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Abstract

In English:

The frequeng—dependenheatcapacityof supercooledglycerol nearthe glass
transitionis measuredisingthe 3w detectiontechnique.An electricalconduct-
ing thin film with atemperature—dependegiectricalresistances depositecbn a
substrateThethin film is usedsimultaneouslyasa heaterandasathermometer

The aim of thework is to improve andunderstandhis planarheaterexperiment.
| find:

» Carbonhasadwantagessheatematerialover the traditionally usedmetal
(nickel) heaters.

» The thermalcoupling to the surroundingtemperaturebath shouldnot be
madethroughtheliquid but throughthe substrate.

» Edgeeffects,asa resultof the finite size of the heatey play animportant
role. The traditionally way of dealingwith theseeffects are not entirely
correct.

» TheCole-Daidsonfunctionwith Bcp = 0.62+4 0.02fits the measurediata
for glycerol.

(Thisthesiscanbe downloadedat: http://dirac.ruc.dk’cfb/)

In Danish:

Denfrekvensafhaengigearmefyldeaf underaflaletglycerol naerglasoergangen
er malt vha. 3w maletekniklen. En tynd, elektrisk ledendefiim med en tem-
peraturafhaengiglektriskmodstancer deponerepa et substrat.Filmen beryttes
samtidigsomvarmekildeog termometer

Malet for dettearbejdeer at forbedreog forsta dette plan—pladeeksperimentet.
Det konkluderesat:

» Deterenfordelatberytte enkulfilm somvarmepladdéremfordetraditionelt
beryttedemetalfilm.



» Dentermiske koblingtil detomkringliggendg¢emperaturbatigrveeregen-
nemsubstratebg ikke gennenveaesien.

» Randefekter, derskyldesdenendeligeudstraekningf varmepladenspiller
envigtig rolle. Dentraditionellemadehvorpader korrigeresfor disseef-

fekterer kun delviskorrekt.

» Cole-Daidsonfunktionenmed cp = 0.62+ 0.02 stemmeroverensmed
demaltedatafor glycerol.

(Denneafhandlingkan hentedra: http://dirac.ruc.dk’cfb/)
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1 Preface

This treatiseis basedon the work thatl have doneduring 3 yearsasa Ph.D.stu-

dentatIMFUFA (theinstituteof physics),Universityof Roskilde,Denmark.The

overall aim of the work hasbeento improve existing, or develop new, measuring
techniguedo beusedin measuringrequeny dependenspecificheatcapacityof

highly viscousliquids, suchassupercooledliquids nearthe glasstransition.

In this first chapterthe objectvesthatwereformulatedat the onsetof this work,
will be presentedandthe objectivesthatin facthave beenreachedwill be men-
tioned. At theendof thechapterthereareafew practicalnotesto thereader

1.1 Intended objectives

In principle the measurememf a heatcapacityis very simple: supplya known
amountof heat,andmeasure¢heresultingchangdan thetemperaturefFor ahighly
viscousliquid this is complicatedby relaxationphenomenaThus,if heatis sup-
plied in a oscillatorymannerthe relaxationphenomenavill influencedthe mea-
suredphaseandamplitudeof theresultingtemperaturehange.

Suchmeasurementsan,for example,be madeusinga thin metalfilm onaglass
substrateasaheaterimmersednto aliquid. If theelectricalresistancef thethin
film vary with temperatureit cansimultaneouslyunctionasathermometerThe
temperatureamplitudeand phaseshift canbe detectedusingthe “3w detection
technique”(which will bedescribedn chapter6). Resultsof suchmeasurements
have, sincel985,beenreportedn theliterature.

One problemis that therecan be raiseddoubtsaboutwhat quantity is actually
measureadn this “stiff planarheaterexperiment”. Whatis usuallyassumeds that
it is the specificheatcapacityat constanfpressurec, (multiplied by the thermal
conductvity). But thisis doubtful. In somecasesdependingon the exactexper

imentalconditions,it is insteada quantitythatcanbe calledthelongitudinalheat
capacity(c;) [Christenserand Olsen,1997}. This hasto do with the thermo—

tep= E—;c\,, whereKs andKs is theadiabaticandisothermabulk modulus respectiely, and

\Y



Vi Preface

visco—elastigropertyof the highly viscousliquid. Whenheatis suppliedto the
liquid theliquid expandshut attheglasdliquid interfacetheliquid cannotexpand
in thedirectionparallelwith the glasssurface,sinceit is clampedo the stiff glass
substratdassuminghatthe glassdoesnot expand,or at leastdoesnot expandas
muchastheliquid), seefigure 1.1.

Glass substratﬁ Liquid

Heater |

Figure 1.1 In the stiff planarheaterexperimentthe liquid is clampedto the stiff glass
substratelt canexpandfreely perpendiculato the glasssubstratesurface(andheater),
but notin the paralleldirection,asindicatedon thefigure.

With time, of coursetheliquid will flow, andthedeformatiordueto theclamping
will relaxaway. But thetime—scaleof thisrelaxationis the same asis relevantfor
the heatcapacityrelaxationphenomenaThusthe heatcapacityis not measured
underconstantpressure.This “problem” will be calledthe thermo—mechanical
problem.Probablythe simplestway to modelthisis to assumehattheliquid can
expandfreely in the direction perpendiculato the heater(and glasssubstrate),
but notin the paralleldirection[ChristenserandOlsen,1997,p. 275-276]. The
measuredheatcapacityis in this casethelongitudinalheatcapacity andit canbe
shavn? thatoy < ¢ < Cp, Whereoy is theheatcapacityat constantzolume.

Thethermo—mechanicgroblemmight be overcomef the heaterandsubstrates
flexible, thatis, if it canexpandwith the liquid. With this in mind, threemajor
preliminaryobjectivesfor the projectwassetfrom the beginning:

1. Make a setup,usingthestiff planarheaterand 3w detectiontechniqueand
measure; .

cv is theheatcapacityat constantvolume.¢ = h“,’l'—ﬁc,\/, whereMy = Ky + %G (forx=sorx=T)
is thelongitudinalmodulusandG is the sheamodulus.
2|t follows from the definition of cp andg givenin the previousfootnoteandthatKy < K.
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2. Improvethesetup,in orderto getmoreaccuratedatathanalreadyavailable
in theliterature.

3. Developanew, or partly new, techniquethatmeasuresp, andcomparethe
resultswith the measurementsf .

Basicallytheideawasto malke the stiff planarheaterexperimentin a similar way
aswasalreadyreportedn theliterature,andthentry to improve the quality of the
data,by somehav improving thedesignof the setup,andfinally to try to make the
planarheaterexperimenton aflexible substrate.

Theaim of thework hasnot beento enlagethe frequeng rangeof the measure
ments of thefrequeny dependenteatcapacity but ratherto try to measuremore
accuratedata, with lessscatterand systematicerrors, even if that would mean
narraving the frequeng range. As the accurag of the databecomedargerit at
the sametime becomeseven moreimportantto be surewhat physicalquantity
actuallyis measuredn the experiments(i.e. is it cp or somequantity e.g. ¢

with avaluecloseto cp), andto understandhe limits of the approximationsind
assumptionsione.

1.2 Reachedobjectives

As time haspassedit hasbecomeclearthatthe preliminaryobjectves,described
above, will notbereachedwithin thelimits of this work. Partly dueto numerous
experimentalproblems,the aim to make a setupand accuratelymeasurec; has
only partly beenreached. Somemodificationsof the traditional setup,that are
importantin orderto measurea well definedquantity(c,), have beendeveloped.
Further the possibility of usingcarbonthin film heaterswhich have several ad-
vantagesomparedo metal heatershasbeenexplored. The developmentof a
setupto measure, hasnotevenbegun,andthethermo—mechanicaroblemwill
only betreatedsuperficiallyin this report.
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1.3 Notesto the reader

A few remarkson the notationusedin thisreport:

Whena" is placedover a quantity e.g. €, it meanghatit is a comple< quantity
RE{¢€}, IM {€} meangherealandimaginarypartof €, respectrely.

To indicatethe unit of a quantitysquareparentheseareused,e.g. if the unit of
the diffusion constant(D) is millimeterssquaredoer secondit is written: [D] =

[mnPs—Y].

In this report c is usedfor the specific heat capacity deliberatelynot stating
whetherit is ¢y, oy, ¢ or anotherheatcapacity This is donesinceit is not al-
ways easyto determinewhich heatcapacityis in play (it dependon the exact
experimentalconditions). c is alwaysthe specificheatcapacityper unit volume
(notperunit mass).
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2 Projectstory

| startedmy Ph.D. project April 1% 2000andturnedin the thesison May 30"
2003. During the first coupleof monthsthe ambitiousgoalsof the projectwas
formulated.Far from all of thesegoalshave beenreachedIn this chapteya brief
informal tale of how this projectoriginally started how it developed,andhow it
endedwill begiven. Thoughmary detailsareleft outthis mayhelpthereaderto
understandhe context of the work, reportedin the subsequenthaptershput this
chaptercanbeskippedjf only thefinal resultsof thework is foundinteresting

2.1 Framework andresources

Fromthebeginning, mostof the hardwarewaswell establishe@ttheinstitute,in-
cludingcryostatefrequeng generatarandvoltmeterfor the 3w detection.What
was neededwasa measuringcell with the planarheater For the productionof
the heaterstherewasa electronbeamevaporationchamberwhich hadnot been
usedmuch.

Besideghis, a lot of knowledgeandcreatve thinking wasavailablein the group
consistingof Niels Boye Olsen,JeppeC. Dyre, ThomasB. Schrgderandmy su-
pervisorTageE. ChristensenLateron Ph.D.studentNielsL. Ellegaardoinedthe
group. Every Thursdaymorning (exceptin Junetill August,andDecemberand
January)he groupmeetto discusghe resentwork by oneor moreof the people
in thegroup,or to discussarticlesandthelike. Also, mary student$ave attended
thesemeetings.Among themKiristine Niss, Bo JalobsenandEva Uhre. At the
well functioninginstituteelectronicandmechanicalorkshopTorbenSteenRas-
mussen EbbeHyldahl Larsen,MogensHolte JensenDavid BrissonAndersen,
Micheal JensenandHansWallin wasreadyto helpmein any way possible.All
thesepeoplehave undoubtedlybeenthe largestand mostimportantresource
have hadaccesgo. This work would have beenimpossiblewithoutthem.

3
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2.2 Heaters

After the electronbeamevaporationrchambemassetup! | startedexploring how
| could useit to fabricatethe planarheaters. In the beginning the aim was to
fabricatea nickel heateron a glasssubstrateandwith gold electrodessincethis
wasthe mostwidely usedin the experimentseportedn theliterature.But | also
experimentedvith othermetals.l usedalot of time finding outhow to adjustthe
differentparametersf the chambeiin orderto getmetalfilms of differentthick-
ness,andhow thethicknessaffectedthe temperatureoeficient (relatve change
of resistanceavith temperaturepf the films. At my disposalwasa simpleinter
ferometey with which the thicknesscanbe measuredvith a accurag of around
+15%. The problemwith this methodis thata light reflectingmetal,suchassil-
ver, mustbe evaporatedverthe edgeof thefilm, andthusin mary caseghefilm
canno longerbe usedfor its purpose.For the heaterghe gold electrodesened
the purposeof this reflectinglayer, andthusthe heaterfilm thicknesscould be
determinedn anon—destructie manner

Thedealsthatcontainthe source(the metalto be evaporated)n the chambemas
originally madeof somealloy. In somecaseghe dealsmelted,anda mixture of
the dealalloy and sourcemetalwasevaporated.To overcomethis problemthe
workshopfabricateddealsin carbon.But alsowith the carbondeals,sometimes
partof the dealmaterialwasmixed with the sourcemetal. | experimentedwith
differentquality of carbonthatcanwithstanddifferenttemperaturesl. foundthat
it doesnot matterso muchwhatquality is used,it is moreimportantthatthe deal
is well filled with the sourcemetal.

Sincesomeof the carbonfrom the dealssometimesndedup on the substrate,
| got the ideato fabricatecarbonthin films. From the beginning this seemed
promising. The carbonthin films have a larger resistancghanthe metalfilms,
andthey have a largertemperatureoeficient (absolutevalue),both of which is
advantageousMuch time have beenspenton optimizing the carbonthin films.
During this processsomechangeiave beenmadeinsidethe chamberincluding
thedesignof masksandmaskandsubstratéoldet

Along with this work, | tried to find out how to connectwiresto the gold elec-
trodes.| soonfoundout thatsolderingwith ordinarysolderwasimpossible and
| wasnot satisfiedwith the quality anddurability of silver epoxy After studying
the literaturel found thatindium basedsolderscanbe used. It wasnot easyto
find somevhereto bye this, but finally, with the help of Keld Kortsenfrom the

IHere, | will notdescribehow the chambemorks or is designed.It will be donein chapter
13 (startingon page87). For figuresillustratingthe chamberseefigure 13.1,13.2,13.3,13.4,and
13.5.
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compaly KetecA/S, | gotthesolder andit worksvery well.

Whenl first startedout, | hadneverguessedhatl would usesomuchtime onfab-

ricatingthethin films, but I have usedmuchtime on makingsomevherebetween
300and400 carbonandmetaldepositiongduring thesethreeyears,openingand
closingthe chambereachtime, not to mentionthe time spenttestingthe films

afterwards.

2.3 Celldesign

To begin with | measuredhe temperaturecoeficient of the heatersby placing
themon a hot plate, and using a simple digital thermometerand a ohm-meter
to measurepairs of temperatureandresistance.The precisionof the measured
temperatureoeficientwasprobablyaround20%.

Lateron | useda completecomputercontrolledsetupincluding a cryostateand
digital voltmeter(this will be describedn chapterl5). The glasssubstratevas
fixedattwo edgeshy a PEEK (poly—etheretherketone)holder(seefigure2.1).

\ Glass substrate

15mm

PEEK

Figure 2.1 Thefirst glasssubstratéholder seenfrom the side. The heatercannot bee
seen|t is ontop of theglasssubstrate.

With the glasssubstraten this holder | alsotried to measurehe thermalproper
tiesof theglass,andof aliquid ontop of theglassbut theresultswereimpossible
to interpret.As will beshavn in chapter6, therewill be a statictemperaturelif-
ferencebetweenthe heaterandthe cryostate. The size of this temperaturedC
offset of the heater dependon the thermalcoupling betweenthe heaterandthe
cryostate Sincethe couplingwith the PEEK holderwasrelatively week,thetem-
peratureDC ofsetwasrelatively large. Also the couplingis not easyto model.
Thereforel hada new holderfabricatedwherethe glasssubstrates gluedontoa
copperbackingin goodthermalcontactwith thecryostate (Thiswill bedescribed
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in moredetailin chapter®9 and10. The measuringcell is shovn on figure 9.1,
pageb5.)

The new copperbackingimprovedthe datasignificantly andl wasbeginningto
beableto interpretthemeasuredata.At thattime (about2 yearsafter| startedhe
project),theresistanc®f my carbonheatersvasbetweenl and2 kQ, andit was
necessaryo fabricateheaterswith lower resistancen orderto getenoughpower
releasedn the heatergthe maximumoutputvoltageof the frequeng generator
is 10V). This wasdifficult with the carbonsourced usedin the electronbeam
evaporatiorchamberbut afterawhile, | foundaway to changeghem,makingthis
possible.

| thoughtthat| wasfinally aboutto reachthefirst goal: to make a setupusingthe
stiff planarheaterand3w detectiontechnigueandmeasures;. And | washoping
thatthe quality of the datawould be betterthanthe onesalreadypublished.This
wasalsoabouttime, sincewith a little morethanoneyearleft time wasrunning
outquickly.

But, | wassoondisappointedsStill therewereproblems.The datawerenoisyand
did not look exactly aspredictedby model. Therestof this story includessome
unfortunateaxperimentakconditions,andit is hardto barethinking of theamount
of time | “wasted”ontheseproblems.

But, beforel lookedmoreinto theseproblemd spendhreemonthsatthe Depart-
mentof Physics- Katholieke UniversiteitLeuvenin the city Leuven,Belgium. |

workedwith Prof. Dr. ChristGlorieuxandPh.D.studentHassan@&entefour This
wastruly 3 wonderfulmonthsfor meandmy family.

After returningfrom Belgiuml foundthattherewereproblemswith thefrequeng
generatar It could not deliver the effect that was neededand asa resulta lot
of higherharmonicswas presentin the input signal, and everythingchangedas
function of frequeng. | beganlooking for a possibleamplifier Several months
passedoy beforel found out that therealreadywasonein the setup. It wasa
guestionof changingrom onecoaxialplugto anotherHadl known thisfrom the
beginning,andbeenaware of the problemswith the frequeng generatarl could
have saved a lot of time. At leastl learnedthatis importantalsoto checkthe
thingsthatonearesureoff areworking properly

| think this lessonhelpedme find the next error, thoughit alsotook quit some
time. It turnedout thattherewasa electricleak betweenthe heatingstagein the
cryostateandelectricalground.This causedhetemperaturef the cryostateo be
unstable+ afew degrees.The cryostateneededotal renovationandafterbriefly
usinganotherone,which | alsofounddid notwork properly | changedo theone
whichhasbeenusedfor all thedatapresentedh thisreport. Thiswasattheendof
January2003andl hadabout4 monthsleft. At thattime I thoughtl hada setup
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thatwasworking properly heaterswith the right resistanceanda well designed
measuringcell. Still | cannotsaythat| was satisfiedwith the results. The data
wasvery noisyanddid still notlook exactly aspredictedoy model.

In orderto understandvhy this wasso, | madea lot of measurementseplacing
theheaterby a ordinarytemperature—independengisistor Among otherthings,|

comparedhe3w signal,alreadypresentn theinputsignal,to theonein theoutput
signal(it shouldjustbereducedvith thesamefactorasthe 1w signal). Theresults
werestrangebut reproducible For thisreason wasworriedaboutthelinearity of
thevoltmeter | tried comparingdifferentvoltmetersput no differencewvasfound.
After trying to changethe wiring of the setup,| finally foundthatthe metalbody
of the home—ilt relay box, that| used,was, by mistake, not grounded. After

fixing this problemthe measurement®oked muchbetter andall othermoreor
lessstrangehypotheseshatwasthoughtof in orderto explain the data,wereno
longerneeded.

Especiallyat high frequenciegherewerestill quite somescatterin the data,but
at leastthis wasunderstandableOver ~ 6Hz the voltmeterlost 1 digit. This has
beenimproved someavhat by letting the voltmetersampleonly 128 in steadof
512 timesper period. Around may 20" 2003 (lessthan2 weeksbeforeturning
in this report)the electronicworkshopfinisheda new frequeng generatoandit
waspossibleto sampleonly 16 timesperperiod.Unfortunatelyl have nothadthe
time to explorethesenew possibilitiescompletely

Otherlast minuteschangesvas made. Originally | useda Immthick substrate
for my heaters.But from April 17" 20031 startedusing6mmthick substrates
instead. This turnedout to be necessarysinceit was necessaryo correctfor
thefinite width of the heatersandin orderfor thesecorrectiongo be correctthe
substratehadto be thick (comparedo the thermaldiffusion length). The final
equationglescribinghesecorrectionsvasworkedout by TageChristensefusta
few weeksbeforeturningin this report.

Evenduring the lastweek| wasstill makingmeasurementsAll measurements
presentedn this reporthave beenmadein the period 12/4—-2003ill 29/5-2003,
andthe measurementsn supe+cooledliiquidsin the period16/5-2003ill 29/5—
2003.Thereportwasturnedin 30/5-2003.

2.4 Success?

Has this work beena success?If the criteriais whetheror not | fulfill all the
objectvessetoutfrom thebeginning,thisworkis notasuccesslt maybepossible
to reachtheseobjectves basedon the work presentechere, but more work is
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neededo reachthem. Still | will call it a success.| believe thatin this report
| presentresultsthat brings one closerto theseobjectves,andthat canbe very
usefulfor anyonewith the samegoals. It wasimpossiblefrom the beginning to
predictthe exact causeof things, andtherewas only one way to find out how
muchcouldbeaccomplishedluringthefollowing threeyears—try!

Personallyl have learneda lot, and| believe that otherscan extractimportant
knowledgefrom this work.



3 Highly viscousliquids and the
glasstransition

In this chaptersomedetailsof the phenomenologyf the glasstransitionwill be
given. Linearmeasurementdonein this regime canbetreatedn linearresponse
theory anda shortintroductionto this is givenin the following chapter Several
excellentintroductionsto thesethingsareavailable. | canrecommend{Brawer,
1985],[Harrison,1976]and[Debenedetti1996]. This andthe following chapter
build ontheseunlessnoted.

3.1 Glasstransition

Whenal liquid is cooledfrom above to belaw its melting point it may supercool
(or under-cool asit is sometimesnaybemore appropriatelycalled). If it super
coolsit doesnotcrystallize,andit still hasthe propertiesof aliquid. Someliquids
supercool very easyand may be difficult to crystallize, other crystallize very
easyand may be difficult to supefcool. The conditionsthat determinewhether
theliquid supercoolsor crystallizesmaybethingslik e coolingrateandpurity.

