per pm of cantilever
deflection. 3. The microhotplate of claim 1 wherein said first piezoresistive
coefficient has aiginhoipdReRicCiaim téeieigesaidditstandserped pm of

cantilever dedlectianie Hapdpicrehaimateiedifidowherein the distance

between said fixed end of said cantilever and said piezoresistive sensors is

less gﬂan EH%J r%f ther‘})?t
&

.’fll Iength of idhcantileveJ. 5. The m{'croho;]plate of
. (539 ate clalmgéaw gfein sald iezoresistive sersors ar
claim 1 wherein said firSt and second” piezoresistive Sensors are positione
in said cantilened witpraxisiy ent satdeiethérosutie thatuh eprisisting of

substantialyisagisal e BaRIRLY e bE U0 BoIPiAie Rl gl Jgherein

said cantilever comprises single crystal silicon. Page 38 of 47 7. The
microhotpIﬁ@@f'@fﬁmr@\ﬁﬁﬁygﬁ%zﬁﬂqﬂ@k‘?{?%%&@ ieRtiquesnaigs&ion in
silicon and saigesteond crystal axis is a <100> direction in silicon. 8. The
microhotplate of claim 1 wherein said first and second piezoresistive sensors

compgse dpRERUSABplate of claim 8 wherein said piezoresistive sensors
have a dopant concentration selected from the range of 10" to 10%°

dopants per cubic centimeter.

11.  The microhotplate of claim 1 wherein said first and second
piezoresistive sensors have substantially identical dimensions and

substantially identical compositions.

12.  The microhotplate of claim 1 further comprising a resistance sensing
circuit electrically connected to said first and second piezoresistive

Sensors.

13.  The microhotplate of claim 12 wherein said resistance sensing circuit

comprises a Wheatstone bridge circuit.

14.  The microhotplate of claim 12 wherein said Wheatstone bridge circuit
compensates for a change in the resistance of said first and second

piezoresistive sensors due to temperature.

15.  The microhotplate of claim 1 wherein said heater-thermometer

comprises a resistive heater.
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9. The microhotplate of claim 8 wherein said piezoresistive sensors are
doped with an element selected from the group consisting of phosphorous,
boron, or other elements that are soluble in the material of the cantilever and
that change the cantilever material properties. 10. The microhotplate of claim
8 wherein said piezoresistive sensors have a dopant concentration selected
fromthe rahfe sicaohatphaioedclaspdrnhpeaingsid beatenhtiermpmeatae
microhotplais g daiudpabgiripsaid first and second piezoresistive sensors
have substantially identlcal dimensions and substantially identical

com %Itloﬁelr%c-tl‘-o eO e O?H?Elieilte fg Clﬁlerpei]ﬁ futh e rtlasrmgmeter
resistance sensing CII‘CEI;%1 electrica y connecte O Salg FI‘S an secon
piezoresistiepesnibrenidemast piteciastiare bedaampicondisiiamaiaid

resistance BﬁB%ﬂ%@[@“Bo?QmBFWé/I\QM%QH% kirelggiGHieulh thd- The

microhotplate of claim 12 wherein said Wheatstone bridge circuit
compensat®@igiial ehififraMimerandiirteaosdhr G yecpirieral

piezoresistpi@sefisers due to temperature. 15. The microhotplate of claim 1
wherein said heater-thermometer comprises a resistive heater. Page 39 of

47 16g The TRICTARPIRIS 8 SPTRiM WBSIREI SAIJG ASIEheHIMBRISer has

comprises doped silicon. 17. The microhotplate of claim 16 wherein said
heater-therfePRBIEIGRNGRIFERII Nt CIae em basanss RbMP thiPdBup

consisting @bpaispeemutic Bertimaenther elements that are soluble in the
material of the cantilever and that change the cantilever material properties.

19.  The microhotplate of claim 1 wherein said heater-thermometer is
positioned at said free end of said cantilever.

20.  The microhotplate of claim 1 wherein said heater-thermometer

comprises substantially an entire surface area of said cantilever.

21.  The microhotplate of claim 1 wherein said heater-thermometer is
capable of producing temperatures up to 1300 °C in said cantilever.

22.  The microhotplate of claim 1 wherein said first and second
piezoresistive sensors are in thermal communication with said

heater-thermometer.