If the liquid doesnot crystallizeandis cooledfurther, its viscositywill become
largerandlargerandatsometemperaturgtheglasstransitiontemperaturefg) the
liquid will fall outof equilibrium,andbecomea glass. Ty is not a fixed quantity
it dependon the cooling rate: the fastercooling the higher Tg. Thusthe glass
transitionis not a phasetransition(despiteits confusingname),but a dynamic
phenomenaarisingfrom thefactthatthetime neededor the systento comeinto
equilibrium becomedarger than the time—scaleof the experiment. This is not
somethingthat we humanbeingscan comeaboutjust by waiting long enough,
sincethe time it takes the systemto cometo equilibrium effectively becomes
infinite, on time—scaleselevantto mortal scientists.
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Figure 3.1 Schematidigure shaving the enthally and heatcapacityfrom above the
melting point to belov the glasstransitiontemperature Ty, is the melting temperature
andTg theglasstransitiontemperatureTy depenconthecoolingrate. The pointsmarked
“X” represenglower coolingratethanthe straightline. If the coolingrateis madeeven
lower, onecanimaginethatthesystenmwill follow thedottedline. But, sincetheviscosity
grows dramaticallynearTy, thetime neededo follow the dottedline grows enormously
andbecomesffectively infinite on time—scaleselevant for mortal scientists.Similar
figurescanbefoundin mary textbookse.g. [Brawer, 1985,p. 8-9], and[Debenedetti,
1996,244].
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Theglasstransitionis associateavith largechange®f physicalquantitiessuchas
heatcapacity bulk andshearmodulus thermalexpansioncoeficient, anddielec-

tric constan(for dielectricliquids). Onfigure 3.1thisis schematishavn for the

enthally (H) andspecificheatcapacityat constanpressurec, = (‘3—?) :
p

Undersomecircumstancea supe+cooledliquid cancrystallize,e.qg. if it is dis-

turbedmechanically This is madeuseof in somehand—heatersa little plastic
bagcontaina supe+cooledliquid anda little pieceof metal. Whenthe metalis

clicked, the disturbancenakestheliquid crystallizeandheatis releasedseefig-

ure 3.1). Sincetheliquid insidethe baghasa melting point somavherebetween
roomtemperaturand100°C, it canbeboiledandusedagain.

3.2 Relaxation and frequency dependent heat ca-
pacity

If a smallamountof heatis givenasa inputto a low viscousliquid (in equili-
brium), andthe liquid afterwardsis held at adiabaticconditions,the resultwill
be a instantaneoutemperatureise to the new equilibrium temperature By in-
stantaneouss hereunderstoodnstantaneousn time—scalesnuch longerthan
phonontimes (~ 10~12s), andthatthe time is long enough so thatthe tempera-
tureis uniform throughoutthe system.If the experimentis insteadperformedon
ahighly viscousliquid (suchasasupercoolediquid nearTg), theresultwill also
be a instantaneoutemperatureise, but followed by a relaxationtowardsa lower
temperaturde.g. [Fujimori andOguni, 1994], [Fujimori et al., 1992]). The two
situationsareillustratedon figure 3.2.

Therelaxationphenomenaanbe understoodn termsof fastandslow degreesof

freedom.Whenthe heatis supplied,it will bedistributedamongthe fastdegrees
of freedom.As time goeson, someof theenegy will bedistributedto the slower

degreesof freedom andthetemperatur@ecreases.

Insteadof theabove describedime—domairexperiment,afrequeng—domainex-
perimentcould be performed wheretheliquid is periodicallyheatedandcooled.
Theamplitudeandphaseof theresultingtemperatur@scillationswill thendepend
onfrequeng. At low frequenciegcorrespondingo long times)all the degreesof
freedomcomeinto play and a relatively high heatcapacitywill be measured,
while at high frequenciegcorrespondindo shorttimes)only the fastdegreesof
freedomarefastenoughto comeinto play, andalower heatcapacityis measured.
Thisis illustratedonfigure 3.3
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Temperature

Time

Temperature
—

Time

Figure 3.2 If asmallamountof heatis suppliedto alow viscousliquid (attimetg) which
afterwardsis held at adiabaticconditions the resultwill be ainstantaneoutemperature
rise of theliquid (top curwe). If the sameexperimentis performedon a highly viscous
liquid, relaxationwill follow ainstantaneoutemperatureise (lower curwe).
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RE(c)

IM(c)

fp Log(frequency)

Figure 3.3 Realandimaginarypartof the heatcapacity(c) asfunctionof thelogarithm

of frequeng. At low frequenciesgcomparedo high frequenciesa higherheatcapacityis

measuredAt intermediatdrequenciestelaxationis obsered. Thepeakin theimaginary
partof c is aresultof the phaseof the temperaturescillationslacking behindthe phase
of theheatcurrentinput (moreaboutthis in chapters).

Sometimesa glasstransitiontemperature(Té) is definedasthe temperatureat
which tp, = 1/, = 1000 (or T, = 1008), where fj, is the loss peakfrequeny
(seefigure 3.3) of the quantityin question,e.g. heatcapacity(herea distinction
is madebetweenTy andTé). Thusnotonly is Té a dynamicquantity it may de-
pendonthe physicalquantityin question.t varieswith temperatureandtypical
variationsaroundTy is thatit becomeslO timeslarger whenthe temperatures
lowered5K. Notethatthis definitionof Tg’ is notbasedntheliquid falling out of
equilibrium (asthedefinitionof Ty mentionedearlier)but on measurementsade
on the equilibriumliquid. Of courseTy andTg’ may coincide,if the cooling rate
is properlychosenNo matterhow the glasstransitiontemperaturés defined the
substances only calleda glasswhenfixed in a non—equilibriumstate(in other
wordsif the substances in equilibriumit is still a supercooledliquid even at



14 Highly viscousliquids and the glasstransition

temperaturek)werthanTé).

Onestriking featureof theglasstransitionis thenon-Arrheniusehaior of Tp(T)
(e.g. [Harrison, 1976, p. 20], [Brawer, 1985,p. 196], [Debenedetti 1996, p.
257]). Thatis, it is notin generala simplethermalactvatedprocessgoverned
by: 1p = T1067/*8T, where 1o and E are constantskg = 1.38066x 10-23JK 1
BoltzmannsconstantandT thetemperature.

Another striking featureof the glasstransitionis that the relaxationcannotin
generabedescribedy asinglerelaxationtime: asingleexponentialdecay Thus,
the bottomcurwve in figure 3.2 is not a simple exponentialdecay This featureis
sometimesexplainedby sayingthata distribution of relaxationtimesis needed,
meaningthatthetotal relaxationis a weightedsumof severalexponentialdecays
(e.g.[Harrison,1976,p. 52], [Brawer, 1985,p. 42)).



4 Linear responsdheory

In this chaptera shortintroductionto linearresponseheoryis given. Thisin not

anattemptto give acompleteoverview of thefield. Hopefully it canbe usedasa

reminderto thosewho have seent before,andatthe sametime sere the purpose
of definingsomeof the terminologyused. Thosefamiliar with all this canjust

skipit.

Linearresponseheorycanbe usedto describethe experimentanentionedn the

previous chapter As the nameindicates the relationbetweeninput (1) andout-

put (O) is consideredinear. This meanghat, if theinputis multiplied by some
constantthenthe outputwill be multiplied by the sameconstant(andthusthat
theoutput,comingfrom the sumof two inputs,mustcorrespondo the sumof the

outputthatwould resultfrom eachof the two inputs). This linearity criterionis

usuallyonly fulfilled if theinputis sufficiently small.

For arelaxingsystenthereis a delaybetweertheinput () andthe output(O) of
the system,andthusin calculatingthe outputat a giventime not only the input
atthattime, but alsoat pasttimes,needgo be consideredThustheinputdl ata
timet’ earlierthant: dI (t —t’), givesa contribution dO to the outputattimet:

dO(t) = R(t')dI (t —t'),

wherethe responsdunction (R) only dependon the time difference(t’) between
the outputandinput, andof coursenot on the absolutdime.

Thetotal outputattimet is then:

o) = /OwR(t’)dI(t—t’): /OOOR(t’)I'(t—t’)dt’, (4.1)

v
O(t) = Rol, (4.2)
wherel = dI /dt/, andthe symbol“o” is definedasthe corvolution with thetime
derivative,givenby equatiord4.1.

In theexperimentshavn onfigure3.2theinputis thesuppliecheatandtheprocess
of keepingthe systemat adiabaticconditions,andthe outputis the temperature

15
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rise. Theinputis thusa stepfunctionwhich canbe describedy:
. loE(t) = (lg)1fort >0
"t = { IbE(t) = (Io)0fort < 0 (4.3)
U .

I(t) = 1od(t), (4.4)
whereE is a unit Heaviside stepinput,lg the amplitudeof the input, and d the
Dirac deltafunction?

Equatiord.1gives:

[oe]

o(t) =g /O R(t)3(t —t')dt’ = IoR(t)

It is seenthattheresponsdunctionin theexample(figure 3.2)is onedividedwith
the heatcapacityof the system.

In the frequeng—domainexperiment,the input is given by a periodic varying
function (in theexampleon figure 3.3theinputis the heatcurrent).Below it will
just be consideredo be a simple cosinefunction (with amplitudely andcyclic
frequeny Q), but in generalit canbe any periodicfunction, andthe equations
mustapplyfor every Fouriercomponent:

I(t) = locogQt) = RE{IoeiQt}
Equatiord.1gives:
o(t) = RE{IoeiQtiQLT [R(t")] (s)}, (4.5)

wheres=iQ andLT is the Laplacetransformdefinedas(e.g. [Chow, 2000, p.
372],[Arfken,1985,p. 795]):

LT[f](s) = / f(t)e Sdt Laplacetransform (4.6)
0
Theoutputwill oscillateatthe samefrequeny astheinput,andcanbewritten:

o(t) = RE{C)OeiQt} , 4.7)
1TheDirac deltafunctionis definedas(e.g[Arfk en,1985,p. 81]):
o(t) =0,fort £#0
/f(t)a(t)dr — 1(0),

but here f(0) is understoodas f(0;) = lim¢0, f(t), (thatis, the limit comingfrom positive t)
indicatedby thesubscript'+” ont in equatiord.4.
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wherethe amplitudeOQp canbe comple, which shaws thattherecanbe a phase
differencebetweenthe in— and output. Sincethe equationsare linear thereare
no higherorderharmonicsi.e. thereareno termsof the type €™, with n > 1.
Thus the calculationscan just be done using the complex in— and output, and

rememberinghatthe actualphysicalsignalis the real part. Using equationst.5
and4.7:

Op = IgiQLT [R(tl)} (s)
— = R(Q)=iQLT[Rt)](9), (4.8)
whereR(Q) is the complex frequeny dependentesponséunction.

It is seenthatthe responsdunctionin the example(figure 3.3) describesvhatis
calledthethermalimpedancdthis will bedefinedin moredetailin chapterb).

4.1 6 differentresponsdunctions

For thein— andoutputtherearefour possibilities:

Type | Generalized Symbol
A | Force(voltage) e
A | Momentum p=[ed
B | Velocity (current) f
B | Displacemenfchage) | q= [ fdt

If theinputis of typeA theoutputis of typeB andviseversa.Thisgives8 possible
combinationsn equatiord4.2, but two of themareidenticalwith two other(since
p= [ed andq= [ fdt), andonly 6 possibilitiesremain:

Input type | Responsdunction | Givenby
Compliance) | g=Joe
AdmittanceY | f=Yoe
“Lightness”,F | f=Fop
Modulus,G | e= Goq
ImpedanceZ | e=Zo f
Inertia,M | p=Mo f

W W W > > >
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Notethat:
[ef] = [Enegy/timg,
led = [Enegy],
[pf] = [Enemy],

from whichit is seenthatthe experimentalsituationsdescribeds differentways
of exchangingenegy with thesystem.

4.2 Noteon Fourier and Laplacetransform

If the time—dependentesponsdunctionis known, the frequeny dependente-
sponsefunction canbe found using equation4.8. Insteadof usingthe Laplace
transformthe Fouriertransformcanbeused(e.g.[Chow, 2000,p. 166], [Arfk en,
1985,p. 794)):

FT[](Q)

k/ f(t)e7®dt, Fouriertransform (4.9)

FTF(Q)] (1) %[k/—oo f(Q)d®dQ, InverseFouriertransforné.10)

wheretheconstank canbechoserfreely. Herek = 1 is chosersothatthe Fourier
andLaplacetransformtally.

As canbe seenfrom equation4.6 andequation4.9 the Fourier transformcanbe
usedinsteadof the Laplacetransformif R(t) = 0 fort < 0 (ands=iQ), whichis
usuallythecase.

It canbe shawvn (by doing integrationby parts)that, if f(t) in equation4.6is of
exponentialorder then(e.g.[Chow, 2000,p. 382)):

LT[f(t)] = sLT[f(t)]- f(0)

In theusualphysicalcasesf (0) = 0 asin equatioré.3.

For thetransformatiorof anintegral (e.g.[Chow, 2000,p. 383)):

LT[/f(t)dt} = éLT[f(t)],

andthusintegrationanddifferentiationin time—domainis in frequeng—domain
replacedby dividing or multiplying by s, respectiely.



Part I

Measuring techniqueand modeling
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5 Thermal impedance

The quantity measuredn mary thermalexperimentsis thermalimpedance.In
this chapterthis quantitywill be defined. Subsequenthapterswill shav how it
canbe measuredn somecasesandwhatinformationcanbe extractedfrom it.

Imaginethatin somematerialthereis atemperaturgradientandasaresultaheat
flow alongthis gradient. This could for examplebe realizedvia a small heater
with temperaturdp surroundedy a liquid insidea cryostateof temperaturdly.
If thisis in thelinearlimit (andequilibriumhasbeenreached}hen:

AT = To—Ti=lrZroc

)
AT
Zrpc = o (5.1)
T
wherethe proportionallityfactor(Zt pc) betweemAT andtheheatcurrent(lt) is
thethermalimpedance

Equation5.1is a sortof generalizedOhm’s law”. AT playstherole of a gener
alizedvoltage, |t playstherole of a generalizeccurrentandZr pc therole of a
generalizedesistancéimpedance)This equationis only valid in thelinear limit
wherethetemperaturaifferenceAT is small. (In thelinearlimit, asmallchange
in AT resultsin exactly suchachangen It thatequationb.1givesthesameresult
for Zt pc. Thusit is easyto checkexperimentally whetheror not theassumption
of linearityis valid.)

Sincein this caseit is a staticgeneralizedsoltage (AT), this thermalimpedance
will be calledthe DC thermalimpedanceln thefollowing it will be shovn how
to definea moregeneralcomplex thermalimpedancewhich mustbe usedif the
temperatur€Ty,) andthe heatcurrent(lt) aretime—dependent.

ImaginethattheheatcurrenthasaDC part(lty) anda harmonictime—dependent
part, sothatthe heatcurrent(l+(t)) variesaroundthe averagevalue (Ity), with
frequeny f = Q/2mandamplitude(lta):

IT(t) = lrm+AlT(t) (5.2)
Alr(t) = ITAcos(Qt+e):%(FTAeiQt-i—I}"iAe‘iQt), |~TAE|TAei8

21



22 Thermal impedance

Thetemperaturef theheaterT, will vary aroundsomeaverageemperaturgTpm)
with the samefrequeng f . But theremay be a phasedifference(x) betweent
andTp, andtherefore:

Tp(t) = Tpm+ATp(t), (5.3)
ATy(t) = TacosQt+x+e) =3 (Tad™ +Tie™®), fa=Tacke"

Now, the complex thermalimpedanceZt) canbedefinedas:

s _ Ta_ TaeX
Ir=mm =
lta 1A
0 (5.4)
s s s T
Zr = |z, |z =7,
TA

(where|Zt| is the modulusof the complex Z7). Equation5.4 tells us that if we
canmeasurgheamplitude(Ta) andphaseshift () of thetemperaturescillations
resultingfrom aknown heatcurrentinput (I7), thenwe canobtainZy.

Again, equation5.4is only valid in thelinearlimit, but it is easyexperimentally
to checkwhetheror not the assumptiorof linearity is valid, sincethenthe same
resultmustbe obtainedfor Zt for differentlta.

It is interestingto notethat:

RE{Zr} = %(

Ta€X  Tae X\ T, -
et T ) _ TA cogy) = Zr/cosx)  (5.5)
ITA ITA ITA

M {7 =2 (TA—éX - TAe_ix) — T = |zrsin) (5.6)
21\ lta ITA ITA
)
Zr = |Zr| (cos(x) +isin(x))
U ~
Mz}
RE(Zr} tan(x) (5.7)

At low frequenciesherewill benophaseshift (x) betweerlt andT,, sinceonthis
time—scalghe systemis ableto respondmmediatelywith atemperaturgumpto
aheatcurrentinput. But whenthefrequeng getssohighthatthesystenresponse
time is not fast enoughto follow the heatcurrentinput, therewill be a phase
differencebetweenlt andT,. As canbe seenfrom equation5.6, a resultof this
phasdifferencewill beanon-zerdmaginarypartof Zt.
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Equationss.5and5.6 shaw that:

X=0 = RE{ZT}_ ,IM{Zr} =0
—T T,
X=— = RE{ZT}:O, IM {ZT}:—ﬁ

In thefirst case(x = 0) thetemperaturgT,) variesin—phasewith the heatcurrent
(IT), while in the secondcasethey arett/2 (maximum,x = —11/2) out of phase.
For thisreasontherealpartis sometimesalledthein—phasecomponenandthe
imaginarypartis calledthe out—of-phaseomponent.

Thephasdifferencex mustbein theinterval —11/2 < x < 0. Thesimplephysical
argumentfor thisis thatx < —1/2 would meanthatthetemperatureshouldfall at
the sametime asheatis supplied whichis unphysical.
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Figure5.1 Thetop curve shavs thetime—dependerturrentin the electricalcircuit of a
resistor a capacitorandaninductancen series.Thethreeothercurvesshav thevoltage
acrosgheresistoy capacitorandinductancerespecirely. (Thenumbersonthe axisare
arbitrarily chosen.)

Anotherway of sayingthisis thatthereis nothermalanalogto inductanceimag-
ine asmallelectricalcircuit consistingof aresistor a capacitorandaninductance
inserieslf | (t) O coqwt) isthetime—dependerdurrentin thecircuit (varyingasa
cosinefunctionwith time), thenthevoltageacrosgheresistoracrosghecapacitor
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andacrosgheinductancewill varyascoqut), cogwt — 11/2) andcoq wt + pi/2),
respectrely. Thisis shovn in figure5.1. Now, the thermalanalogso aresistor
anda capacitorareheatresistancéinversethermalconductvity) andheatcapac-
ity, respectrely, but thereis no analogto inductance.

Finally, it is worth notingthat,if the experimentaketupis suchthatthe surround-
ingssomedistanceérom R, hastheconstantemperaturdy, then(in equilibrium):

X—0forw—0
Ta = AT = Tpm— Tk for w — 0,

sinceon that long time—scale(at low frequencies}the systemrespondsimme-
diately” and the minimum temperatureof T, will thus be equalto Ty (andthe
temperatureamplitudeis Tpm— Tgx). Togetherwith equations5.1 and 5.5, this
shavsthat:

Zrpc = lim (RE{Zr})



6 3w detectiontechnique

The mainideain the 3w detectiontechniqueis to usea temperature—dependent
electricalresistoras heaterand thermometersimultaneously It functionsasa
heatersinceit hasaelectricalresistancethusatime—dependentoltageacrosshe
resistorwill resultin atime—dependerthermalcurrentin thesamplesurrounding
theresistor At the sametime it functionsasathermometersincetheresistance
dependontemperatureAs will beshown in thefollowing, informationaboutthe
comple thermalimpedancecan then be extractedfrom the part of the voltage
acrossthe heaterthat varieswith threetimesthe frequeng of the input—wltage
(thethird harmonic). This fact, of courseis the origin of the name3w detection
techniqugor 3w method).

Then,dependingn the detailsof the setup(geometryfrequeng, rangeetc.) the
comple thermalimpedanceanberelatedto thermalpropertieof the heaterand
its surroundingsThiswill bediscussedn moredetailin thefollowing chapters.

Sometimesthe 3w method”is usedasa namefor an experimentthat usesthe
informationcontainedn the third harmonicin a planargeometry But sincethe
detectionof thethird harmonicandthe extractionof thethermalimpedancdrom
thissignalis notconnectedo arny specificgeometrythename*3w detectiorntech-
nique” will in this reportbe usedfor ary techniquethat usesthe third harmonic
signalto measurghe thermalimpedance.(For the history of the technique see
chapter8.)

Now, imaginethat a temperature—dependergsistor (R;) is placedin a small
electricalcircuit asillustratedon figure 6.1.

The following notationis used. The input and output—wltageare designated)
andV, respectrely, andcanbea sumof severalharmonicsjn general:

8

U=Uo+1 § (0" +0re ) = U+ S Uncog(net + ¢n)
n=1

n

(Vo + Ve ) =Vo+ 5 Vocos(net + )
n=1

Ms.l

V:Vo-l-%

n=1

25
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C
-
Rp Vv
C

Figure 6.1 “R,” and“R;” bothdesignatehe resistorsandthe valueof their electrical
resistanceThus,R;, is thetemperature—depenueresistorwith electricalresistancezy,
andRy is the temperature—indepeedit resistorwith electricalresistancer;. U is the
inputvoltageandV is the output—wltagemeasure@crosRy,.

The comple amintudes(L_]n, Vi) arejust the combinationof the amplitudesand
phaseshifts (e.g.Up = Upé®n, U, = |Uy| andép, is the phaseshift).

In theidealcasel is aharmonictime—dependentoltageof frequeng f = w/2m
andgivenby:
U=U3(e*+e ')

It may not be easyto producean input signal that doesnot containarny other
harmonicswith no phaseshifts andwith no DC offset (Up). Therefore,all the
calculationswill bedoneassuminghatU is givenby:

U = (0.6 +Ufe ™ + g™ 4 Uge'3%) 1 U (6.1)

Of courseU canalsocontainotherharmonicge.g. 2w, 4w), but doingthe cal-
culationswith U givenby equation6.1will shaw thatthe otherharmonicsarenot
relevant.

U dependsntime, andthusthe power (P) releasedn R, dependsntime. The
temperatur€Ty) andresistanc€Rp(Tp)) of R, will thereforealsodependntime.
Thevariationof R, canbewritten as:

Rp(t) = Rom+ARp(t), (6.2)

whereRpm is the mean(time—independentalueof Ry, andARy(t) thedeviation
from this meanvalue.
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Thetemperatureoeficient (a) of R, is definedby:

a_dIan_ 1 dR
T dT,  RpdTp

Now, if ARy is sosmallthata ~ constantthen:
ARp ~ Rpm0AT,
Insertingthis into equation6.2yields:
Rp(t) ~ Rom(1+aAT)), (6.4)

(AT is thetemperatureleviation from the meanvalue Ty, cf. equations.3).

SinceR, varieswith time,V doesnotjustvary thesameway asU with time, but,
aswill beshown belaw, therewill bea 3w contritutiontoVV notcomingfrom the
3w componenbf U. ButsinceRpm > ARp(t), this contrikutionis very smalland
canbeneglectedwhenthe powerreleasedn Ry, is calculated.

V1w IS thepartof V thatvarieswith w:
Vie = % (Vi€ +Vje ™) (6.5)

The heatflow (IT) from R, to the surroundingss simply equalto the power (P)
releasedn R (afterequilibriumhasbeenreached).Thus:

_ V2 OV,
Rp  Rpm
1w N
— V el(;l V* — ot
4Rpm [ ! Vi€ }

It = P

2

1 ~ . ~ . ~ o~
— R_ [(Vl)zelzol+(vf)ze—lzui+z\/lvf}
pm
M1

I(20t4+201) | o—i(20t+24)
2 [e‘ te + 2}

1.~ - . - :
= lm+3 (ira€®* +i7pe72"), I7a=l7a€?¥
= ITm‘I‘AlT(t)v (66)
wherethe averagevalue(lTr,) andamplitude(lta) of I+ aregivenby:

VY

lta=lrm~
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Notethat,besideghe DC offset(ltrm), IT hasa partthatvarieswith twice thefre-
queny (2w) astheinputvoltage.Also, if equation6.6is comparedvith equation
5.2,it is seenthatin this casee = 2.

ITm canbe expressedn termsof quantitiesthatare eitherknown or measuredy
notingthattheelectricalcurrentis the samethroughR, andR:

Vloo .y U 1w ~ Uloo —Vlw
Rom Rpm+Rs Ry

Vi
Rom~ Rf ——— 6.8
pm f Ul —Vl, ( )
whereUy, is the 1w componenbf U andsinceUy, andVy, have approximately
the samephasg(¢1 ~ ;. Seeequation6.1 andequation6.5). The combination
of equation6.7 andequation6.8yields:

N Vlz(Ul—Vl) _ Vi(Up—Vs)

7 2 .
m 2RV1 2R (6.9)

Thegoalis to write anequationfor V:

UR,
Rp+ Rf

(6.10)

Now, insertingequation6.4 for R, gives:

_ URpm(1+0ATp)  (URpm(1+0aATy) 1
~ Rom(1+0aATp) +Rs Rpm+ R¢ 1.4 Rom0ATp
Rpm+Rf

1> aAT, and the expansionto the 1% order in the two small terms

Rom®ATo\ i 11
(aATp and Riminp) yields:

Vv

ATU (6.11)

ATy canbeexpressedy insertingTa from equation5.4 into equations. 3:
ATp(t) = 3 (ZriTad®* +Z;i5pe7'?), (6.12)

whereQ = 2w is theangularfrequeng of the heatcurrentandtemperaturescil-
lations.
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ATpU is neededfor insertioninto equation6.11. This can be calculatedusing
equations.12and6.1:

ATU = 1 (Zritad?™ +Z; 0672 (U@ +Uge ™
+U3e3* 4 Uze73* 4 2U0)
= 3 |ZriTal0ad®* + ZriraUi ™ + ZriTalse™
+ZTHAU§e4“-+2ZTﬁAuoéZ“4-Z$ﬁA01e4“-+zTHAU1e
4731800389 4 731 \Uge 152 4 27% F;Auoe*iz‘“] (6.13)

i 3wt

Thus,if U containsanmw componenta harmonicof orderm), thiswill of course
resultin aharmonicof ordermin V (firsttermin equation6.11). But besideghis,
it will resultin a harmonicof order(m+ 2) and,if (m—2) > 0, alsoa harmonic
of order (m—2). This is a consequencef the mixing with the 2"4 harmonic
(harmonicof order2) of I+ (secondermin equatior6.11).Sincethe 1% harmonic
of U is muchlargerthanary otherharmonicof U, it is only necessaryo consider
the mixing with this componentFor examplewhenwe look at the 3" harmonic
of V, wewill only needto considetthe 1% and3'4 harmonicof U. Of coursea5w
componenbf U will alsoproducea 3w contributionto V, but this will be much
smallerthatthe othercontributions.

The differentharmonicscanbe found by doing a Fourier transformation.V can
bewritten asa Fourierseries:

V(t) _ @_*_ }(Cneinwt_}_c*eflnwt)
2 " L2
0 | < >
= —+ Y apcoqnwt)+ 2 bn sin(nwt)
2 n=1 n=1
Ch=an—ibp
_2 (T
a0 =2 [JV(t)ct
where: an= 2 [ V(t) cognat)dt
bn= 2 fo V(t)sin(nwt)dt
T=20
w

A Fouriertransformatiorof V (FT[V]) will give:
FTV(t)] = co, €1, &,---, Cn,--- (6.14)

Thefollowing notationis used:Thent" Fouriercomponents designated T [V, n],
andVy,, Vay, andVa, arethe 1%, 214 and3'9 harmonicof V, respectiely. Thus,
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from equations®.11and6.13:

Rom 1~ i e i
Vien — p - ot * —i 0t
1w Rpm+Rf 2 (Ulel +Ule )
R:R 1,0 ~ ~. - -~ o~ o~ . -~ . - o~
Romt R1)2 f fr;?)zz (ZriraUte™ + ZritaUse ' + Z4 1700167 + Z4 [F2U2€")
pm
Y
-~ R . R¢R SR
Vi=FTV, ]~ P _j pmd :

Z1itaUs, 6.15

wherethe smallterm (Z;1%,Us) is neglectedin equation6.15. Also:

Rom 1 ,~ .
\V; —__ 'm - 20t * ~—1200t
20 Rpm+ Rf > (UZeI +Uze )
RiRpm0t 1, 5 ~ S
mz (ZZTlTALJoeIZQLI + ZZTlTAer IZQI)
pm
U
~ R m ~ Rprma ~ o~
Vo =FT|V,2]~ — P, + Z117aU0, 6.16
> V2] Romt R 2 (Romt Ri 2 TlTAUo (6.16)

wherethe term Uy is the comple« amplitudeof the 2w componenof U. (This
termwasnotincludedin equation6.1.) And:

R 1 .- .
RiIRomO 1,5 ~ ~ o
Romt R124 (Zrra0ne™ 4 2317, 07e)
U

- Rom -~ RiR s -
Va=FTV,3] v — P g o5 i 0, (6.17)

Rpm+ Rt 2(Rpm+ Ry)?

Fromequation6.7:

TA~ 2Rpm

Combiningthis with equation6.17:

Rpm
FTIV,3]— Rpmi‘Rf FT[U, 3] 4(Rom+ R)2

T ~
T FT[U, 1] (FTV, 1])2Ra

(6.18)

(whereRpn is givenby equationt.8).
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This is the 3w detectiontechnique:by measuringhe 3'd harmonicof the output
signalonecanmeasureghethermalimpedance.

As canbe seenfrom equation6.16, it is also possibleto measurehe thermal
impedanceby measuringthe 2" harmonicif U hasa DC offset. This canbe
calledthe 2w detectiontechnique.This is to my knowledgenot a techniquethat
hasbeenused.But in somecaseghis mayhave advantage®ver the 3w detection
technique:Usually, onewantsto keepthe temperaturemplitudedow, in order
to stayin thelinearregime. But from equations.4,6.7,6.16and6.17,it canbe
seenthat:

TaOlrm OUZ
IFT|V,2]| OU2Ug
FTV,3]|OU3

This meansthat, if Ta is madesmaller then at the sametime |FT[V,2]| and
|[FT[V,3]| arealsomadesmaller But in |[FT[V,2]| this canactuallybe compen-
satedfor by makingthe DC offsetlarger (thanthe amplitudeof the 18 harmonic
of theinputsignal). The problemis thatalarge DC componentn U will resultin

alarge overall temperatureise (Tpc) of Rp. Thereis alreadya temperaturéDC

offset (Tpc) dueto thefactthatit is only possibleto add heatandnot cool with

Rp (seeequation6.6 andequation6.7). Now, the sizeof thetemperaturédC off-

setof coursedepend®n thethermalimpedancédetweerR, andthe surrounding
temperaturdath. Sothe sizeof Tpc andwhetheror notalarge Tpc will present
problemwill dependon the exactexperimentakituation. Therefore the question
of whichtechniquewill be mostadwantageoushe 2w detectiontechniqueor the
3w detectiontechniquedepend®n the exactexperimentakituation.

6.1 Sensitvity

It is interestingto look at therelationbetweerthe first andthird harmonic,since
this quantitysetsa minimumrequiremenbdf the measuringgequipment.

Thefirst termin equation6.17is just the 3w signalalreadypresenin U, thusthe
measure@®w signalcorrectedor thisis:
Rpm ~

Vo = Vg — —om_
3c 3 Rpm+Rf 3

(6.19)

Combiningthis with equation$.17and6.15,andusingequations.4for Zt:
Vi _ 2(Rpm+Ry) N Sh
Vac RiaTa Uy
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@ ~
V3C Rf ~
— & ———0Tp, 6.20
since: N
Tik ~ 1< Z(Rpm'i:Rf)
Ui RfaTa

Equation6.20could misleadoneto think thatit is desirableto make Rpm assmall
aspossible But it mustberememberethatthesensitvity of thetechniquecomes
from thefactthatR,, andthereforealsoV, changewith temperatureThus,it is
dV/dT, thatmustbe maximized.Fromthe definitionof a (cf. equation6.3):

a7 = IR
aR,

andthus(usingequation6.10):

dvV  aRydV  aUR(R,

aRp

(6.21)

Equation6.21 is maximizedby letting Rf = R, and thus the two resistances
shouldbe chosenas closeto one anotheras possible,in orderto maximizethe
sensitvity of the experiment. (Also, it is seenthatthe sensitvity increasesith
a.)

Therequiredresolutionof themeasuringequipmentanbe calculatedrom equa-
tion 6.20if a and|Ta| is known (where|Ta| is sosmallthatthemeasurementstill
arein thelinearregime).

Sometypical valuescouldbe:
a=5x103K1,

ITal = 5x 102K,
andthus(letting Rf = Rp):

\730

Vi

~6x107°

6.2 Measuring the temperature coefficient(a)

In equation6.18,a is neededBelow it is shavn how a canbefoundif theheater
(Rp) hasbeencalibrated.
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If theresistorR is a semiconductaqiit is expectedthat:

Rp(Tp) = Roe(%)
)

INR, = |nR0+ToTi, (6.22)
p

whereRy andTp areconstantsSubstitutingthis into equationt.3:

u_d(InRo—i—%)__E (6.23)
- dT, T2 '

-1 5(Rp
a_TOn(RO)

Now, again,Jooking only atsmallvariationsof Ry, (ARp < Rpm, Cf. equatior6.2),
sothata canbe considerectonstant R, canbe substitutedwvith Rpm, givenby

equation6.8:
-1 5 R¢ (V1) )
- = N 6.24

R (Ro(ul—vl) (6:24)

Thus,if Ry have beencalibratedand To and Ry found, thena caneasily be ob-
tained.

Usingequation6.22again:

If Rp is athin metalfilm, then,insteadof equation6.22,it is expectedthat:

U
_1dR, A

whereA andB areconstantandsubscripimona is shortfor “metal”. Combining
equation6.25andequations.26,givesam asfunctionof Tp:

1

(0
" Tp+8

(6.27)

If Rom, givenby equatior6.8, is substitutedor R, in equation6.26,then:

A(U1—Vy)
RiV1

So,if thefilm hasbeencalibratedandA found,it is easyto obtaina.

m=
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7/ Modeling

In theprecedinghaptettheprinciplesbehindthe 3w detectiortechniqueandhow
it canbe usedto measurea thermalimpedancewasdescribed.There,no special
geometryof the heaterwas assumed.But whenthermalinformation, like heat
capacityandthermalconductvity, is to beeextractedfrom the measuredhermal
impedancehis becomesessential.ln this chaptera simple planargeometrywill
be consideredandit will be shavn what thermalinformation can be extracted
from thethermalimpedancen this case.

In orderto introduceto the modeling,the planargeometrywill first be modeled
in asimplemannerusingan electricalnetwork analogy In this model,only one

infinitely thick layerof materialis consideredAfter this,amoregenerabpproach
that canbe usedfor ary numberof layersof materialof any thicknesswill be

introduced.Of coursetheresultof thefirst way of modelingwill turnoutto bea

simplecaseof themoregeneralpproach.

7.1 Planar heater

In the caseof a planarheatera one—dimensionajeometrywill beassumedThis

meandghatit is assumedhatheatonly flowsin the directionperpendiculato the

heater Here,this assumptions not questionedits limitations will be discussed
in chapterl2). But theassumptions a goodoneaslong asLp < Wheger, Where

Wheaer is thewidth of theheaterandLp is thethermaldiffusionlengtht:

D K
Lp=4/—=—, D=- 7.1
D=1/gq o (7.1)

whereD is thediffusionconstantg ([¢] = [Jm—3K ~1]) is thespecificheatcapacity
perunit volume,andk ([k] = [Wm~1K~1]) thethermalconductvity.

1Lp canbe definedin variousways. E.g. in [Moon et al., 1996, p. 30] it is definedas:
Lp = 4/D/2Q, andin [Chirtoc et al., 2001,p. 106]it is definedasLp = 1/2D/Q. In [Menon,
1996, p. 5249-5250]a expressionsimilar to 7.1 is used,andthis definition will be usedin this
report.

35
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The planarheatercanbe realizedby a electricalconductingthin film on a glass
substratgseefigure 7.1). It is assumedhat heatonly flows into the glass(there
is vacuumon the othersideof the heatey andthe radiationof heatis negligible).

Furtherit is assumedhatthe heateiitself is infinitely thin, with no heatcapacity
andthatthe glassis infinitely thick (which meansthatLp < |1, wherel; is the
thicknessof the glasssubstrate).

Thin film
Glass

Heat flow

Whealer

Figure 7.1 The planarheaterrealizedasan electricalconductingthin film on a glass
substratelt is assumedhat heatonly flow in the directionperpendiculato the heater
andonly into the glass(thereis vacuumon the othersideof the heaterandtheradiation
of heatis negligible). Furtherit is assumedhatthe heateritself is infinitely thin, with no
heatcapacity andthatthe glassis infinitely thick.

This situationcorrespondso heatdiffusionin onedimensionandcanbemodeled
by the electricalnetwork shavn on figure 7.2. A heatcurrentis thenmodeledby

an electricalcurrent,a thermalimpedance(Z) by an electricalimpedancgand
thereforeathermaladmittancgY = 1/Z) by anelectricaladmittance)anda heat
capacityby anelectricalcapacitor

Here,the elementsn themodelis just referredto asif they arethermalelements
(andnotelectricalelements).

Every setof Yedx, Zedx correspondso aninfinitely thin slice of material(glass).
Theheatcapacity(Cgjice) andthermalconductvity of theslice (Kgjice) iS givenby:

Cslice = CAdX,

KA
Kslice = ax’
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3—’* ZedX

Z:dx ZdX —

Z 1ot

| Yedx
| Yedx ]
] Yedx |

N
J
Figure 7.2 Theelectricalmodelfor heatdiffusionin onedimension.The elementsn
themodelarereferredto asthermalelementgnotelectricalelements) Zy is thethermal
impedanceseenfrom the end(wherethe heateris situated)of theinfinitely long chain.
Theelementsaredravn in avery generalway, but in the electricalmodelthe horizontal
elements(Z.dx) canbe thoughtof asresistors,andthe vertical elements(Yedx) as

capacitorsTherebyboththestorageproperty(heatcapacity)andthe conductingproperty
(thermalconductvity) of the materialis modeled.

whereA is theareaof theslice.

Here,only one Fourier component€) will be considered.The resultwill be
similar for arny otherFourier component.In generalan admittancds definedas
the generalizecturrent(f) divided by the generalizedroltage (e), which is the
reciprocalof athermalimpedancgseepage?1l, it is importantto notethatin the
modelon fig. 7.2: Ye # 1/Z;). From the definition of the admittanceand the
definitionof a capacitor(C):

Y = i,
e
C = 9,
e

_ 0Oq Ot

f = Qe =iQq,

whereq is the chage on the capacitovaryingwith theamplitudeqg. Fromthisit
is seenthattheadmittanceof a capacitor(C) is iQC, thus:

Yedx = iQCglice = iQCAMX, (7.2)
~ 1 dx

dx = =—, 7.3
Ze Kslice KA (7.3)

whereQ is the cyclic frequeny of thetemperaturescillations.
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Sincethe chainis infinity long, the network in figure 7.2 canbe replacedby the
oneonfigure7.3. Fromthisfigure:

1 e b Vedx(Zedxt Zig) +1
Za © Zedx+Za ZoOX+ Ziot
t
dx ~ = ~
20X L 1 GZa(d0) 2+ Voo + 1
ot
\U' ~
Zdx o s .
5 ~ YedXZiot (Thesmallsecondordertermis neglected)
ot
T

(7.4)

Nz
Q
Q

), Zgdx

Z ot ,\]9

YedXx

~
J

Figure 7.3 Thisfigurejustillustratesthattheimpedancef this infinitely chaindoesnot
changef thefirst link is removed.

Insertingequations/.2and7.3in equation7.4yields:

1
AViQKc

Zit =~ (7.5)

Equation7.5givesthethermalimpedancef oneinfinitely thick layerof material.
In mary casesthough thethermalimpedancef amulti layeredsystenis needed.
Thereforeamoregenerabpproachbasednatransfemmatrix, is developedn the
following. Of courseaswill be seengquation7.5is just a specialsimplecaseof
multi layersystems.
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7.2 Transfer matrix

The derivation of the transfermatrix, givenin this section,is dueto andtaken
almostdirectly from [Christensen1989,p. 63-72].

In orderto understandhe transfermatrix, the heatdiffusion equationandhow it
canbederivedis neededThisis shovn belowv. A continuity equationfor the heat
canbewrittenas:

%1@%:0, (7.6)

where[pg] = [Jm~3] is the heatdensity and[Jg] = [Js~*m~2?] is the heatcurrent
density In thelinearcase the heatcurrentdensityis givenby Fourierslaw:

Jo=—«kOT (7.7)

The changan heatdensitywith time canbe written in termsof the heatcapacity
perunit volume(c):

opq _ 0T
ot ot

Insertingequations’.8and7.7in equation?.6 givesthe heatdiffusionequation:

(7.8)

aT __
(i
oT 2
S =D, (7.9)

whereD is thediffusionconstan{cf. equation7.1). Now, it is importantto notice
thatthis equationdoesnot hold if ¢ and/ork is time—dependentThe reasonfor
thisis that,equation7.8 only holdsif c is constanin time, andequation7.7 only
holdsif K is constanin time. If thisis notthe case the following integralsmust
beused(cf. equatior4.2):

oo(t) = / o(t) T (t—t))dt’
0
o) = — / k()OI (t —t')dlt
0
It shouldbe notedthatthoughit is widely acceptedhatat the glasstransitionthe

heatcapacitycanbetime (or frequeng) dependentt is alsowidely acceptedhat
thethermalconductvity is time independent.



40 Modeling

So, actuallythe diffusion constant(D) in equation7.9 doesnot make ary sense
in the casewhereboth the heatcapacityand the thermalconductvity is time—
dependent.

Thesolutionto this problemis to look atit in frequeng—domain jnsteadof time—
domain:

~

T = 'fAeiQt
(7.10)
Jo = Joa€™,

whereTa and Joa is the complex amplitudesof the temperaturg(T) and heat
currentdensity(Jg), varyingwith cyclic frequeny Q (theamplitudesareallowed
to be comple< in orderto allow phaseshifts). Again, of course the temperature
andheatcurrentcanvaryin any complicatecperiodicway. Butit is only necessary
to look at one Fourier componentsincethe resultwill be similar for ary other
Fouriercomponent.