23. A method of sensing a surface stress of a microhotplate, the method

comprising:
a. providing a microhotplate, said microhotplate comprising:
i. a cantilever having a fixed end and a free end;

ii. a pair of piezoresistive sensors integrated into said
cantilever near said fixed end, wherein the first
piezorestive sensor is aligned along a first crystal axis of
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18. The microhotplate of claim 16 wherein said heater-thermometer has a
dopant concentration selected from the range of 1014 to 1020 dopants per
cubic centimeter. 19. The microhotplate of claim 1 wherein said
heater-thermometer is positioned at said free end of said cantilever. 20. The
microhotplate of claim 1 wherein said heater-thermometer comprises
substantially an entiréai Frarideiersaodad adlisilezoregisintreapettisiesiplate

of claim 1 wherein saRhRAEHEIEUBEHRN drecarRAMav REMCHIdligned

temperatures up to 1300 C in said cantilever, 22. The microhotplate of claim

1 wherein said first a8 85RFOPRoDIYIETIS SbRgrcaniskemhanhaps a
communication with segbndgsiterstbsistvensieifi@éntAhasthied ofreensiig fast
surface stress of a microhotpl he method. comprising: a. providing a
microhotplate, said @%%%8%%% (%Sren@ﬁéﬂ?g?q&a cantilever having a fixed
end and a free end; ii. a pair of piezoresistive sensors integrated into said

cantilever near silld fxBePEENGIROBIRIBIYRA AReBte SRR SNBSS aligned

along a first crystal axis of Page 40 of 47 said cantilever and has a first
piezoresistive coefficisicallnndrnbetivthstid Sestand siecand sistapsasisier is
aligned along a sepaRikaryalol RelapbrelhiagaUipar apihas a second

piezoresistive coefficient that is less than said first piezoresistive coefficient;
and iii. a heater-thermometer integrated intT said Cfantj%ﬁlert; b. electri(fally
connectingCSaid fiPSCRNY SEEH pic A S8 BRI S Rh DS I AR SREIONE
bridge circuit; andsensenshegedisangiadrass velsictasioesofod sialdirst

piezoresistive microhotplate.

24.  The method of claim 23 wherein said Wheatstone bridge circuit
compensates for a change in a resistance of said first and second

piezoresistive sensors due to temperature.

25. The method of claim 23 wherein said first and second piezoresistive
sensors are positioned in said cantilever in proximity to each other

such that they have a substantially identical temperature.

26. A method of sensing a property of a compound with a microhotplate,
the method comprising:

a. providing a microhotplate, said microhotplate comprising:
I. a cantilever having a fixed end and a free end;

ii. a pair of piezoresistive sensors integrated into said
cantilever near said fixed end, wherein the first
piezorestive sensor is aligned along a first crystal axis of
said cantilever and has a first piezoresistive coefficient,
and wherein the second piezoresistive sensor is aligned
along a second crystal axis of said cantilever and has a
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sensor, thereby sensing a surface stress of said microhotplate. 24. The
method of claim 23 wherein said Wheatstone bridge circuit compensates for
a change in a resistance of said first and second piezoresistive sensors due
to temperature. 25. The method of claim 23 wherein said first and second
piezoresistive sensors are positioned in said cantilever in proximity to each
other such that theySeeeRiapEsighNg apefiriantéespéhaupai@Brsh method

of sensing a property,pfareeERRUEsk Tt A isgohotplate, the method
comprising: a. providing a microhotplate, said microhotplate comprising: i. a

cantlever having,a fixed e A0d & IERe T I ALAK A DIEFOIRRISINE
sensors integrated into said cantilever near said fixed end, wherein tHe first
piezorestive sensor is aligned along a first crystal axis of said cantilever and

has a first flezoreS8IRAIR8SHICERE SRl ARILRRINCLBEYIHN BicoBRYG e

sensor is aligned along a second crystal axis of said cantilever and has a
Page 41 ofc47 seponddiigransistieccouffiitin kaid teatesdigfinstmeter,

piezoresistive COQH&?@&Vicﬂaﬂfdih@é‘%?!éFHﬁrﬂEW@éﬂ daIRgaLedipfo said

cantilever; b. contacting said ffee end of said cantilever with a compound; c.
providing a voltagROBIPAYHE AN WarISiR SRIF tREMRSERYER FNaReRBl @fhnging

a temperature of gaidmanderetacst sempatest@rd Wwheigivasaildver; and
temperature change of said compound produces a surface stress in said

cantilever; gnd d. sensing aARANISIE AGSSRAKH ShsaifkliFL RireqLesistive
sensor, thereby sensing a property of said compound.
sensor, thereby sensing a property of said compound.

27.  The method of claim 26 wherein said property of said compound is
selected from the group consisting of: a melting point of said
compound, a boiling point of said compound, a binding energy of
said compound, a heat capacity of said compound, a mechanical
expansion of said compound, or a mechanical contraction of said

compound.

28. The method of claim 26 wherein said surface stress is produced by
an event selected from the group consisting of: a change in the state
of said compound, evaporation of said compound, a change in the
amount of said compound contacting said cantilever, a change in the
extent of binding of said compound to said cantilever, a mechanical
expansion of said compound, or a mechanical contraction of said

compound.