In the calculationsin frequeng—domainthereis no problemwith ¢ andk being
frequeny dependensinceall the calculationsin principle aredonefor onefre-
gueng (atthetime). But sincethisonefrequeng is notary specificfrequeng, the
calculationsarevalid for ary frequeng, andthereforeit doesnot matterwhether
or notc andk changewith frequeng. Soinsteadof c andk, onecanjustwrite €
andk.

Again, the problemis simplified to heatdiffusionin one dimension. Equations
7.7and7.8 canbeusedfor eachFouriercomponent:

—JQldx_ o (ix = TX*?_,X TXdX TAx+dx TAx

Insertingthe expressiongor T andJ~Q (equation7.10):

JQAE'Qt ldx = (TA X+-dx — TA X)E'Qt
~6TA€" dx = (JQ iy — ‘JQ X)e|Qt

—ZdxJ; = Taysax— Tax, . Z=2, J=JoA
YdXTA X = \Jx+dx Jx, = |§2CA7
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whereJ is the heatcurrentthroughthe areaA ([J] = [W]), Z is the heatresistance
perunit length ([Z] = [(Kdx) 1/dx)] = [KW~Im1]), andY is iQ timesthe heat
capacityper unit length([Y] = [iQéVol /dx] = [WK~1m~1]). This canbewritten
in matrix form as:

-EA,x-i-dx _ 1 —Zdx T:A,x
or . . .
TA,X _ 1 de TA,X—I—dX

since: N N -
1 —Zdx\( 1 Zdx\ _ [ 1-ZYdx? 0 (10
~Ydx 1 Yox 1 )~ 0 1-2vdx® )7\ 0 1

The2 x 2 matrixin equation/.12is thetransfermatrix (é(dx)) for aheatconduc-
tor of infinitesimallength (dx):

1 Zdx ) (7.13)

Adn) = ( Ydx 1

é(dx) givesthe temperatureandheatcurrentat x, giventhe valuesat x+ dx (or

~

visa versa). Of coursewhat is neededis the transfermatrix (A(l)) for a heat
conductorof somelength(l):

To A Aro T ~ T
AT Y D) —AD( P ), 7.14
(JO> <A21 Azz)(Jl) :()<JI) (7:14)
whereTo, Jo andTj, J is thetemperaturandheatcurrentatx = 0 andx = | (iter-
ationof equation7.12shavsthatthe linearrelationshipin equation7.14exists).

Now, if two maEeriaIsA andB of lengthl{ andl, arein thermalcontact seefigure
7.4, andé andg arethetransfemmatrix for thetwo materialshen:

11 = 12

Sinceequation7.15alsois valid if A andB aremadeof the samematerial:

A(l1+12) = Al1)A(l2) = A(l2)A(l)
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0 l, | +1,

Figure 7.4 Two materialsA andB in goodthermalcontactatx = .

It is necessaryo look at the derivative of A(l) in orderto find A(l):

oA Al +dl) - A(l) Adh-1 . .
a - d - AD
_ [ YA ZAx

)_<?A22 ZAZl), (7.16)

. _ (10 ~ (0 Z
where: 1 = (Ol)’ 22(\?0)

Equation7.16 givesfour differentialequations.The derivative with respecto dI
of thesefour equationsare:

PAy _Gohp _ SR )
a2 =Yg =YZAn

a2 — “7a 2A:

b = —af;' =YZA; (7.17)
2N ~ AN ~ o~ ~
aa|A221:Yaa|22:YZ 21

Equation7.17have thegenerakolution:
() =C~3ijcos(lx/—\?2) +§jsin(I\/—\?Z>, (7.18)
andof course:

é(0)=(é 2) ,since:(%):é\(o)(}g)

cog0) =1, andsin(0) = 0, andthereforeC = A(0). Fromequation7.17it is seen
that:

~ 1 a;&lg
Au(l) = Z ol
- 1 0A:
Ago(l) = -9l
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Usingequation7.18for Ajj, andthefactthatC = A(0):

. 7
S1=0, Spp= _Z\?Z,
and _
cos(l —\?Z) +§223|n(l \/—7YZ) = \/?ézlcos(l \/ﬁ)
y

$2=0, S1= —

And sofinally thetransfermatrix canbewritten as:

Al = ( cos(1K) £ sin(lk ) k=V—V7 (7.19)

*sin(1k) cos(Ik)

(Thesameexpressiorcanbefoundin [Carslav andJager,1959,p. 110].)

It mayseemuitecomplicatedo derive equation7.19,but it turnsoutto beworth
the effort. With equation7.19 the one—dimensionaheatdiffusion problemhas
beensolved onceandfor all. No matterthe numberof layersof materialthat
mustbe consideredt is just a questionof matrix multiplication (asis seenfrom
equation7.15). A specialsimplecases consideredn thefollowing.

Againthetwo materialsn figure 7.4 areconsideredéa andég is the effusivity of
A andB, respectrely. Theeffusivity is definedas:

é=+CK

If & > Ex, andBisin goodthermalcontactwith atemperaturéath,thenB short—
circuit A to thetemperaturévath. Thiswill for examplebethe case|f Ais glass,
andB is coppenn contactwith thetemperaturdathsince:

Kglass =~ O0.9WmM 1K™ cyassr 2.1 x 1PIK~Im™3
= €glass & 14x10°0Im 2K 15712
and
Kcopper ~ 400Nm71K71,Ccopper ~3.4%x 100K tm3
= copper A~ 3.7 x 100Im 2K 1s71/2
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[Nordling andOsterman1996,p. 28,33].

Thus,thethermalimpedancéZg) of B canbe consideredero:

Equation7.14shows thatthe thermalimpedancegZ,q ), seenfrom x = 0, is given
by:

T _ 611(|1)'|~'|1+'§~12(|1)J~|1 _ é\ll(ll)ZB‘f‘é\lZ(ll) _ 61201)
Jo Ani(l)Tii+A2(l1)d1  Aci(l)Ze+Az(l1)  Asa(lh)

Insertingtheresultfrom equation7.19:

. Zsinlky 5
Ziot = ';Z'QER)) = £tan(lk) (7.20)

Usingthedefinitionsof Z andY from equation7.11,andthedefinitionof k (equa-

tion 7.19):
~ 1 Q¢
Ziot IV (1\/ 2 ) (7.21)

Equation7.21givesthethermalimpedancef afinite, one—dimensionaliffusion
chainof lengthly, thatis heldatisothermalconditionsattheend(atx = I1). It is
seenthatequation7.21corresponds$o equation7.5,whenl; — oo, asexpected.

Equation7.21showvsthatin the casewheretheonedimensionadiffusionmodelis
valid, andwherethelength(l;) canbeconsiderednfinite, thereonly theeffusivity
canbeobtained notthe heatcapacityalone.

7.3 Thermal propertiesof a liquid

Above it wasonly discussechow to extract the thermalpropertiesof the glass
substrateBut thefocusof this reportis how to measureghe thermalpropertiesof

aliquid. Theway to dothis, of coursejs to measurghethermalimpedancevith

andwithout liquid on theothersideof the heaterseefigure 7.5.

If thereis a liquid on the heatey the heatcanboth flow into the glasssubstrate
(andinto whatever is on the otherside of the substratepndinto theliquid. The
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Background
Copper Thin film
Glass Liquid

Heat flow
Heat flow

Figure 7.5 If aliquid is placedin contactwith the heaterheatcanflow bothinto the
substratde.g.glasson copper)andinto theliquid.

substratemay be ary layeredmateriale.g. glasson coppef. Ys is the thermal
admittancereciprocatthermalimpedancepf the substratey, thethermaladmit-
tanceof theliquid, andY, s is the total thermaladmittancethatis measuredvith
liquid onthe heater Thetotal heatcurrent(Jg) generatedby the heateris thesum
of theheatcurrentsinto theliquid (JoL) andinto thesubstratd Jos). Then,if T is
thetemperaturattheheater:

~ Je ~ Je ~ J
Y=, Ys=%, Yis=7F
Jo =JoL +Jos

?LS = ?L -i-?s (7.22)

If Ysis measuredavithoutliquid ontheheaterY, canbefoundfrom equation7.22
if measurementwith andwithout liquid have beenmade. Thenthe appropriate
modelfor the heatdiffusionin theliquid mustbe applied,in orderto extractthe

thermalparametersf the liquid. If, for example,theliquid layer canbe consid-
eredinfinitely thick, anda one—dimensionahodelis adequatdor the heatdiffu-

sion,thenequation7.5 mustbeused with ¢ andk beingthethermalpropertiesof

theliquid.

2The exampleof glasson copper(figure 7.5) is not chosenat random. In the planarheater
experiments) have made thiswasin facttheconfiguration.More detailsonthisin chapter® and
10.
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Background
Copper Thin film

Glass %Lqud 7777777

Heat flow

‘\\\MIW//,,

Figure 7.6 If heatdiffusesin threedimensionsheatcanflow acrossheliquid substrate
interface.

It is importantto realizethat equation7.22 holdswhenheatonly diffusesin the
directionperpendiculato the heatey but not necessaryn all othercases.Here,
Ys is definedas the thermaladmittancemeasuredvithout liquid on the heater
Thus,if heatdiffusionfrom theheatemustbe describedn threedimensionsand
thethermalparametersf the liquid andsubstratearedifferentin a way thatthe
temperaturdoecomesigherin theliquid thanin the substratethenat the liquid
substratanterface,somedistanceaway from the heateritself, heatwill diffuse
from theliquid into the substrateseefigure 7.6 (this is referredto asa boundary
mismatchin [Moon etal., 1996,p. 31]). Thus,Ys (measureavithout liquid) will

not satisfyequation7.22.

Background Thin film
Copper Glass / Liquid

Heat flow

Figure 7.7 The problemwith heatflow acrossthe liquid substratanterfacecanbe
overcomef theheateffills all theinterface. Theremustbe a thermalisolating“medium”
(e.g.vacuum)aroundthe setup,andradiationof heatmustbe nggligible.
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This problemwith heatflow acrossthe liquid substratanterface may be over
come,if it is possibleto fabricatea heaterthatfills all the areaof the substrate,
and,if it is possibleto have theliquid to fill exactly the samearea,seefigure7.7.
Thiswill, however, notbe soeasyto realizein practice.
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8 Measurementsof dynamic heat
capacity from the literatur e

In this chapterthe history of the 3w detectiontechniquewill be consideredand
referencego the mostimportantarticlesin the field will be given. The 3w de-
tectiontechniquéds not the only techniqueusedto measurdrequeng dependent
specificheatcapacity andthereforesomeothertechniqueswill bebriefly consid-
eredfirst.

Only dynamiccalorimetrymethodsareconsideredthatis, methodghatstudyre-
laxationphenomen@Jungetal., 1999,S1359]. Thesemethodsmay alsobe used
to studyotherphysicalphenomenag.g. phasdransitions put thisis notincluded.
As shawn in chapter3, the methodscanroughly be divided into two groupsthat
canbecalled“time—domainmethods’(in whichtherelaxationphenomenés stud-
ied asfunctionof time aftera perturbatiorof thesystem)and“frequengy—domain
methods’(in which the systemis perturbatedn a oscillatorymannerandthe sys-
tem responsas studiedas function of the perturbationfrequeng). Two time—
domainmethodsarementioned:isothermalwherethe heatflow to the systemis
measuredfter a temperaturgump) andadiabatic(wherethe temperaturef the
systemis measuredfter a heatinput). Besidesthe 3w detectiontechnique(that
have its onesectionin the endof this chapter)threefrequeng—domainmethods
are mentioned:traditional AC calorimetry the photoacousticand the photopy-
roelectrictechnique. Somereview articlesare available on the techniques.g.
[Gmelin, 1997],[Jungetal., 1999],and[Jeong,1997]. For the photo—techniques
see[ThoenandGlorieux,1997]and[Chirtocetal., 2001].

8.1 Time—domainmethods

The time—scaleof the time—domainmethodss usuallymuchlongerthanfor the
frequeng—domainmethods. Wherein frequeng—domainthe lowest frequen-
ciesusuallyarearoundlmHz, which correspond$o 100G~ 1/4hour thetime—
domainmethodsoperatewith timesfrom around10sto 10°s~ 12days(e.g. [Fu-
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jimori andOguni,1994,p. 603], [SugaandMatsu0,1989,p. 1123]). Thelimit on
how shorttimescanbe obsenedin atime—domainexperimentis setby thetime
neededor the systemto “equilibrate™ after a temperaturgump or heatinput,
while the long time limit is setby the stability of the setupover long times,and
the patienceof the experimentalist.

Themostcommontime—domaimethodFujimori andOguni,1994,p. 601,602]
is theadiabatianethodwhereaknown amountof heatis suppliedto thesystemn
thermodynami@quilibrium,afterwhich the evolution of thesystemdemperature
with timeis monitoredunderadiabaticconditions.In theisothermamethodastep
in temperaturés madefrom theequilibriumstate(of coursethis stepis alsomade
by supplyingsomeheat),andthenthe flow of heatto the systenthatis neededn
orderto keepthetemperatureonstants monitoredFujimori andOguni,1994,p.
602]. In boththe adiabaticandisothermalcasethe calorimeterusedmustbe very
well shieldedfrom the surroundingsn orderto avoid unknavn quantitiesof heat
to flow into the system.No perfectthermalinsulatorexists,andtherewill always
beradiationof heat,thus,muchcaremustbetakento minimize the thermalleak
tothesurroundingge.g.[Jeong,1997,p. 87],[Jungetal.,1999,p. S1361],[Suga
andMatsuo,1989,p. 1127],[Kobashietal., 1998,p. 668], [Fujimori andOguni,
1993,p. 272)).

For otheradiabaticmeasurementseee.g. [Atake et al., 2000A], [Atake et al.,
20008B].

8.2 Frequency—domaimmethods

TraditionalAC calorimetryis fundamentallydifferentfrom the 3w detectiorntech-
nique,in thatthe heatsourceandtemperaturaletectorarenot oneandthe same,
andthusheatis suppliedin oneplaceandthetemperaturés measuredomevhere
else(usuallyvery closeto the heatsource). In the casesdiscussederethe fre-
gueny dependencef the heatcapacity(or effusivity) is desiredandthis method
works well for low frequenciesyherethe thermaldiffusionlength (Lp) is long
comparedo thedistancebetweerthe heatsourceandthetemperatursensoie.g.
[Christensen]1985],[Minakov etal.,2001]). For higherfrequencieshemeasured
temperatureamplitudeand phaseshift can not be taken as a measureof these
guantitiesat the heatsource.Christenser1985] (and Christenseri1989]) report
measurementf thenormalizedheatcapacity(assuminghatthethermalconduc-
tivity is frequeng independentpn supercooledylycerol nearthe glasstransition

l“Equilibrate” mustherebe understoodn the sensehatthe temperaturef the systemis uni-
form throughoutthe system. The systemis not equlibratedin the sensethat the systemis fully
relaxed,sincetherelaxationphenomends in factthe phenomenahatis studied.
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in thefrequeng range2.4mHz 35mHz|, while Minakov etal.[2001] reportmea-
surementsalsoonglycerol,in thefrequeng range[40mHz, 10Hz|. Minakov etal.
[2001] hasaspecialarrangemenuith two sensorsandthey canmeasurdoththe
thermalconductvity andthe heatcapacitysimultaneouslySincetheseechniques
hasarathernarraov frequeng range,othermethodsaredesired.

In photoacousti@and photogyroelectricmeasurementthe sample(e.g. a super
cooledliquid) is heatedperiodicallywith a pulsedlaser Due to the thermalex-
pansionanacoustiovave canbe measuredavith a microphondn agasabove the
samplgThoenandGlorieux,1997,p. 139],[BuichnerandKorpium,1987,p. 31].
Thisis donein aphotoacoustiexperimentandinformationonthephaseandam-
plitude of thetemperatur@scillationsin thesamples extractedfrom theacoustic
signal[ThoenandGlorieux,1997],[BuchnerandKorpium,1987]. Theextraction
of the samplepropertiesmay be somavhat complicated.The thermalproperties
of the gasandbackingis involved,andalsothe frequeny responsef the micro-
phoneandelectronicgs usuallynotflat. Thereforea calibrationprocedureusing
a samplewith known thermalproperties,js neededThoenand Glorieux, 1997,
p. 141]. BuchnerandKorpium [1987] reportmeasurementsf the effusivity of
a supercooledsalt melt (0.4Ca(NO3), — 0.6KNOg3) nearthe glasstransitionfor
threefrequenciegasfunctionof temperature)9.6Hz 55Hz 512Hz

In a photogyroelectricexperimentthe temperaturamplitudeandphasearemea-
suredby a pyroelectricmaterial[Bentefour 2002],[Bentefouretal., 2001],[Chir-
toc et al., 2001], [Caerelset al., 1998], [Thoen and Glorieux, 1997], [Dadarlat
etal., 1990], [Chirtoc andMihallescu,1989]. In oneconfigurationof the setup,
the heatis absorbedht the liquid pyroelectricinterface,andthusthe heatsource
andthermometeis in the sameplace(asin the 3w detectiontechnique)which
makesit possibleto go to higherfrequenciesBentefour[2002], Bentefouret al.
[2001](Chirtocetal.[2001]) reporteffusivity measurementsn glycerolandBen-
tefour[2002] on propyleneglycol in thefrequeny range[0.05Hz; 100kH Z].

Oneminor dravbackof this techniques thatthe exactamountof power released
in theliquid is not known (someof the laserlight is reflectedandnot absorbed).
Thus a referencepoint for eachcurve ((frequeng, effusivity) or (temperature,
effusivity)) mustbeknown in advance.

8.3 3w detectiontechnique

The 3w detectiontechniqueis also a frequeng—domaintechnique but is given
this separatesection,sinceit is the centraltechniquen this report. Here,a brief
sketchof the history of thetechniquds given.
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The first to use the 3w detectiontechniquewas Von O. M. Corbinoin 1911
[Corbino, 1911] (e.g. see[Gmelin, 1997,p. 1] or [Moon etal., 1996,p. 29]),
andit hasbeenusedfor studyingthin wire (filament) propertiessuchasspecific
heatcapacityof titaniumby L. R. HollandandothergHolland,1963],[D. Gerlich,
1965], [Holland and Smith, 1966], [Rosenthal 1961]. In 1985S. R. Nageland
N. O. Birge publishedresultswherethe techniquewvasusedwith a nickel planar
heateron a glasssubstrateThis wasthefirst time thetechniguevasusedto study
the frequeng dependencef the heatcapacityof a supercoolediquid (glycerol)
[Birge andNagel,1985F. Sincethena numberof articleshave beenpublished
from the Nagelgroup, including dataon glycerol and propylene glycol [Birge,
1986](wherealsoawire experimentis included)and[BirgeandNagel,1987],0—
Terpheryl Mixtures[Dixon andNagel,1988],di—n—butylphthalat§Menon,1996]
([Birge et al., 1997] - review article), salol [Dixon, 1990] ((Wu et al., 1991]—
comparisorwith otherliquids anddielectricsusceptibility). The frequeng range
of themeasuremenis somethindik e [2mHz;4kHz][Birgeetal.,1997],andthus
muchwider thanthetraditional AC calorimetrymeasurements.

Othergroupshave usedthis techniqueaswell. The GermangrouparoundDonth
have useda nickel heatemwith nickel electrodesbut on a polymersubstratge.g.
[Korusetal., 1997A,p. 100]) thathasan effusivity smallerthanthe effusivity of
glasswhichenlagetheresolutionof theexperiment(cf. chapterl0) (e.g.[Donth
etal., 1996], [Beineret al., 1996], [Korusetal., 1997A], [Koruset al., 1997B],
[Beineretal., 1998]).

Also in SouthKoreathis techniquehasbeenusedquite a lot, with Y. H. Jeong
andl. K. Moon ascentralpersonsDataon supercooledCa(NOs3)2]o.4(KNO3)o.6
canbefoundin [JeongandMoon, 1995],on potassium-calciumitratein [Moon
et al., 1996] and [Jeong,1997], and on polypropylene glycol in [Moon et al.,
2001] (for otherusesof the techniquee.g. study of the Curie point see[Jung
etal., 1992], [Jeonget al., 1991],[Baeet al., 1993],[Baeet al., 1994]). Finally
it shouldbe mentionedthat also Inadaet al. [1990] have usedthe techniqueto
study the frequeng dependentheatcapacityof glycerol, propylene glycol and
their mixtures,andCabhill [1990] studythermalconductvity of dielectricsolids.

As mentionedin chapterl, oneof the aimsof the work reportedherehasbeen
to measuranoreaccuratelywith lessscatterin the data,evenif thatwould mean
narraving the frequeng range. Thereforel have tried to estimatethe sizeof the
scatterof the measurementmentionedabove. This hasbeendone simply by
looking at the dataplottedin the mentionedarticles,andfrom themjudging how
largethescatterf thedatapointsare(As(e), whereeis the effusivity). Theresult

2Note that someof the axis of the plotsin this article are not correct. They are correctedn
[Birge,1986,p. 1635].
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As(e) /e, estimatedrom the (frequeng,e) curvesaroundthe losspeakfrequeny
in theimaginarypart of e, is around10% for the best3w measurementthased
on [Birge, 1986,p. 1636], [Birge andNagel,1987,p. 1470],[Menon,1996,p.
5252],[Dixon, 1990,p. 8181],[Dixon andNagel,1988,p. 342]), andprobably
a bit more for the photopyroelectricmeasurementfasedon [Bentefouret al.,
2001], [Bentefour,2002,p. 124,131]). Of coursethisis only a roughestimate
anda moredirectcomparisorof nev measurement® the old will be useful,but
it seemghatin orderto improve on this pointthe measured\s(e) /e mustbeless
than10%.
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9 Designof the measuringcell

(1) Stanles steel cylinder  12mm 10mm 5mm 6mm 7mm

0.1mm wire
T

¢3mm |9mm 11mn

15mm \ ”””””””””
<lHeaters

S 22mm ™~ Glass substrate

25mm

1

(4) Wires to top of cryostate (4) Electrical connections

Copper

Glass cylinder

(1) Stanles steel cylinder Heater

\"4
(4) Wires to top of cryostate Eletrod es
Figure 9.1 The top figure shavs the measuringcell seenfrom the side. The cell is
placedvertically insidethe cryostatg(turned90° clockwise— the top—endis the oneon

theleft). Thelower left andright figure shavs the cell seenfrom the top andthe bottom,
respectiely. Theheatersneasur8mmx 3mm

In this chapterthedesignof themeasuringell will bedescribedEventhoughthe
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detailedargumentdor designingt in exactly this way will not be presentedintil
thefollowing chaptersit is convenientto presenthedesignhere.

Thecell is shavn on figure 9.1. The heateraneasuré8mmx 3mmandthe glass
substratés 6mmthick. It is gluedonto the copperbacking. The glue layeris
verythin.

The cell is placedvertically insidethe cryostate(turned90° clockwise: the top—
endis theoneontheleft). The copperof thecell is in goodthermalcontactwith
thecryostateandthus,thetemperaturef thecopperbackingwill beequalto that
of thecryostate(Ty).

The liquid is placedinside a glasscylinder that is glued® to the substrateand
placedaroundthe heater In all theliquids | have usedthe surfacetensionof the
liquid cankeepthe liquid inside the cylinder whenthe cell is turned (with the
openingpointing down). In somecasesthough,the liquid will flow out of the
cylinderif it is shalenjusta little bit, which is impossibleto avoid whenputting
the cell into the cryostate In thesecasesthe partof liquid closesto the cylinder
openingsjustcooledalittle beforethecellis putinsidethecryostate Thisis done
by dippingthetip of the cylinder with liquid into liquid nitrogen,andsealingthe
liquid in thatway.

Thetemperature—independemsistor(R¢) is placedjust above the copperback-
ing insidethe cryostate In thisway long wiresareavoidedandeverythingis kept
at constantemperatureduring a frequeng scan. This is, though,doneprimary
for practicalreasonsndis not very important.| have tried placingit outsidethe
cryostateandno changesn themeasurementsouldbe obsened.

The stainlesssteelcylinder is = 40cm long andgoesto the top of the cryostate.
Stainlessteelhave arelatively low thermalconductvity comparedo otheralloys

andmetals® At the sametime the materialis thin (0.25mm), makingit a poor

thermalconductoy andthusonly alittle amountof heatwill betransportedrom

thetop of the cryostatgatroomtemperaturejo thecell.

The electricalconnectionghroughthe copperto the wiresthatgoesto thetop of
the cryostateare, of course electricallyisolatedfrom the copper The electrical
connectionsareactuallymadewith alittle plug, andthe “T—shaped’copperpart
hasa threadand canbeetaken off (by turningit counterclockwise).Thusit is
rathereasyto replacethe substratendfilm.

Thegluethat| have usedis: Torr Seal(Low VaporPressureéResin)from VarianAssociates,
VacuumProductDivision, Lexington,MA, USA.

2Usingthe sameglue asfor gluing the substrateo the copperbacking.

3The stainlesssteel that is usedis type AISI 304, and it has a thermal conductvity of
~ 16.3Wm~1K~1 at room temperaturdthis valueis taken from a cataloguefrom the compary
Goodfellon. Similar valuescanbefoundelsavhere).



57

Therearetwo heaterson eachsubstrateput in the measurementseportedhere
only oneis usedat the time. Originally the ideawasto usetwo heaters:one
with liquid and onewithout liquid. If the two heatersare coupledin seriesand
the output signal are measuredacrossone of them, then the 3w signalwill be
zeroif thetwo heatersareexactly alike and,if Z; = Z,, whereZ; andZ, arethe
thermalimpedancdeaterl andheater2 “look into”, respectiely (thecalculations
showing thiscanbefoundin A appendixonpagel57). Theproblemis thatthe 3w
signalresultingfrom Z; # Z, doesnotsolelydependnthethermalimpedancef
theliquid (Z. = 1/Y,) but alsoon the thermalimpedanceof the substratgZs =
1/YS)Z

1 1

szDZl_ZZZYL+Ys_\75,’

if heaterl is the onewith liquid (seepage45). Thus, the thermalimpedance
of the substrateneedsto be measuredseparatelyanyway, andnothingis gained
comparedo the useof just oneheatemwith andwithout liquid.

Actually themethodof usingtwo heatersvould be someavhatmoredifficult, since
alsothe currentthroughthe heatermust be measuredn orderto have enough
informationto calculatethe thermalimpedanceof theliquid (of coursethis does
not presentary major problem). The reasonwhy this is necessarys that the
power releasedn the heatermustbe known andthusbesideghe voltageacross
the heateralsothe resistancef the heateror the currentthroughthe heatermust
beknown. In the casewith afixedresistor(R¢) in serieswith the heaterthis can
be calculatedsincealsotheinput—\wltageis known. But, whenthe fixedresistor
is replacedwith a 2"% temperature—dependergsistor(heater)this information
is no longeravailable. This is not somethingthat caneasilybe calibrated,since
thetemperaturef the heaterslependon the power releasedn them. Onecould
imaginethat a heaterwas calibratedwith a fixed R¢, andthus a setof Ty, Rpm
valuesareknown atagiveninput—wltage.But whenthefixedR; is replacedvith
atemperature—dependemisistor(2"% heaterthenthesevaluescanno longerbe
used,unlessoneis certainthat the resistanceof Rs is exactly the sameasthe
resistancef the2"% heaterandof coursethiswill only bethecaseatonespecific
temperaturejf at ary temperatureat all. Another dravback of this methodis
thatif the heatersarenot exactly alike (have the sameresistancandtemperature
coeficient), the 3w signalwill notbezerowhenmeasurementgremadewithout
liquid.
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10 Optimizing the cell dimensions

10.1 Temperaturegradientsin the sample

Sinceit is only possibleto supply heat, not to cool, with the thin film heater
(cf. equations5.6 and6.7), the averagetemperaturgTpny) of the heaterwill be
higherthanthetemperaturéTy) of the surroundingemperaturdath(cryostate):
Tom— Tk = ltmZr pc (cf. equationb.1).

It is importanthow the coupling betweenthe heaterandthe temperaturdathis
made,thatis, the geometryof the setup. In what shall be called the gradient—
method the couplingis madethroughtheliquid, andtherewill be atemperature
gradientthroughtheliquid. This gradientmay presenta problem,sincethe prop-
ertiesof theliquid will bedifferentat differentdistancegrom the heater As will
be shavn below this doesnot seemto be a problemwhenonly the thermalprop-
ertiesof the liquid are consideredput this is someavhat misleading. It actually
doesplay animportantrole, ascanbe seenwhenthethermo—mechanicgroblem
mentionedn chapterl (pagevi) is considered.

For the DC partof theheatcurrent(ltpy):

dT
|Tm: _KL&7 (101)

wherek is thethermalconductvity of theliquid.

At low frequencieghe one—dimensionapproximatiorfails dueto edgeeffects.

Theseedgeeffectsplay a significantrole whenthe diffusionlength(Lp) becomes
comparableo thewidth (W) of theheater Evenif afirst orderapproximatiorcan

be madeandtheseedgeeffectstakeninto account,this approximationwill not

hold down to frequenciesvhereLp becomessignificantlargerthanW. Thusat

leastlp max<W. Thismeanghatthemaximumrelevantdistance(dx) in equation
10.1isW:

AT,
ltm = —KLWW,
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Figure 10.1 With a copperbackingthatis clampedto the cryostate(temperaturdoath)
theaveragetemperaturés constanthroughtheliquid. TheDC heatis leadaway through
theglasssubstrateThisis the non-gradient—-method.

whereATy is thetemperaturalifferencebetweerthe heaterandtheliquid a dis-
tanceW (perpendicularaway from the heater

Fromequatiors.4 (with Y. = 1/77):
lta=TalY],

andsincelty = Ita (cf. equation6.7):

~ ATy
TA|Y|_| = KLW
)
~ W W
ATw = TaYL|—= Ta, (10.2)
KL  Lp,max

whereequation?7.5 hasbeenusedfor Y (with Y = 1/Z;4)), andequation7.1 for
Lp.

From equationl10.2it is seenthatin the worst case(the lowestusedfrequeng,
wherelp = Lp max=W): Tw = Ta. If Taissmallenougtsothatthemeasurements
arein the linear regime, as mustbe the case,thenalso Tyy is so small that the



10.1 Temperature gradientsin the sample 61

thermalpropertiesof theliquid doesnot changgfrom the heaterto W away from
the heater): of coursethe thermalpropertiesdo changethroughthe liquid, but
the thermalwavesdo not travel very far andthereforedo not “feel” the changes.
Thus,the gradientthroughthe liquid doesnot seemto presenta problemviewed
from this perspectie.

As mentionedn chapterl, the liquid expands(andcontractswhile heated(and
cooled),and this resultsin a mechanicalsoundwave. The wavelengthof this

soundwave is probably somevhere betweenlm and 1km, dependingon fre-

queng! (andit is really not appropriateto speakof a wave, sincethe thickness
of the liquid layer is much smallerthanthe wavelength). Thusthe mechanical
disturbanceeachesnuchfurtherthanthe thermal,andthe temperaturgradient
throughtheliquid becomesmportant. Tp,— T Will beseveraldegreesandwhile

the substancés still aliquid at the heatey it canbe deepinto the glassat liquid

temperaturdathinterface.

Thereforethethermo—mechanicg@roblembecomesxtremelycomplicatedn the
gradient—-methodandit will notbeawell definedquantitythatis measuredThus,
in orderto dealproperlywith the thermo—mechanicairoblem,a non—gradient—
methodmustbe used. With sucha method,at leastin somecasesijt will bethe
longitudinalheatcapacity(c) thatis measuredqseepagev).

For thesereasonst is desimableto getrid of the DC heatthroughthe substate
ratherthanthroughtheliquid. Theefore, | havedesignedhe setupwith a copper
bading behindthe substate (seefigure 10.1). Also,with sud a badking it is well
controlled howthe DC heatis lead awaywhenmeasuementsare madewithout
liquid, andit is leadawaythesamewayfor measuementsvith andwithoutliquid.

Thecopperbackingis clampedo thecryostateandthetemperaturef thecopper
backingis the cryostatetemperaturé Ty, cf. chapter9). In this way the average
temperaturef the liquid is the samethroughall the liquid, andthis methodis a
non—gradient—methodf thereis air betweenthe liquid andthe cryostate(there
could be vacuum)of courseheatcandiffusethroughthatto the cryostate.Also

therewill be radiationof heat. But, if the conductionof heatthroughthe glass
substratas muchlarger, thenthesecontributionsarenegligible. The conditions
neededo fulfilled thisis discussedhn section10.2.

1The groupvelocity (vg) of alongitudinalwave is givenby: vq = 1/Yo/p, whereY, andp are
Young's modulusandthe density respectiely [Nordling and Osterman1996,p. 224]. Y, > G
(whereG is the sheamodulus)[Nordling andOsterman1996,p. 153] andis typical 10°Pa near
Tg. With p around10%kgnT2 the velocity becomesyg ~ 10°ms 1, andthus, the wavelengthis
aroundimatlkHz andlkmat1Hz
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10.2 Maximum thicknessof the glasssubstrate

If the heaterwasa half sphericalshellandthe surroundingemperaturdathalso
was spherical,thenit was easyto computeZr,j,. Letting the radius(R) to the
temperaturéath be of the order of the smallestdistancefrom the heaterto the
cryostateandsettingthe radiusof the heaterequalto thelength(L) of theheatey
and estimatingZrair this way, underestimateZr,ir (especiallyif W < L, and
thusthe estimateis conserative, sincethe demandis that Zt,;; mustbe large).
Integratingfrom L to Ryields:

2 R 1 2 1 1 1
LTair &~ —— —dr’' = —— — | = JifL<KR 10.3
Tar = an/ 2 ' Kair4T[(L R) Kair 2TIL TL<R,  (103)

wherekgjr is the thermalconductvity of air (Kair ~ 0.026/m~1K~1 at 292K

[Nordling and Osterman;1996,p. 36-37]), andthe number2 (after the first ~)

comedrom thefactthatonly half a spherds used.In the measurementeported
heretherelevantnumbersare:R~ 1 x 10~?m, L = 3 x 10~3m, andequation10.3
gives: Ztair ~ 2 x 103KW1,

Zt pc is givenby:

Is Is

ZTDC=F =15 —
’ Aks L2kg’

wherelsis thethicknesof the glasssubstrateA theareaof the heaterandks the
thermalconductvity of the substrate. Thusthe demandZt pc/Zrair < 1 canbe
written as:

Zrpc _ Kair2mls s

= ~ — 1, 104
Zrar | ks 6L O (104)
wherethetablevaluefor Kgass(givenon page43) is usedfor ks, andthevaluefor
Kair (givenabove) is used. As mentionedZtyj; is probablyunderestimatedand
the < in equationl0.4canbetakensomevhatloosely

Equation10.4 gives a rough estimateof the upperlimit of the thicknessof the
glasssubstratéls), for agivenheatedength(L).

Radiationof heathasnot beenconsideredsince,asis showvn below, the ther

mal impedanceelatedto theradiationof heat(Zt,4q) is large comparedo Zr,; .

According to Stefan—Boltzmannformula for a black body: g—i = oT*, where

0 = 5.6705x 10-8Wm 2K 4, P is the power throughthe area(A = L?), and T
is the temperaturef the body (for a non black body the right handside mustbe
multiplied with the emissvity, but this is neglectedhere). The net heatcurrent
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(Itraq) from the heaterto the surroundingsdueto radiationof heat,is given by
thedifferencebetweertheradiationfrom the heatetto the cryostate(P(Tpm)) and
theradiationcomingfrom the cryostateto the heater(P(T)):

ITrad = P(Ttm) - P(Tk)
~ AcT;‘m - (AcT;,‘m+ Ao4Tp3m(Tk —Tpm))

ltrag  L204TS)
(whereP(Ty) is Taylor expandedaroundTp).
Fromthis andequationl0.3it is seenthat:

ZTrad =

ZTair . LZGTSm

Zrrad  KairTt
Thus,if L is lessthanafew cmit is reasonabléo neglectthe heatflow coming
from radiationof heat.

~ 20m 1L, for Tom= 250K

10.3 Minimum thicknessof the glasssubstrate

Now, theminimumthicknessof thesubstratevill beconsideredAt highfrequen-
cies(Q large)the glasssubstrateeanbe considerednfinitely thick (Lp(Q) < Is).

But, at somefrequeng (comingfrom highto low frequenciesjhethermalwaves
travelssofarthatthecopperbehindtheglasssubstratdbecomesmportant.At low

frequenciegwhenLp(Q) > |s) theglasssubstratés notimportant,and(almost)
all the heatwill flow into the copperbackingandnoneinto the liquid, andthe
resolutionof the experimentwill belost. Theefore, the minimumthicknessof the
glasssubstateis setby thelower frequencyimit of the experiment

With liquid ontheheatetthetotal admittanceY, s) is measuredY s = Y. + Ys (cf.
equation7.22).

It is desirablethatthe thermaladmittanceof the substrateYs) is assmallaspos-
siblecomparedo thethermaladmittanceof theliquid (Y, ), sothatasmuchof the
signalaspossibleis dueto theliquid. For the thicknessof the glasssubstratgor
theliquid layer) the two limiting casesarethermalthick or thermalthin, thatis,
eitherit is thick or thin comparedo thediffusionlength(seeequation7.1):

Kx

Thermalthin: |y <

— Lox (10.5)

QmaxCx

Thermalthick: 1y > X Lok (10.6)
QminCx
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wheresubscriptx indicateseithersubstratgS) or liquid (L), and Qmin and Qmax
are the minimum and maximumcyclic frequeng of the heatcurrentin the ex-

periment. Thus,the maximumthicknessof the liquid layeris givenby equation
10.5,if the layer canbe consideredhermalthin, andthe minimum thicknessof

thelayerby equationl0.6,if thelayercanbe consideredhermalthick.

Here,it will be assumedhat the one—dimensionadiiffusion modelcanbe used
(andfor simplicity of notationthatcy andkx arereal). If thethermaladmittance
in thethermalthick caseis designated;ni«, then(from equation7.5):

Yinik = AViQCKy (10.7)

In the thermalthin casethe thermaladmittance(Y;nin) is differentfor the liquid
andthe glass,sincethe glassis just a thermalconductorbetweenthe heaterand
thecopperbacking(it is atisothermakonditionsattheendof thediffusionchain),
while theliquid functionsasa capacitor(it is at adiabaticconditionsat the endof
thediffusionchain). Thus:

AKs
Yehins = e
) s
Yenint = 1QCLAIL

From this and equation10.7 all the possiblecombinationsof thermalthin and
thick liquid layer and glasssubstratecan be obtained. This is shavn in figure
10.2.

Liquid thermalthick Liguid thermalthin

A B
Substratehermalthick ra= \*é = % rg = \*é = fsz—lf;

C ) D )
Substratehermalthin rc=q = \/Ki‘;mls DR %ILIS

Figure 10.2 Y. /Ys in the thermal thin and thick cases.

As canbe seerfrom the equationsn figure 10.2,not surprisingly only in caseA
(whereboththeliquid layerandglassarethermalthick) is Y /Ys independenof
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bothl_ andls. More interestings thefactthatin thetreeothercasess \ /\?s Oy
whenx is thermalthin. Thus,it seemghatthe bestresultfor the treecasess to
make Iy aslargeaspossible Of coursdy canasa maximumattainthevaluegiven
by equation10.5.

Calculatingtheratiosof rg, rc andrp with respecto ra andcombiningwith the
criteriagivenby equationl0.5gives:

r | i r

e \/I—L, equationl0.5forx=L = Blei
ra Lp,L ra

r - . r

< = \/I—S, equationl0.5forx=S = e <1
ra Lp,s ra

r . I . r

L - j_ts , equationl0.5forx=1L,S = DPles
ra Lplp,s ra

This clearlyillustratesthatthereis no hopethatV, /Ys will belargerin caseB,C
or D thanin caseA. Theefore, the optimumis to havebotha thermalthick liquid
layer anda thermalthick substate

Thus,in orderto settheminimumthicknesof the glasssubstratendliquid layer,
the lowestcyclic frequeng of the heatcurrent(Qmin), usedin the experimentis
neededo insertin equationl10.6.

10.4 Relation betweenQ,, and W

Qmin (usingequation10.6) is neededo setthe minimum thicknessof the glass
substrateandliquid layer, andL is neededo setthe maximumthicknessof the
glasssubstratgusingequationl0.4).

However Qmin andW arenotindependentandif W is not very differentfrom L,
thenQmin andL arenotindependent.

As mentionedevenif afirst orderapproximatiorcanbemadeandtheedgeeffects

canbetakeninto accountthis approximatiorwill not hold down to frequencies

wherelLp becomessignificantlylargerthanW. The problemof the edgeeffect

will bediscussedn moredetailin chapterl2, andit turnsoutthatif sucha first

orderapproximationsnustbe used thenareasonableninimumrequirements:
Ks 1

L = =-W. 10.8
D,max QminCS 3" ( )

whereLp max Is the maximumdiffusion length obtainedin the experiment,and
thethermalparametersor the substrateeanbe used sincethe diffusionlengthin
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the glasssubstratas usuallylongerthanin theliquid (e.g. tablevaluesfor glyc-
erol are: Kgiys = 0.28BVm 1K1, cpgiys = 3.024x 10°Im~3K 1 aroundroom
temperatur¢Nordling andOsterman1996,p. 36-37]).

Now, givensomewidth (W) of theheatey Qnmin canbecalculatedwhichthensets
the minimumthicknessof the glasssubstratgls). The combinationof equations
10.8and10.6yields:

1
W
3 <ls

Giventhis andequation10.4:

1
FW <Is<6L (10.9)

(Rememberinghatthe secondk canbetakensomevhatloosely).

Fromfigure9.1it is seenthatthe dimension®f the measuringell obey equation
10.9. Thethicknesof theglass(ls= 6mm) andW = L = 3mm).
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In designingthe planarheaterexperimentone mustconsidemwhat propertieshe
heatermustpossessandhow it canbe fabricated.In this chaptersomepossible
materialsfor thethin film heaterandelectrodewill be discussedAlso the prob-
lem of how to getgoodelectricalcontactto the electrodeswill be discussedIn

later chapterqchapterl3 andchapterl4) it will be describechow thefilms can
befabricatedusinganelectronbeamevaporationchamber

11.1 Optimal properties

Beforelooking at whatmaterialsshouldbe choserit is usefulto list whatproper
tiesareoptimal,if thereareno limitationson whatcanactuallybe fabricated.