29. The method of claim 26 further comprising sensing a resistance of
said heater-thermometer, thereby sensing a temperature of said

cantilever and said compound.

30. The method of claim 26 wherein said change in a resistance of said
first piezoresistive sensor is sensed by a method comprising
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27. The method of claim 26 wherein said property of said compound is
selected from the group consisting of: a melting point of said compound, a
boiling point of said compound, a binding energy of said compound, a heat
capacity of said compound, a mechanical expansion of said compound, or a
mechanical contraction of said compound. 28. The method of claim 26
wherein sarlestiiRedy saereddngrsaiddeatancseeBarietocesiplinniensassdip

consisting gfyeaegRd Bliag s EisuIPSa It &RRP & BEmPERRaa YNt Ratg e

compound, a change in the amount of said compound contacting said
cantilever, 0 GESARCHET SR AV AGD SR BE SFAUEHFN G ue to

cantilever, emgstauneal expansion of said compound, or a mechanical
contraction of said compound. 29. The method of claim 26 further comprising

SeNsHig a IRSIRMHEE s SAhHeALPEE MNEIRS alRGEFNCRARRINENE method

temperature of said cantilever and said compound. 30. The method of claim
26 wherein®S4i'¢H88ge in a resistance of said first piezoresistive sensor is
sensed by a method comprising Page 42 of 47 electrically connecting said
first and segond pexddixisaviest snistrgaiplaia)sridtstonenbiidgie cooyriging:
manner to compensate for a change in a resistance of said first and second

piezoresistive senisoEs iy cienaprigitifedlord BIRi0Mef sgdising a
species bound to a microhotplate, the method comprising: a. providing a first

microhotplate, salfl migaPQRlAlS FATRUSIGnsrd FABKIGNRT RiRY g fixed

end and a free end,; ii. a pair of piezoresistive sensors integrated into said
cantilever near said FREH@YRI, VAae &I fheeei@pd, wherein the first

piezorestive sensor is aligned along a first crystal axis of
said cantilever and has a first piezoresistive coefficient,
and wherein the second piezoresistive sensor is aligned
along a second crystal axis of said cantilever and has a
second piezoresistive coefficient that is less than said first
piezoresistive coefficent; and

iii. a heater-thermometer integrated into said cantilever;

b. providing a species capable of binding to said free end of said
cantilever, wherein binding of said species to said cantilever

produces a surface stress in said cantilever; and

C. sensing a change in a resistance of said first piezoresistive
sensor, thereby sensing said species bound to said
microhotplate.

32. The method of claim 31 wherein said free end of said cantilever

comprises a substance capable of binding said species.
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piezorestive sensor is aligned along a first crystal axis of said cantilever and
has a first piezoresistive coefficient, and wherein the second piezoresistive
sensor is aligned along a second crystal axis of said cantilever and has a
second piezoresistive coefficient that is less than said first piezoresistive
coefficent; and iii. a heater-thermometer integrated into said cantilever; b.
providfng aldseeiethediisiaior Binditteroconmaripirodiavidisgia eiagR ver,
wherein bingipg Rfisaisl sResies insaishraalievslchy eERghg My face stress

in said cantilever; and c. sensing a change in a resistance of said first
piezoresistivaRIALYE B SR \FARMENR) said species bound to said
microhotplate. 32. The method of claim 31 wherein said free end of said

cantifdver tbmpriteecolginitaddevdsablsativraistensaiaf sadiest Page 43
of 47 33. TRRBAERAWS Sa8838 8eriBed 69 BRRSIRSIERMIBIRGN] %@E@ﬂé’a@

current to said heater-thermometer, thereby changing the temperature o
said cantilekRIMNSANBRAIAdHiThaNt SRPRBRIGAPSIR VS GFRSERIAR of said

first piezoragishvetaenbed e saesid by a method comprising electrically
connecting said first and second piezoresistive sensors in a Wheatstone

bridggscircuih Sl BEtrh udiBrH vanelRieaRib KsRiglarchidge

circuit compensates for a change in a resistance of said first and second

piezoresistkRTHRSNSHEH R BoAerngerAareesigantR oherithrelansseeand

further compesongsisti@ddsdgsadaeaondmperahiegplate substantially identical
to said first microhotplate, said second microhotplate comprising:

36. The method of claim 31 further comprising:

a. providing a second microhotplate substantially identical to said

first microhotplate, said second microhotplate comprising:
I. a cantilever having a fixed end and a free end;

ii. a pair of piezoresistive sensors integrated into said
cantilever near said fixed end, wherein a first piezorestive
sensor is aligned along a first crystal axis of said cantilever
and has a first piezoresistive coefficient, and wherein the
second piezoresistive sensor is aligned along a second
crystal axis of said cantilever and has a second
piezoresistive coefficient that is less than said first

piezoresistive coefficient; and
iii. a heater-thermometer integrated into said cantilever;

b. providing said second microhotplate in an environment
substantially identical to said first microhotplate, wherein said

environment does not have said species present; and
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I. a cantilever having a fixed end and a free end; ii. a pair of piezoresistive
sensors integrated into said cantilever near said fixed end, wherein a first
piezorestive sensor is aligned along a first crystal axis of said cantilever and
has a first piezoresistive coefficient, and wherein the second piezoresistive
sensor is aligned along a second crystal axis of said cantilever and has a
second pigzoresieipeticabiRIENCEHADISAEE T ANSSREARS DiRERERBISISR/ e

coefficient; and iiis gngA{f LdMRATIAEFIRRSIEELSHN A RAIFS AN RKBEN -

providing said second microhotplate in an environment substantially identical
to said first microRSPPEES 'SHHR RERSOLC kS RIF SRR BdehiP R & &id
species present; &videBagendbofide drelieotrialyntennienticengsddSisisaod
second piezoresigiys sensorsafanid rmisrohaiplate andsad g and
second piezoresistive’sensors of said Ssecond microhotplate in a
Wheatstone bridgkeogersitdhsaithtiisharicheidphaiseisatesitacisrihgethan

resistance of Saidsﬂ\'@%@@ié@%’imr@%%‘ﬁéth’@e 8RBArSR eaiditiRtr of said
fe

microhotplate due to effects other than said species binding to said free end
of said cantilever GFETIF AR RS ohotplate. 37. A method of performing a
temperature compensated deflection measurement, the method comprising:
a. préviding\aneibesheltperiersiid mieroperpiae conpsisiaigd defleatinilever

having a fixad fud-anche freefiifod-RRplighgpiezoresistive sensors

integrated into said cantilever near said fixed end, wherein the first

plezorestlvg'sensporrol\% |Ir%8naerqni%lr%ﬂ%tglg{g} scarl}@%,c?o Sof)pfla’[e comprising:

I. a cantilever having a fixed end and a free end;

ii. a pair of piezoresistive sensors integrated into said
cantilever near said fixed end, wherein the first
piezorestive sensor is aligned along a first crystal axis of
said cantilever and has a first piezoresistive coefficient,
and wherein the second piezoresistive sensor is aligned
along a second crystal axis of said cantilever has a second
piezoresistive coefficient that is less than said first
piezoresistive coefficient; and

iii. a heater-thermometer integrated into said cantilever;

b. electrically connecting said first and second piezoresistive
sensors in a Wheatstone bridge circuit in a manner to
compensate for a change in a resistance of said first and

second piezoresistive sensors due to temperature; and

C. sensing a change in a resistance of said first piezoresistive

sensor due to a deflection of said cantilever, thereby
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said cantilever and has a first piezoresistive coefficient, and wherein the
second piezoresistive sensor is aligned along a second crystal axis of said
cantilever has a second piezoresistive coefficient that is less than said first
piezoresistive coefficient; and iii. a heater-thermometer integrated into said
cantilever; b. electrically connecting said first and second piezoresistive
sensors in a Whebg@storiei tgidderspeiatureconprigaiedaniipelintate for a
change in a resistapge pEsridtfirst and second piezoresistive sensors due to
temperature; and c. sensing a change in a resistance of said first
piezgesistivg, seliparde o sefission o said cantlever,fhershy Rage 45
of 47 performing a temperature compensate derlaction ‘maasurement. 38.
The methodaiiegiiin SHdineptardbeipmesiaies: dvedaiy shaneég te voltage to
said heaterdhgymamerer. dherempfriianging the temperature of said
cantilever. Page 46 of 47 ABSTRACT Microcantilever Heater-Thermometer
with Integrated Temperature Compensated Strain Sensor The present
invention provides microcantilever hotplate devices which incorporate
temperature compensating strain sensors. The microcantilever hotplate
devices of the present invention comprise microcantilevers having
temperature compensating strain sensors and resistive heaters. The present
invention also provides methods for using a microcantilever hotplate for
temperature compensated surface stress measurements,
chemical/biochemical sensing, measuring various properties of compounds
adhered to the
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microcantilever hotplate surface, or for temperature compensated deflection
measurements. Figure 1

ABSTRACT

Microcantilever Heater-Thermometer with Integrated Temperature-
Compensated Strain Sensor

The present invention provides microcantilever hotplate devices which
incorporate temperature compensating strain sensors. The microcantilever
hotplate devices of the present invention comprise microcantilevers having
temperature compensating strain sensors and resistive heaters. The present
invention also provides methods for using a microcantilever hotplate for
temperature compensated surface stress measurements, chemical/biochemical
sensing, measuring various properties of compounds adhered to the
microcantilever hotplate surface, or for temperature compensated deflection
measurements.

Figure 1
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