Theresistanc®&pyn, of theheateishouldhave asuitablesize,sincethisis measured
in theexperiment.It is bothdifficult to accuratelymeasurevery high andavery
low resistancelf it is too low, the resistancef the connectingwires andof the
electrodewwill interfere. If it is too high, it will requirea large voltageto drive
a reasonableurrentthroughit and,sincea given effect mustbe releasedn the
heatera high resistanceequiresa high voltage.

It is of coursenot possibleto setan exactlower limit for Rpm, but the resistance
of the connectingwiresis probablybelonv 1Q (a copperwire of diameter0.1mm

hasa length specificresistanceof ~ 2Q0m~1, sincethe resistiity of copperis

~ 1.67 x 10-8Qm [Nordling and Osterman1996, p. 46]). If this mustbe low

comparedo Rpm, thenit will bereasonabléo requirethat100Q < Rpm.

The maximum desiredvalue (Rpmmax) is setby the maximum voltage avail-
able and the requiredeffect that must be releasedn the film, which is set by
the minimum requiredtemperatureamplitude(Tamin). The maximumvoltage
available in the setupdescribedin this reportis 10v. The maximumvoltage
acrosgthe heater(Vou max) Will thenbe ~ 5V, sincethe heateris in serieswith
atemperature—independemsistor(Rs, seefigure 6.1, page26) with similar re-
sistance(in section6.1 it was shovn that there are good reasongo chosethe
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resistancef Rt ~ Rpm). Thetemperaturemplitude(Ta) of the temperatures-
cillationsis givenby equation5.4. If it is assumedhatthe thermalimpedancas

given by equation?.5, thenthe requiredeffect (Iym) canbe calculated. For this
roughestimatet is assumedhatthe thermalimpedanceof the substrateandthe
liquid areof similar size,andthus,the measuredhermalimpedancewith liquid

on the heaterwill be 1/2 the value of the thermalimpedanceof the glass(see
equation’.22). ThusARymmax is givenby:

2
Vou,MAX

2
Vou, MAX B
2TaAMINY QMmAxCsKs

2TAMINVIQMAXCSKS

ARpmmAx

If thetablevaluesfor glassgiven on page43 are usedfor cs andks, the maxi-
mumcyclic frequeny (Quax) is setto 10061, anda temperatur@amplitudeof
minimum20mK is neededthenARymmax ~ 1.4 x 10-2Qn¥. In theexperiments
reportedin this report, the areaof the heateris A = 9 x 10~°n?, therefore,it is
reasonabléo requireRpm < 1kQ.

Sincethe temperatureés measuredy measuringRp, anotherimportantproperty
of the heateris the temperaturecoeficient (a = (1/Rp)(dR/dT), cf. equation
6.26,page33). Thelarger|a|, the bettertemperatureesolution.This canbe seen
from equatior6.17(page30), wherethe 3w signalis proportionako a. Therefore,
thegoalis to have ashigh a |a| aspossible.

For the electrodest mustbe requiredthat Reiec < Rpm, WhereReec is the re-
sistanceof the electrodeslf thisis not so,anappreciablemountof heatwill be
releasedn theelectrodesandfurther, thevoltageatoneendof theheatewill dif-
fer from thevoltageattheotherend,andtheheatwill notbeuniformly distributed
acrosgheheater(seefigure11.1).

Also, sincetheheatmustbedistributeduniformly acrosgheheaterit is important
thatthereis no holesin thefilm andthatit hasa uniform thickness.Oneway to

guantifythisis to requirethatit is uniformonthelengthscalesetby thediffusion
length(Lp ~ 2 x 10~°m, if Q = 10061, andthe valuesfor the heatcapacityand
thermalconductvity of glassgivenonpage43is usedcf. equation7.1). Also, the
temperatur@ariationsacrosgheheaterdueto anonuniform heatemustbesmall
comparedo Tp (thetemperatur@ariationsacrosgsheheatemustbe sosmallthat
the relaxationtime of the liquid doesnot changeacrossthe heater(within the
resolutionof the experiment)).Ultimately to checkthis, thetemperaturevariation
acrossthe heatershouldbe measured. This could probably be doneusing IR

photographysee[Mailly etal.,2001,p. 34]).

In connectionwith this it is worth to considerwhetherthe averagevalue of the
resistanc®f theheater(Rym= (R)), thatis measured;orresponds$o theaverage
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Substrate

Heater

Figure 11.1 If theelectrodesave a high resistancethenthe voltagebetweerpointsA
andB will differ from thevoltagebetweerC andD.

temperaturexcrossthe heateralso, if thereis a temperaturalifferencefrom one
endof the heaterto the other If the heateris slightly warmerat the left sidein

figure 11.1 (at the pointsA andC) thanat theright side (at the pointsB andD),

thenit canbe considerecdas a serial connectionof resistors(R,). Thuswhatis
measureds the averagevalue of sucha seriesconnection:(R) = (3 (Rn)). If

Rn = Ry + ARy, WhereRy is the averagevalueand AR, the deviation from this
valuethen:

R=(3 ) a1.1)

If, onthe otherhand,the heateris slightly warmerat the top endin figure 11.1
(atthe points A andB) thanat the bottom(at the pointsC andD), thenit canbe
consideredasa parallelconnectionof resistors(R,). Thus,whatis measureds
theaveragevalueof sucha parallelconnection:

1 1 1 1 ARn>) >
[ — _ ) = - ~ —1—-—
m = (&)~ lrem)) = (3 (R (-5
1 . AR,
————, since.— K1 11.2
(S0 (Reo)) Ro (12)
Equationll.1andequationll.2shovsthatin bothcasegR) ~ (5 ,(Rw)), thus,
the averagevalueof theresistance&orrespond# bothcasedo the averagevalue

of thetemperatur@crosshe heater

Q

For obviousreasongheremustbe goodelectricalcontactto the heaterelectrodes
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andbetweertheelectrodesindtheheater Theoptimalpropertiesof thethin films
aresummarizedn figure11.2.

Resistancef heater(Rpm) 100Q < Rpm < 1kQ
Resistancef electrodegRelec) | Relec < Rpm

lal High
Goodelectricalcontact Yes
Homogeneoufilm Yes

Figure 11.2 The optimal properties of the heater and electrodes.

In the following sectiongt will bediscussedf andhow thelisted propertiescan
beobtained Firstthe propertief the heatertself.

11.2 Heater

In all caseghatI’'m awareof, a metalhasbeenusedfor the heater Nickel (Ni)
is themostwidely used.Probablybecausét is the elementwith the highesttem-
peraturecoeficient (ay; ~ 6.75x 1073K~ [Nordling and Osterman,1996, p.
45-47]), andthatit is accessibleandrelatively easyto work with. Also it hasa
relative high resistvity [Menon,1996,p. 5248] at leastcomparedo metalslike
aluminum,silver, andgold (seefigure 11.3).1 have madethin films of aluminum
(Al), chromium(Cr), indium (In), gold (Au), nickel (Ni), platinum(Pt), andsilver
(AQ). In all cases| have measured lower temperatureoeficientthanthetable
value(for a exampleof ap;(T), thatl have measuredseefigure 16.3pagel19).
Consistenwith this is the valuefor ay; = 3 x 103K~ found by Birge et. al.
[Birgeetal., 1997,p. 55], ani = 1— 2 x 10-3K~1 foundby Beineret. al. [Beiner
etal., 1996,p. 5184]andayi =~ 2 x 10-3K~1 found by [Jonssoret al., 2000, p.
48].

Thefactthata is lower in the thin film thanin the bulk is probablydueto de-
fectsin thethin film. Thesedefectscanlower a in two ways. Firstly, the reason
why the resistancébecomeshigherwith temperaturecanroughly be explained
by the fact that the thermalvibrationsof the metallattice becomedarger asthe
temperaturés raised.Thus,thefreeelectronswill bumpinto thelatticemolecules
moreoftenat highertemperaturesDefectsin thelattice will alsoraisetheresis-
tance,but sincethesedefectsare presentat all temperaturegaslong asthey are
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| Element | Resistvity [10 °Qm] | a [10 °K ] |

Al 2.65 4.29
Cr 13 3

In 8.37 5.1
Au 2.35 3.98
Ni 6.84 6.75
Pt 10.6 3.92
Ag 1.59 4.10

Figure 11.3 Resistivity and temperature coefficient of selected
elements. [Nordling and Osterman, 1996, p. 45-47]

not annealedaway), the partof theresistance&eomingfrom thesedefectswill not
be temperature—dependendf coursethe presenceof more or lessdefectswill
not affect dR/dT, but sincea = (1/R,)(dR/dT) it will affecta. Secondlyit is
possiblethat the defectsin the film are of a naturethat make themwork like a
semiconductor Thatis, the numberof currentcarrying electronsare thermally
activated. Thusthe resistancewill drop asthe temperatures raised(a is nega-
tive). Of course,|f this effectis presentthe negative a of the defectswill partly
or totally suppresshe positive a of the bulk. Thereis no doubtthatan effect of
negative a canbe presentin a very thin film. | have madenickel films with a
resistancef 7— 10kQ persquareanda (smallbut) negative a. To my experience,
a comescloserto the table value, the thicker the film. Also, if the thin film is
annealede.g. at 100°C for severalhours)a getscloserto thetablevalue,which
canbeattributedto theannealingaway of defects.For somemetals lik e nickel, it
is problematicto annealin air atmospheresincethey will oxidize. Thusanneal-
ing thefilm maybecomplicatedl do nothave enoughexperienceandknowledge
aboutannealingo give guidelineson how to reachthe bestresult(andhow good
thatwill be). Though,| have tried to annealthin films undervacuum(not very
high vacuum,only around0.1mbar= 10Pa), but still oxidationof Ni took place
andruinedthe film. Probablyannealingn a protectingatmospherde.g. argon)
will give betterresults.This| have no experiencewith.

Eventhoughnickel hasarelatively highresistancét is ametal,andit is not possi-
ble to make thin films with areasonablel andahighresistancépersquaregtthe
sametime: thethinnerfilm, thehigherresistancebut lower a. This problemcan,
to my experienceandknowledge ,notbeovercomeby choosinganothemetal(but
maybe, atleastpartly, overcomef thefilm is annealedTo my knowledgenon of
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theexperimentalistaisingmetalfilms andthe 3w detectiontechniqueanneatheir
films.).

Birgeet. al. useheaterswith a resistancef approximately2.5Q persquareand
a film thicknessof approximately30— 40nm [Birge et al., 1997,p. 57] (andas
mentioneduy; = 3x 10-3K~1 [Birgeetal., 1997,p. 55]). By makingtheir film
rectangulathey have heatersof approximatelyl0Q, 20Q and40Q [Birgeetal.,
1997,p. 57], [Menon,1996,p. 5249].

In orderto get heaterswith better propertiesl have madeheatersof carbort.
The resistanceof the carbonthin films vary with temperatureasit doesfor a
semiconductofseeequation6.22). They have a negative temperatureoeficient
(ac), andthey have two advantagever metalheaters.Firstly, [ac| > |ani| (at
leastat temperaturegower that 300K). oc is typical between—3 x 103K ~1
and —6 x 103K 1 in the temperaturenterval [300K,180K] for a heaterwith
resistance~ 500Q per squareat room temperaturdfor a heaterwith resistance
~ 1.5kQ persquareat room temperaturegc is typical between—6 x 103K 1
and—10x 1073k ~1). (For anexampleof ac(T), thatl have measuredseefigure
16.3pagell9). Secondlyit is possibleto make carbonfilms with resistances a
largeinterval. By varyingthethicknesd have madecarbonfilms with resistances
betweenl00Q and50k<Q persquare.Thus,it is possibleto fabricatea film with
aresistancén thedesirednterval ([100Q, 1kQ]) without makingit verylong and
thin.

For acarbonfilm with resistance= 500Q persquargatroomtemperature) have
measuredhethicknesgo 30nm-=+15% (measuredvith asimpleinterferometed).
Thisis in agreementvith thetablevalueof 1.3 x 10-°Qmat 300K [Nordling and
Osterman]996,p. 45] for theresistiity of carbongraphite.

A possibleproblemwith the carbon(or metal) thin film heatersis whetheror
not the heatis distributedhomogeneouslyacrossthe heater Of coursethe best
way to checkthis is to measurehe temperatureprofile acrossthe heater As
mentionedpage68) it maybe possibleto dothiswith IR photographyl have not
hadthe possibility (time and equipment)to do this, and|l cannot quantify how
homogeneouthethin films are. This is somethinghatoughtto beelooked into
morecarefully,

1] gotthis ideaalmostby accident.| haddeals(wherethe metalto be evaporateds placed)
in the electronbeamevaporationchambemadeof carbon,andfound, thata smallamountof the
dealmaterialalsoendedup on the substrateThatdiscosery led to experimentsvith no metalsin
thedeals,andfinally to thethin carbonfilms. For more*historical” detailsseechapter2.

2A A-Scopelnterferometermodelnr. 980-4020from AngstromTechnologyCalifornia.
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11.3 Electrodes

Making goodelectrodess not difficult. Gold is a goodcandidatesinceit hasa
low resistvity, caneasily be evaporatedjs easyaccessibleanddo not oxidize.
Birgeet. al. usesgold electrodesvith aresistancef about2 — 5% of the heater
resistance&nda thicknessof approximatel\200hm|[Birgeetal., 1997,p. 55-56],
[Menon,1996,p. 5248]. | have alsousedgold electrodesut madethemthicker
(probablyaround500nm). The electroded have madehave a resistanceof less
that 0.1Q (lessthan0.05Q per square).Thussincethe resistanceof the carbon
heaterd have usedis morethan100Q, thenRp/Rejec < 0.1%.

11.4 Connectingwir esto the electrodes

First| tried usingsilver epoxy? to connecwiresto the gold electrodesbut it was
difficult gettinggooddurableelectricalcontactthis way. Birge et. al. seemgo
sharethis experienceandhave atleastin thelaterversionsof the experimentused
standards0Sn40Ptsoldef [Birgeetal., 1997,p. 56], [Menon,1996,p. 5248].

Unfortunatelyit is not possibleto solderthin gold films with 60Sn40Ptsolder
[AWS, 1978,p. 107-108],[Beiser,1954,p. 180-183],[Indium, n.d.]. The gold
dissolhesvery quickly into the solder[AWS, 1978,p. 107-108]. If oneis quick
with thesolderingion (I have tried this myself)it maybe possibleto solderawire

on to a gold threadof Immin diameter(or thicker) with 60Sn40Pbsolder but
eventhenit is easyto seethatalot of thegold is dissohed. Solderingon a gold
film lessthat1lumthick with this solderis impossible My guesss that,thereason
Birge et. al. hassuccessvith a 60Sn40PIsolderis thatthey probablyhave Ni

underneathhe gold thin film (Ni canbe solderedwvith 60Sn40PIsolder[Indium,

n.d.]). If thisis thecasejt canlook asif they have solderednthegold, but really
the gold is dissohed into the solderand the connectionis madeto the Ni film

underneath.

Fortunatelyit is possibleto solderon gold with indium (In) basedsolders.| have
obtainedvery good resultswith a 80In15Pb5Agsolder(from a solderkit from
Indium Corporationof America[lndium, n.d.], with a melting point of 154°C).
Otheralloys shouldwork aswell, suchas53Sn29Pb17In®Zn, 95In5Bi [AWS,

3] usedthetwo componentEccobonds57 C” from GraceN.V., Nijv erheidsstraat, 2260West-
erloBelgium.

460Sn40PIsolder(sometimegust written 60-40or 60/40) meansthatit is madeof 60%tin
(Sn)and40%lead(Pb).
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1978,p. 108], andotherIn basedsolderswithout Sn[Indium, n.d.]. For opera-
tion temperatureabove 125°C solderdike 80Au20Snor 88Aul2Gecanbeused
[Indium, n.d.].

The wires | have solderedon to the gold electrodesare madeof copper with a
diameterof 0.1mm andcoveredwith lacquerfor electricalisolation(the lacquer
is removedbeforesoldering.For detailsseebelaw).

11.4.1 Details on the soldering procedure

Soldering iron

_

Z__ Solder

0.1 ;nm copper wiye

6mm glass substrat Gold electrode

6mm glass

6mm glass

Figure 11.4 The0.1Immthick wire is heldin placeby thetwo 6mmthick glassplates.

Below the exactsolderingprocedurehat| have usedis described.Not thatit is
difficult, but if anyoneneedsto do the same|| think thatthis descriptioncanbe
helpful: it is easyandit workseverytime.

After cutting the wire in suitablelength, the lacqueris removed from the ends
wherethe wires have to be soldered.This canbe doneby heatingthe soldering
ion to the maximumtemperaturé¢~ 450°C) andusea 62Sn36Pb2Agolder(the
solderl useis from Farnell, ordercode:419540).0f coursea small amountof

this solderwill thenbe onthewire, but it is avery smallamount,andit doesnot
damagehefinal result.l have choserthe62Sn36Pb2Agolderbecausét is more
“friendly” to goldthanthe 60Sn40PIsolder it waseasyto gethold of, andit was
inexpensve. Thereasorthat!l do not simply usethe 80In15Pb5Agsolderis that
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it containsno flux. Of coursethe lacquercanalsobe removed with a knife or
similar, but | foundthe othermethodmucheasier

Thewire is thenplacedonthegold film (seefigure11.4)anda smalldrop of flux
is addedon top of the wire, wherethe lacquerhasbeenremoved. | usethe flux
# 5R from Indium. A smallamountof 80In15Pb5Ags placedon thetip of the
solderingiron, thatis now = 210°C. Thetip with solderis then“dipped” into the
flux ontop of thewire for ~ 1s.
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12 Edgeeffects

As mentioned(e.g. page59), the one—dimensionadiiffusion model doesonly
hold aslong asedgeeffectscanbe neglected thatis, aslong asLp < W, where
W is thewidth of the heater JonssorandAnderssorj1998] have madenumerical
calculations(finite elementmodeling)for a heaterwith W < L, wherelL is the
length of the heater Thesecalculationsshav that Lp mustbe smallerthan ~

0.024W in orderto keeptheerrorresultingfrom usingtheone—dimensionahodel
belov 1% [JonssorandAndersson1998,p. 1880].

Thus, for a given heaterthe one—dimensionamodelwill breakdowvn whenthe
frequeny becomessuficiently low (andthis lower frequeng limit for the one—
dimensionamodelis surprisinglyhigh). Butit is actuallypossibleto calculatethe
contritution from the edgeeffects,andin mostof the publisheddatathathasbeen
measuredisinga planarheaterandthe 3w detectiontechniquesomecorrection
for the edgeeffect hasbeenmade.

Considera heaterwith W < L. For sucha heaterwithout liquid the following
expressioris given[Cabhill, 1990,p. 803],[Baeetal.,1993,p. 138],[Moon etal.,
1996,p. 30], [Korusetal.,1997A,p. 104]:

sinf(3Wu Q¢
)du forW<L, ¢ 1°2Cs

_TleLWZ/O /W2 + @ 1= Ks

whereZs is the measuredhermalimpedancef theinfinitely thick substrateand
Ks andcs is for the substrate.

S:

1
Ys

Equation12.1 reducesto the one—dimensionatxpression(zs = Ziots given by
equation7.5)in thelimit Q — oo, thatis § — o, asexpected:

5 4 ® Sinf(3Wu)
Is ~ — for §
S anLWZG/o 2 du, for§— o
_ 1
- AVIQEKs

Lo sini(sz) x = BT [Spiegel, 1995,p. 96].
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wherelW = A is theareaof theheater

(Equation12.1is the result of regardingthe heateras a superpositionof line
sourcesTheresultfor theline sources integratedover thewidth of the heater)

Equationl12.1is for the heatemwithoutliquid. In orderto treatthe datameasured
with liquid a simpleadditionhypothesids assumedThis additionhypothesiss
only valid if the heatdiffusionis one—dimensiongjor the thermalparametersf
the liquid and substrateare equal). | will returnto this point at the end of this
section.

Fortunatelymy supervisorTage Christenserhasbeenableto solve the problem
moregenerally [Behrensetal., n.d.]:

. 1 4 [ sir?(3wu
Zis=g— = T[sz/ (3Ww du,for W <« L,(12.2)
LS O w2 <ng/u2+€|§+ﬁu/u2+€|ﬁ>

(subscriptSandL is shortfor substrateandliquid, respectiely). As canbeseen
equationl2.2reducego equationl2.1if K. = 0, which correspondso the heater
withoutliquid, asexpected.

Also, the problemfor a heaterwhereW < L doesnot hold, hasbeensolved by
TageChristensefBehrensetal.,n.d.]:

s 1 e Sin?(3Wu) sirf(3Lv)
Zs= /0 /O dudv, (12.3)

uA\2 (Rg, U2+ V2 + 63+ Ky /u2+v2+qf)

In principle equationsl2.2and12.3 canbe usedin the dataanalysis,but it will
requireafitting routineincludingnumericalevaluationsof theintegrals. Theeval-
uationof thedoubleintegralin equationl2.3canbeverytime consuminglt will
beshownin sectionl2.2thatequationl2.3might berewritten sothattherepeated
evaluationof thedoubleintegral(e.g. in afitting routine)canbespeededp signif-
icantly. In somecasesthough,it will beconvenientto have anapproximatiorthat
canbe used. For the substratealone(i.e. k. = 0 in equation12.3)the following
expansioncanbeused[Behrensetal.,n.d.]:

. 1 2 Ds/1 1 1
Fom = [1-5 /5 (2+2)), forlp<iw (124
S A\/_"’—iQKSES< nViQ <L+W>) D <3 (12.4)

If W < L, thentheterm (1/L) canbeignored. In chapterl6 it will be shovn
thatequationl2.4breakdown atlow frequencieslf thedeviationsfrom equation

2The calculationsareratherlengthyandcomplicatedandwill notbegivenhere.
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12.4mustbe within ~ 1% it canbe useddown to frequenciesaroundwherelLp
becomed /3 of the heatemwidth.

For the heaterwith liquid equation12.3 mustbe expandedandit becomesnore
complicatedBehrensetal., n.d.]:

(12.5)

~ 1 2 1 1
- AViIQ (v/Rss+VKLEL) wmiQ \W L
1
forLp < §W, andwhere:
s — KsCL — K€ KsK
F= ( KsCs+ K|_C|_) ~S(~:L ~L~S — ~S l: —
KLCL —KsCs /(K€L — KsCs) (KsEL — KLCs)
(Es+ EL) VKK + v/ (KLEL — KsBs) (KsEL — KLCs)
n e
(Ks+ KL)\/CsCL

KL —Ks
RLEL - R868:|

As mentionedseveral authorshave usedequationl2.1anda simpleadditionhy-
pothesisn orderto treatthe measurediata. It is assumedhatequationl2.1can
be usedbothfor Y5 aswell asfor Y|, andthe addition hypothesis Yis=Y +Ys
correspondingo equation7.22,page45. Of courseif equationl2.1is valid for a
substratet alsovalid if the substrates replacedoy aliquid. But, asmentionedn
section7.3,equation7.22is notvalid if the heatdiffusionis notone—dimensional
(or the thermalparameter®f the liquid and substrateare equal)(sinceheatcan
flow acrosghe liquid substratenterface). Thusthis way of treatingthe dataare
not entirely correct. As mentionedhis problemis referredto asa boundarymis-
matchin [Moon etal., 1996,p. 31].

Further disregardingthis boundarymismatchproblem,the expressiongyivenin
[Birgeetal., 1997,p. 60] and[Menon,1996,p. 5251] seemdo be not entirely
correct. Using the additionhypothesisgquation12.4with W < L, anddefining
Yi 10 = AVIQERx (Wherex is eitherSor L):

Yis = Ysud (1-1-—\/ )-i-Yle (1-1-—\/ |Q>

= Ys1a+Yi1d+ W(Ks-l- KL)

2A Ks+K_

= (Ys1a0+ Y1 (1+——7>
(s 1) W Y514 + YL 1d

In the correspondingquationin [Birgeetal., 1997,p. 60] and[Menon, 1996,p.
5251]thefactor2/mis missing.
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12.1 Data analysis: Approximation

In this sectionthe dataanalysisusingthe approximatesquationg12.4and12.5)
will beconsideredIn thenext sectionthedataanalysisusingtheexactexpressions
will beconsidered.

To analyzethe datameasuredvithout liquid equationl12.4 canbe used. For the
substratas andcg is expectedo befrequeng—independentThus,equationl2.4
gives:

s = 1 V2(1-i) (1 1\ /K
ZSA\/'_N\/Kscs(l_ (E+ ) j)

{RE{ZMQ}% S-REERVE) L
( _
L

From equation12.6it is seenthat, if the real andimaginarypartof ZsAViQ is
plottedasfunction of % (% + viv) , thenfor thereal parttheintersectionon the

ordinateaxiswill be onedividedwith the effusivity (1/es= (kscs)~*/?) andthe
slope—1/cs, while for theimaginarypartthe slopewill be1/cs andit will point
towards(0,0) (whenQ — o). Thusfrom sucha plot ks and cs canbe found.
Furthermore,the plot canbe usedto evaluatewhereequationl2.4 breaksdown,
namelywheredeviationsfrom straightlinesis seen.

Note that whentheseedgeeffects becomeimportantand are taken into account
notjusttheeffusivity canbefound (asis the casef the one—dimensionahodelis
adequate)lut the heatcapacityandthermalconductvity canbefoundseparately
At first glancethis seemsasan adwantage put dependingn experimentaluncer
taintiesthe separatiorof heatcapacityandthermalconductvity may be subject
to large errors. This is not surprising,sincethe separatiorof the two is basedon
equationg12.4 and 12.5) that take deviations from the one dimensionalmodel
into account. At high frequencieghesedeviations are small and the equations
breakdown whenthe deviationsbecomedarge (this will be shown for realmea-
surementsn chapterl6).

For the analysisof datameasuredvith liquid it is interestingto look at Z_s/ Zs.
Fromequation$.18and6.19it follow thatif themeasurementsith andwithout
liquid aremadeunderthe samecircumstancethen:

ZLS \730 LS ~
= = = 2 = V 12 . 7
Zs V3c,S 3crel ( )
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Usingthis andequationsl2.4and12.53

Vacrel & - 1~~<1— 2 <3+5> (F—\/[”TS)>, (12.8)

+VkKE ™iQ \W L
. K C
wherek = TL, =+
Ks Cs

If KL canbefoundin the literatureand ks and cs are found as describedthen
equationl2.8canbeusedto find ¢_. Sincec_ cannotbeisolatedin equationl2.8

this mustbe donewith afitting routine?

12.2 Data analysis: Integral

As mentionedhe repeatedvaluationof the doubleintegral (equation12.3)in a

fitting routinemight be very time consuming.

If the heateris squarethenW = L. Settingl/2W equalto 1 (which just corre-
spondgo measurdengthin unitsof 1/2W in steadof meters)equationl2.3can

berewritten:

1- 1 -
—Zn=——~=12n, Where:
Ks f 2WKs f

A2
5 _ Z)Z/oo/oo S|n2(u)sm2(v) dudv
T 0 JO 22 <\/u2+v2_|_gs_|_\/RZ(UZ-i—VZ)—i-RégS)

Es(iw)2  EA

and(asabove): K =

(12.9)

,(12.10)

1/Ksis takenoutsidetheintegralandreappearin equationl2.9makingZ, with-
outdimension.ThefactorW/2 corvertsbackfrom measurindengthin termsof

1/2W to meters.

3And usingthe expansion:

l+g
l+e

~1l+e—6,fore,eokl

4| have usedMatlabsfminsearchroutine.
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Equation12.10canberewrittenin polarcoordinatesvith:

v
2 =u?+V2, tand =

u=rcog0), v=rsin(0),

anddudv is givenby the determinanbf the Jacobiar(e.g.[Chow, 2000,p. 29)):

u o cog9) sin(0)
dudv:‘g_g L drd6 = “rsin(@) rcog®) drd® =r drd6
andthus:

7 _ (g)z /oo /5‘ sinz(rcose)sinz(r~sin6) dedr __

/. Jo Jo r3co(0) sir?() (\/r2+Es+ \/R2r2+kc”:£g)
)
Zn= <g>/ ~g(r)dr = , Where: (12.11)

1) Jo r2(\/r2+Es+\/R2r2+RCEs>

_ [ 2\ % (sin(rcos)sin(rsind)\?

g(r):(E)/o ( co(6) sin(6) ) de (12.12)

g(r) can be solved numericalfor a large array of r's onceandfor all. There
after the evaluationof the doubleintegral is reducedo solving a singleintegral
(equation12.11). This canbe donenumerical(on a computer)muchfasterthan
evaluatingthe doubleintegral.

For the substratealoneequation12.11canbe usedwith K. = 0. Fromsuchdata
Ks andCs canbe found (detailsaregivenin chapterl6) and measurementwith

liquid canbe analyzedn term of \730,re| (c.f equation12.7)usingequation12.11
to calculateZ, s andZs.

12.3 Numerical tools

Equationsl2.2/12.4,12.3/12.5,and 12.11 offers waysto interpretthe dataeven
whenedgeeffectsmustbetakeninto accountBut still theseequationglo notdeal
with the thermo—mechanicgbroblemandthey do not take the exact geometry
of the setupinto account,e.g. the glasscylinder containingthe liquid andthe
electrodesrenot dealtwith.
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It will probablynot be possibleto take all thesethingsinto accountanalytically
But, numericaltools exists, that canbe usedto do this. The programFemlabis
suchatool andit caneasilycommunicatenith Matlah 1 have not myselfused
thisprogram but EvaUhre (amasteistudentattheinstitute)andTageChristensen
have usedthis program(e.g. Tagehasusedthe programto checkequationsl2.2
and12.3). It seemghateventuallyit will be anadwantageto usea programlike
this. It will thenbe possibleto modelthe exact geometryof the setup,andalso
to take thethermo—mechanicagdrobleminto accountthatis, usethefull thermo—
visco—elastiequationdor the system.This is, though,beyondthe scopeof this
work.
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Fabrication of the heater
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13 Electron beamevaporation
chamber

The thin films that were usedin the experimentsdescribedn this reportwere
madein a electronbeamevaporationchamber The dealtableandelectronbeam
sourceare“Edwardssix positionelectronbeamsource E09037000E09086000”
driven by an “Edwardsebspower supply”. In this chapter the principlesand
designof the chambemill be describedlIn chapterl4,the exactprocedureused
to fabricatethefilms will bedescribed.

The basicprinciple of the chamberis very simple. In the chamberthereis a
vacuum(x 10~°mbar). A large potentialdifference(~ 4kV) betweena glowing
filamentandthe metalto be evaporateddrives electronsfrom the filamentinto
themetal. Themetalis therebyheatedandevaporateshrougha mask(with the
desiredfilm pattern)ontothe substrate.

13.1 Inside the chamber

The basicsof the chamberare shovn on figure 13.1, the detailsof the filament
surrounding®on figure 13.2,andthe detailsof the substrateand maskholderon
figure13.3.

Themaskholderis the bottomcopperpartin figure 13.3.1t is placedon thelarge
roundcopperplate (with diameter270mm) in the chamber(seefigure 13.1)and
alignedby threesmall, cone—shapedeet that fit into holdsin the large copper
plate. This way the holein the large copperplateis exactly belov the holein the
maskholder The 0.25mmthick brassmaskdit exactly into themaskholder The
maskto the left (figure 13.3)is usedfirst whenthe film materialis depositedn
the substrateand the maskto the right is usedfor makingthe electrodes.The
masksaremadethin in orderto avoid any shadav effects. On top of the maskis

10f coursethefilamentis at electrical*-” comparedo the metal,sinceelectronsmove from
“-" to “+”, thoughby definitiona electricalcurrentrunsfrom “+” to “-".
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88 Electron beamevaporation chamber

placedthe 40mmx 40mmcopperblock. This block keepsthe maskin place,and
alignsthe glasssubstratehatfit into the holein the middle of the block. Behind
the substratas placedanothercopperblock. This senestwo purposes.Firstly,
it leadssomeof the heataway from the substrate Secondlyif it is notthere,the
substrateeanbelifted or simply “blown” away by the beamof materialhitting it.

Thechambemustbeopenedn orderto changehemask.Of courseijt is possible
to designa maskandsubstratéolderin suchaway thatthe maskcanbechanged
without openingthe chamber(e.g. the maskcould be movedby a electricmotor,
controlledfrom outsideof the chamber).

- 270mm _
10m N
m 10mnd 10mmtf N <:‘:'— Substrate
| 10mmy N |
Filament seen f\rom tq
~70mm| Copper
Fllament
~55m
High voltage 1~
Metal e.g. gol i ngh voltage 2
Carbon de Bolts

= Electrlcal ground

Figure 13.1 Theprinciplesof the electronbeamevaporationchambeiis simple. There
is a voltagedifferencebetweenthe two endsof the filamentlabeled*High voltage 1
(Hv1)” and“High voltage 2 (Hv2)". This voltagedifferencedrivesa currentthrough
the filament,and makesthe filamentglow. But, still thereis a muchlarger potential
differencebetweerthefilamentasaholeandthedealatelectricalground.Thus,electrons
aredrivenfrom thefilamentinto themetalon top of thedeal. Themetalis therebyheated,
andevaporateghroughtheholein thelarge coppermplate,throughthe patternin themask,
justbelow the substrateandontothe substrate As canbe seenin theinsertto theright,
thefilamenthasa shapesothatit doesnot block the evaporatedmetalon its way to the
substrateThefilamentsurroundingss shavn in moredetailon figure 13.2.

Thetypeof dealshovn onfigure13.1lis usedwhenmetalis evaporatedThedeal
is shavn in moredetailon figure 13.4(A andB). Thedealis madeof carbonand
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Filament Filament cover
' 45.5mn
Hv ]
13.5m Ci invz
_/‘14.5mm' Se————— % 4.0mn
Beam shield

Figure 13.2 Thisfigure shavs how thefilamentcover andbeamshieldareplacedabove
andbelaw thefilament(seenfrom the side). The outerdiameterof the roundfilament
cover is 53.0mm andof the beamshield50.0mm The thicknessof thefilamentcover
material(somealloy) is 1mm thus,the beamshieldfixesthefilamentcoverin position,
andtherebyensureghatit doesnot short—circuitthe filament. The filamentcover and
beamshieldareontheHv1 potential. Thefilamentis shavn in moredetailonfigure13.1.

is concae in the top wherethe metal source(i.e. the metalto be evaporated)s
placed.

Whenthe carbonfilms are madeanothertype of dealis used. | have tried with
several typesof dealsand shapesf the carbonsource(that areto be deposited
on the substrate).The two mostsuccessfutypesareshovn onfigure13.4(C and
D). Thecarbonis not really evaporatedlt is morea processvherethe carbonis
torn in small pieces. The electronbeam“digs” a holein the carbonsource,and
“ejects” the materialaway from the hole.

To begin with, | useda carbonsourcdik etheoneshovn onfigure13.4(C) but flat
atthetop (insteadof the cone). But it wasdifficult to predictwherethe electron
beamwould start“digging”. Sometimeghe beamhit the carbonsourceon the
side,andmostof the carbonwas“ejected” out horizontally Thereforethe cone
shapedip wasmade,andasa resultthe beamalmostalways hits in the center
of the tip (probablybecausedhe coneshapedip focusesthe electricfield: the
equipotentiaburfacesarecloserto eachothernearthetip). Theproblemwith this
shapeof the carbonsourceis thatastheholebecomesieepeanddeepetessand
lessmaterialis ejectedout of theholeperunittime. And soit maybenecessarjo
usetwo or moreof thesecarbonsourcesin orderto getthedesiredhicknesof the
carborfilm. This problemis moreor lesssolvedwith thetypeof sourceshavn on
figure13.4(D). Thissources sothin (3.3mm) thatin mostcaseghesourcesimply
becomeshorterasthe beamejectsmaterialfrom it. Thus,all thatis neededs to
move it closerto thefilamentduringthe procesqthis is easilydonefrom outside
thechamber)In somecasestheelectronbeammayleave onesideof this carbon
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10mm: Coppef—— 15mm x 15mm
6mm””‘ i Glass substrate
: 15mm x 15mm

10mm: ‘: :‘ 40mm x 40mm

40mm x 40mm

h Brass
15mm

@/ 60mm x 60mm

10mm- __6mm

Figure 13.3 Ontheleft sideof this figureis shavs a crosssectionof the differentparts
of the substrateandmaskholder asseenfrom theside. Ontheright eachpartis shavn as
seenfrom thetop. The substrateandmaskholderis designedso thateverythingfit tight

together This way the masksarealwaysplacedin the samepositionwith respecto the

substratewhich of courseis importantwhenthe masksarechanged.

sourcestandingasathin “wall” only “digging” away half of the source.In such
a case the carbonbeammay be asymmetricandin someinstancesalmostnon
of the carbonhits the substrateandin othersthefilm is clearly madewith a non
uniform thickness. Probablya sourcewith a smallerdiameter(maybe2.5mm)
would solve this minor problem.

13.2 OQutsidethe chamber

In this chamberthereis room for 6 dealson a table, that can be rotatedfrom
outsidethechambel(seefigure 13.5). Thus,changingmaterialto be depositedn
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ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

A B B
Metal source, |
| <—Carbon deal | 14mm
Seen from the side: ”12.7mm ~ 9mm
. 25.3mm o
Seenfromthetop: | O | 9.5mm O 6.8mm
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C B D i
ffffff Carbon sourc§

:;ﬂ.Smm o ~25mm

L, . 8.5mm ‘
Seen from the side: 4.6mm o | 4.6mm
- B. 12.4mm o _12.0mm |
Carbon deal | Carbon dea
Seen from the top: 6.3mm 11.9mm | 3.3mm- 8.8mm

Figure 13.4 Thedifferenttypesof deals.

the substratecan be donewithout openingthe chamber The dealtable canalso
be raisedandloweredfrom outsidethe chamberandthus, the distancebetween
thedealandfilamentcanbecontrolled.

Besideghis only two othervariablesarecontrolledoutsidethechamberthevolt-
ageacrosghefilament,andthe high—wltagebetweenthe filamentanddeal. The
high—wltageis monitoredby an analogvoltmeter and can be setby turning a
nobto maximumekV, but whenthefilamentvoltageis turnedup andthefilament
startsto glow, the maximumhigh—wltageis about5kV. The filamentvoltageis
controlledby turninganothemob, but is not monitored.Insteadthe currentof the
electronbeamis monitoredby ananalogammeter

The pressuras keptlow in the chambelby a combinationof a rotary pumpand
a diffusion pump. An EdwardsPirani and an Edwards Penningmetermonitor
the pressureat the rotary pumpandin the chamberrespectiely. The pressures
givenin thisreportarethe onesreadfrom thesemeters.Therotarypumptakesthe
pressuredown to just belov 10-mbar, andthen, by turning a setof valves,the
diffusion pumpandrotary pumpcanbe setin series(the diffusion pumpclosest
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to the chamber) andthe pressurecanbe pumpeddown to somavherebetween
10 °mbar and 10 ®mbar. A cold finger, in the top of the chamber(seefigure

13.5), canbefilled with liquid No, andthe pressurecan usually comedown to

10-®mbaror a bit lower. During the fabricationof thefilms, the pressurenay be

significantlyhigher(usuallybetweenl0-3mbarand10->mban).

Everythingin the chambemustbe keptclean,andnothingshouldbe touchedby
hand(glovesor cleantweezeramustbe used).If | needto usenew copperparts
or similar, | alwaysfirst cleanthemcarefully (e.g. with 2—propanol) and“bake”
themin avacuumovenat ~ 350°C, and~ 10~ 'mbar, for 24 hoursor so, before
puttingtheminto the chamber Elseit will take too long beforethe pressurecan
be aslow asdesired.For exampleif justonesmall, notwell cleanedcopperpart
is placedin the chamberit may take several weeksbeforethe pressurecanbe
pumpeddown belov 10~°mbar, andonetouchby handcanlengthenthis pump
time with severaldays.
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Inspection window
p onwindow E=="Stanles steel
Cold finger
54cm
Deal table

Inspection window

Handle to turn, lower and raise deal table

!

Cold water pipes

Valve :4
AL

Back  RoUgh[-—

N

|

Diffusion pump

Rotary pump

Figure 13.5 Theelectronbeamevaporationchambemlandpumpsystem.Valve 1, in the
bottomleft sideof the chamber(next to the penning),is usedto let air into thechamber
whenthe chambemeedgo be opened.Valve 2 openandclosesthe connectiorbetween
thechambemandthediffusion pump.Whenvalve 3 is in “back” position,therotary pump
pumpsin the endof the diffusion pump,andwhenit is in “rough” position,it pumps
directly onthechamber
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14 Fabrication of the thin films

Thischapterdescribeshefabricationof thecarbonthin films andgold electrodes.
It is thereforeprimarily of interestto thosewho wish to fabricatethe sametypes
of films. Thecarbonfilms aredepositedirst andthe gold electrodesafterwards.

14.1 Preparations

Thedistancebetweerthecarbonsourceandthesubstrates important.Duringthe

depositingprocesspiecesof carbonof differentsizeswill betorn off the carbon
source Butthelargerpieceswill notbeableto travel sofarupwardsasthesmaller
ones.This caneasilybe seenby the naked eye looking at the procesghroughthe

lower inspectionwindow (seefigure 13.5). If the distancebetweenthe carbon
sourceandthe substratas madesmaller the larger piecesof carbonwill hit the

substrateandthefilm maybecomérugged”or holed.If thedistancdbecomesoo

large, non or only a small part of the carbonwill hit the substrate.The distance
| foundto be optimal was ~ 80mm betweenthe filamentandthe substratgsee
figure 13.1). The vertical distancebetweenthe flamentand sourceis adjusted
during the procesqseebelow) but is probablylessthan10mm Thesedistances
arealsowell suitedfor fabricatingthe gold electrodes.

Beforefabricatingthe carbonfilms, the substratenustbe cleaned.More or less
advancedmethoddor thisexists,but I have foundthefollowing simplemethodto
besufficientin mostcasesin afew casesthough ,wherethecarbonfilms arevery
thick (resistancéelon 150Q /square)they have “curled off” whentheheatetas
beencooled. This is probablydueto a differencein expansioncoeficient of the
films andof theglass.Whetheror not this problemcanbe solvedby cleaningthe
substratenoreefficiently, | donotknow.

Thecleaningprocedurahatl have useds to washthesubstratevith detegentand
rinsewith plentyof distilled water (Tapwatercanleave mineralsonthesubstrate,
andthetapwaterin Denmarkin particularcontainsalot of lime.) Thesubstrates
thendriedwith cleancompressedir. Thisis usuallyenoughut if the substrate
doesnotlook cleanit is wipedwith 2—propanobr similarandwashedagain.
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96 Fabrication of the thin films

Themask,substrategealandsourcearefitted in theright positionsandthe cham-
beris closedandevacuated.The evacuationof the chambertakes several hours
(switching from the rotary pump aloneto the diffusion pumpin serieswith the
rotary pumpafter~ 10min). Whenthe pressurés below 5 x 10~ 8mbarliquid N»
is filled in thecoldfinger.

Before startingthe actualfilm—making processijt is a goodideato turn on the
filamentfor ~ 1min. This usuallymakesthe pressureise quite a lot (to around
10 “mban). After this, it is necessaryo wait a few minuteswith the filament
turnedoff until the pressurds low again. After this procedurethe filamentcan
usuallybeturnedon without sucha large pressurencreasethe filament(andits
nearsurroundingshasbeencleaned.If necessarythe cold fingeris refilled and
theactualfilm—makingprocessanbe started.

14.2 Fabrication procedure for the carbon films

Fabricatingthecarbonfilms is notalwayssimple.For example,in somecasest is
difficult to controlthebeamcurrent:it is eitherhigh (e.g. 300mA) or zero.Below
| presenthe optimumandthendescribewhat problemsmay ariseandhow they
canusuallybesolved.

With the deal table in the lowest position, the high—wltage sourceis enabled
andthe voltagesetto 4kV. The filamentis turnedon andthe voltageacrossthe
filamentis slowly setto the maximumvalue. The high—wltagetherebydropsto
~ 3.5kV. At this stage,thereshouldbe no beamcurrent. The carbonsourceis
thenslowly raised(by raisingthe dealtable)until the beamcurrentis 45— 50mA
This beamcurrentis maintainedfor sometime (t,) by continuouslyraisingthe
source. If it is not raised,the beamcurrentwill drop asthe beamshortenshe
carbonsource After about8.5min, someof theoutsideof thechambesstartsto be
sowarmthatit canhardly be touchedby hand,andsomeof theinnerpartsmust
bemuchwarmer Thereforel never have thechamberrunninglongerthanthat. If
t, = 8.5minis notenougho reachthe desiredhicknessor resistancef thefilm, |
wait for aboutl hourandstartagain.If thegoalis afilm of around100Q/square,
tp &~ 3 x 8.5min. Thisis summarizedn figure14.1.

As mentioned,it may not always be possibleto keepthe beamcurrentat 45—

50mA Sometimest is eithervery high (=~ 300mA) or zero. For example,l have
experiencedhatthe beamcurrentwaszero,andwhenl raisedthe carbonsource
thensuddenlyit became~ 300mA for maybe3s, andthenzerountil | raisedthe
sourceagain (and so fourth). | think that whenthis happensijt is mostlikely
because¢he geometryof the setuphaschangedUsuallythe problemis thatafter
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HVoi 4KV
Vs Max.
HVon ~ 3.5kV
Beamcurrent| 45— 50mA
ty 3 x 8.5min

Figure 14.1 Possible values used when fabricating a carbon thin film
of =~ 100Q/square. HVy¢t and HVyy is the value of the high—voltage
with the filament turned off and on, respectively (HV,, is not adjusted,
but just the value that HV,¢¢ drops to when the filament is turned on).
V; is the voltage across the filament, and t;, is the time the process is
running.

thechambehasbeenusedsereraltimes,material(e.g. carbonandgold) hasbeen
depositedon the beamshield andfilamentcover (seefigure 13.2), and the hole
is thensmallerthanis shouldbe. If this is the case,it mustbe dismantledand
cleaned.

In othercased have hadproblemswith gettingany beamcurrentatall (or it was
only possibleto get 30mA or lower). No matterhow high the voltage,and how
closethe filamentand carbonsourcewasnothinghappenedThis probablyhave
the sameexplanationasgivenabove. But | have alsonoticedthat sometimesan
old filamentworks betterthana new one. Therefore,l have tried to make the
filament“old” fast. This canbedone,but it is notalwayssuccessfulandin some
caseghe filamentis broken (thus, it is worth first to try and cleanthe filament
cover and beamshield). What | have doneis to let air into the chamber and
thenusethe rotary pumpto lower the pressureo around5 x 10 *mbar, just low
enoughso that the pressurecontrolled switch allows the filamentto be turned
on (for securityreasonghereis an automaticpressurecontrolledswitch in the
chamberthat ensureghat the power cannotbe turnedon unlessthe pressurds
~ 5x 10 mbaror lower). Then| have turnedon the filamentat maximumfor
~ 10s. After this proceduret is easyto seethat materialform thefilamenthave
beencastaway andontothe flamentcover andbeamshield(andthey may need
cleaning).

Also, asmentionedin chapterl3, the chambemustbe keptclean. If for some
reasorthis is notthe case andthe pressurés 10->mbar or higherbeforestarting
the processthe beamcurrentmaybetotally uncontrollable.
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Finally sometimesnaterialshort—circuitssomeavherein the chamber This can
happenif, for example,a flake of materialthat hasbeendepositedon the large
copperplatein the chamber(with diameter270mmseefigure 13.1)falls off. If

thereis a short—circuit,it canbeeseenfrom the fact that the ammetershowns a
currentasthe high—wltageis turnedon, even thoughthe filamentis not turned
on. Usually the materialjust burnsaway, asthe high—wltageis raisedto a high
enoughvalue.

14.3 Fabrication procedure for gold electrodes

Fabricatingthe gold electrodess moresimplethanfabricatingthe carbonheater
But of coursetheneedfor cleaningthefilamentcoverandbeamshield,oncein a
while, applyhereaswell.

The procedureis a little differentthan when fabricatingthe carbonthin films.

First, thedealis raisedto a certainlevel, thenthe high—wltageis set,andthefil-

amentvoltageis turnedon andup until a certainbeamcurrentis obtained. This
beamcurrentis keptatthe specifiedvalueduringthe evaporationprocessy con-
tinuouslyadjustingthevoltageacrosghefilament. Theprocedureghatl have used
asastandardor theelectrodess summarizedn figure 14.2.

Deallevel 32 t.tb.
HVoi t 5kv
Vs Adjusted
HVon ~ 4.5kvV
Beamcurrent| 45— 50mA
th 5.5min

Figure 14.2 The standard values used when fabricating the gold
electrodes. Deal level is measured in “turns from bottom” (“t.f.b.”,
see text). HVyi¢ and HV, is the value of the high—voltage with the
filament turned off and on, respectively (HVy,, is not adjusted, but just
the value that HV,¢; drops to when the filament is turned on). V;

is the voltage across the filament and are adjusted to give the right
beam current. ty, is the time the process is running. The electrodes
have a resistance of less than 0.05Q/square.
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The deallevel givenin figure 14.2is measuredn “turns from bottom” (“t.f.b.").

This is to be understoodas how mary turnsthe nob that raisesthe deal table
are turnedfrom the lowest position. 1 turn raisesthe deal~ 3.2mm 3% t.f.b.

correspondso a vertical distancebetweerthe top of the dealandthe filamentof
~ 4.0mm

The gold that! have usedis 2.0mmthick wire with a purity of 99.5% (24 carat).
To my experienceit is bestto have the dealwell filled with gold from the startof

theevaporation.l bendthegold wire afew times,sothatit fits on top of thedeal
(andmaybeaddthe smallchunkof gold, thatis leftover from earlierevaporation).
Beforestartingtheactualevaporation) meltthegoldinto onechunk. Thisis done
by startingwith the dealin the lowestposition. Turning on the high—wltageto

5kV. Slowly turning on the filamentto maximum. Slowly raisingthe dealuntil

the gold is melted(which is controlledby looking throughthe lower inspection
window (seefigure 13.5)).

14.4 Other metal films and techniques

| Metal | Melting point[K] |

Al 993
Cr 2160
In 430
Ni 1726
Pt 2042
Ag 1234
Au 1336

Figure 14.3 Melting point of selected metals at 1bar [Nordling and
Osterman, 1996, p. 28-29].

As mentionedin chapter1l, | have also madethin films of aluminum (Al),

chromium (Cr), indium (In), nickel (Ni), platinum (Pt), andsilver (Ag). The
procedurefor producingthesefilms is the sameas that of producingthe gold
electrodeslescribedabove, thoughthe settingsaredifferentfor differentmetals.
For examplegold andsilver evaporatesasierthanchromium,sincetheir melting
points are significantly lower. The melting points of thesemetalsare givenin

figure14.3.
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In figure 14.4 somepossiblesettingsare givenfor the differenttypesof metals.
Also, theresultingresistancef the thin films is givenin the casesvherel have

measuredhis. The settingsarenot optimizedin the sameway asfor the carbon
andgoldthinfilms, but canbetakenasroughguidelines For all themetals except
chromium all themetalin thedealmeltsduringtheprocessThechromiumseems
only to meltvery locally, exactly wherethe electronbeamhits.

14.5 Sputtering

Othertechniqueghanusinga electronbeamevaporationchambeicanbe usedto

fabricatethin films, e.g. sputtering. The techniquewill not be describecdhere,
sinceit playsno role for the restof this report. | just wantto mentionthat |

have tried fabricatingthin films with a “Bal-Tec SDC 005 Cool SputterCoater”.
The metalfilms can be sputteredbut | have not beenable to fabricatecarbon
films of arny significantthickness(l could not even make themthick enoughto

be electrically conducting). For the metal films this techniquemay have some
adwantages:it doesnot heatthe substrateas much, andit is thereforepossible
to usesubstrateshat cannotwithstandhigh temperaturesAlso it is possibleto

controlthestresdn thefilms by adjustingthe pressurendthe substratéo source
(tamget) distancgHudsonandSomekh,1992].
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Metal Aluminum (Al) Metal Chromium (Cr)

Deallevel 33 tfb. | | Deallevel 33 ttb.

HVof 1 6kV | | HVofs 3kV

Beamcurrent 30mA Beamcurrent 20mA
tp 10s tp 7s
Resistance 2Q/square| | Resistance 20Q/square
Metal Chromium (Cr) Metal Chromium (Cr)

Deallevel 33 t.1.b. Deallevel 32 t.tb.

HVof 1 3kV | | HVofs 3kV

Beamcurrent 20mA Beamcurrent 20mA
tp 17s tp 30s
Resistance 8Q/square| | Resistance 4Q /square
Metal Indium (In) Metal Nickel (Ni)

Deallevel 5t.f.b. Deallevel 43 t.1.b.

HVot ¢ 3kv HVoi ¢ 6KV

Beamcurrent 30mA Beamcurrent 25— 30mA
tph 40s tp 12s
Comment Pourattachment | Resistance 14Q/square
Metal Platinum (Pt) Metal Platinum (Pt)

Deallevel 5t.f.b. Deallevel 43 t1.b.

HVor £ 6kV HVos 1 6kV

Beamcurrent 60— 70mA Beamcurrent 50— 60mA
tp 120s | |ty 40s
Resistance 14Q /square| | Resistance 150Q/square
Metal Silver (Ag)

Deallevel 4t.f.b.

HVot ¢ 6KV

Beamcurrent 70mA

tp 17s

Figure 14.4 Possible settings for the different types of metals. The
resistance is at room temperature. In all cases is the filament voltage
(V¢) adjusted to give the desired beam current.
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15 Hardware

In this chaptera brief descriptionof the hardwareusedin the experimentalsetup
will begiven.

/’ —Relay bo

Temp. | Frequency HP 3458 A -
control|| generator Multimeter
| 5
17
Computer S
@)
—

EESSSSSShereeeeee
S
SOTTITITHIINRTNNN NN

Figure 15.1 The technicalsetupconsistsof a home—liild cryostate,cooledby a
CryoTiger, ahome-hild temperatureontrol, controlling the CryoTiger andthe heating
stageinsidethe cryostate a home—lild frequeng generatqra home—hild relay box,
a HP 3458 A multimeter and a computercontrolling the measurementsThe two
connectiondetweerthecryostateandthe CryoTiger box arethetwo gastubes.

Onfigure 15.1thetechnicalsetupis shavn, andonfigure 15.2theelectricalcon-
nections.

A CryoTiger from APD CryogeneticdNC coolsthe cryostate. The CryoTiger
works basicallylike a refrigerator thus, the cooling effect comesfrom the ex-
pansionof a gas. The CryoTiger, and a heatingstageinside the cryostate are

linformation on the CryoTiger, could when this report was written, be found on
http://www.apdcryogenics.com/.
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Frequency
Generator Relay box

HP 3458 A

Cryostate

Figure 15.2 The electricalconnectionf the setup. The dottedlines are the outer
concentricshield of the coaxial cables,andthe solid lines are the inner core. The
cryostateandrelay box areshieldedby connectingo the shieldof the coaxialcablesas
indicatedby the “dots”. In orderto avoid having aloop, the shieldof the coaxialcable
from thegeneratoto therelayboxis not connectedo therelaybox.

controlledby thetemperatureontrol.

Thefrequeny generatocangeneratdrequenciesn theinterval [ImHz; 1kHZ| (16
discretevaluesperdecade).The outputvoltagecanbe variedfrom 0 — 10V (256
discretevalues),andthe maximumpower is IW. Thefrequeng generatosends
triggersto the HP 3458 A multimeter(now called Agilent Technologies3458A
multimeter),andhad originally threemodes:512, 256 and 128, referringto the
numberof triggerssendperperiod.Lessthan2 weeksbeforeturningin thisreport
anew modifiedfrequeng generatowasfinishedby the electronicworkshopwith
modesl6, 32,64, 128,256 and512. Unlessexplicitly notedmodel28 areused
in theexperimentgeportedhere. Thereasorfor this new developmenis twofold.

Firstly: the numberof digits availablein the multimeterdependon the sampling
rate.At highratesdigits arelost. Thusloweringthe numberof triggersperperiod
increasdhe numberof digits at high frequencies.

Secondly: the multimetersampless0k (50000)times per second,andthus, the
maximumfrequeny thatcanbe usedis 50ks ! /mode~ 98Hz, 195Hz, 391Hz,
781Hz, 1.6kHz, 3.1kHzfor the 512,256,128, 64, 32 and 16 moderespectiely.
This is the high frequeng limits of the currentsetup,but it canbe extendedby
letting the multimeteruse sub—sampling.In sub—samplinghe multimeteruses
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more than one period for eachmeasurementand samplesdifferent part of the
signaleachperiod. With 50k sampleger secondthe time betweenthe triggers
is 20us with sub—samplindhis time caneffectively be madel1000timesshorter
[Aglient, 2000,p. 139-1417.

Therelayboxis just a simpleswitchthatsetsthe multimeterto measuréd/ across
theheater(insidethecryostatepr theinputvoltageU directly from thefrequeny

generatar The setupis designedsuchthatU is measuredinderthe samecondi-

tionsasV, thatis theload onfrequeng generatois the same.

The computersetsthe temperatureontrol, frequengy generatgrandrelay box.
The computeralsocommunicatesvith the multimeter andcontrolswhena mea-
surements made andrecevesthe measurediata.

The temperaturecontrol, frequeng generatarrelay box, and cryostate(except
of coursethe CryoTiger) arehomemadeby the peopleat the instituteworkshop
(IMFUFA, RoskildeUniversity).

The software used on the computeris the rather old and somevhat outdated
“Asyst”. It works very well, but it takes a while to learnhow to useit. Also,
the computeris blocked while the measuringprogramruns, and the settingsof
the programcannotbe changedafter the programhasbeenstarted. It would be
cornvenientif it waspossibleio changesettingssuchasatwhattemperaturethere
shall be measuredafter startingthe measuringorogram. A switchto a modern
program(probablyMatlab)is onits way.

15.1 Making afrequencyscan

The computerprogramthat controlsthe measurements madesuchthat before
measuringat thefirst frequeng, in afrequeng scan,it waitsatleast4 periods(at
thefirst frequeny) beforestartingthe scan. During a frequeng scanit waits at
least3 periodsafterchangingthe frequeng beforemeasuring.

The differentharmonicsare found by Fast Fourier Transformof the measured
input or output—wltage(FFT[U] or FFT[V]). In mode512 eachfrequeny mea-
surements in principle a measuremendf only one period. But above 1Hz ten
suchmeasurementare made(waiting at least1 period betweeneach),andthe
averageis taken asthe measuredialue. The setupand measuringprogramwas
originally designedo work in mode512. As mentioned have usedmodel28for
the measurementgresentechere. Of coursethe programscould just have been

2Whenthis reportwaswritten, amanualcouldbe downloadedvia Agilent Technologiesiome-
page:http://we.home.agilent.com.
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changedsuchthat the multimeterstill just would measuredne period, which
would meanthata measuremenvould consistof 128 samplesinsteadthe multi-
meterstill samplesb12timesfor eachmeasurementyhich meanshat4 periods
aremeasuredhsteadf 1. Thus,belov 1Hz eachmeasuremenis ameasurement
of 4 periods,andabove, eachmeasuremeris a averageof 10 suchmeasurements
(everyoneof the10beingameasuremerdf 4 periods).V, isthusnolongerfound
asFT[V,n| butasFT[V,n x 4] (andsimilar for U).

The FastFourier Transform(FFT) of the datais madein Asyst, but afterthis the
datais exportedto anothercomputerwheretherestof the datatreatmenis made
in Matlah

15.2 Prosand cons

It is an advantagethat the temperaturecontrol andthe frequeng generatorun

independentlyof the computer e.g. the temperaturas not changedunlessthe

temperatureontrol recevesa messagdrom the computerto do so. This means
thatall thesettingqi.e. temperaturefrequeny andinput—wltage)aremaintained
alsoif thecomputeiis restartedr usedfor somethingelse.

The CryoTiger cooled cryostathas obvious advantagesover a nitrogen—cooled
cryostatelt canin principlerunforever, andnodisturbancegmechanical/acoustic
or thermal)aremadewhile filling nitrogen. Occasionallytherehave beenprob-
lemswith the CryoTiger. Probablythis hasbeendueto theformationof smallice
crystalsin the cold end(wherethe expansiorof thegastakesplace).Adding afil-
terthatdriesthegas(aParker Liquid line Filter Dryermodel756S)hasminimized
theseproblems.The cold endhasno mechanicapartsandlow vibration.

One disadwantagesof the presentsetupis the programusedin the computer
(Asyst)but asmentioneda switchto anotherprogramis onits way.

Thehighfrequeng limit of thesetupis 1kHz. In orderto goto higherfrequencies
than 1kHz a new frequeny generatormustbe build. For the multimeterto go
higherthan 3.1kHz it mustusesub—sampling.(If sub—samplings alsousedat
lower frequenciest is possibleto samplesmorethan 16 timesper period. It is
worth to testwhetherthis is a advantageor not). It is desirableto be able to
measuraipto, atleast,10kHz

Oneotherpossibilitywould beto useadigital lock-in amplifier (suchasthe Stan-
ford ResearclBystemsSR830DSPor SR850DSPY anda Wheatstondridge,as
3Informationon thesecould,whenthis reportwaswritten, befoundat:

http://www.thinksrs.com/html/sr830tinl and
http://www.thinksrs.com/html/sr850tl.
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it is donein mostof the experimentgeportedn theliterature(e.g.[Menon, 1996,
p. 5248]). Actually the Koreangroupusesa digital voltmeterfor measurements
belov 1Hz anda lock-in above, e.g. [Moon et al., 1996,p. 479], [Junget al.,
1992,p. 479]. TheWheatstondridgecancelsor minimizesV;. Thiswill compli-
catethemeasuremenilittle, sincethebridgeneeddo bebalancedIn principle,
though,the lock-in shouldbe ableto give goodquality data,but unfortunatelyl
have not hadthe opportunityto checkthis.

It is alsopossiblecancelor minimize V; in the currentsetupusingthe (HP 3458
A) multimeteranda push—pullvoltagesupply If thisis donethe multimetercan

besetin the 1V rangein steadof the 10V range,andthiswill give onemoredigit

resolutionin measuringthe 3w voltage componentdue to the heater In order
to let the multimetermeasurea voltagedifferencerelative to ground(andnot a

“floating” voltagedifferenceasin a Wheatstonédridge)the frequeng generator
musthave two channelgyiving signalswith arelative phaseshift of 180° (apush—
pull voltagesupply). The outputsmustbe connectedo the two resistorqdR; and

Rp) asdescribedn figure 15.3below.

A B

Figure 15.3 The two outputchannelqwith a relatve phaseshift of 180°) from the
frequeng generatomustbe connectedo A andB. Themultimetermeasureshe voltage
betweerC andground. If Rf = R, andthe two outputsare perfectlyasymmetriche
measuredignalwill be zeroexecptfrom the higherharmonicghatareproducede.g.a
3w signalfrom Rp).

If the setupis perfectly balanced(i.e. Rt = R, and the two input signalsare
perfectlyasymmetricthe 1w and3w componen{andotherharmonics)rom the
frequeny generatomwill be eliminated(in the signalbetweenC andground,cf.
figure 15.3),andonly the harmonicsdueto the heatemwill be measured.

If the setupis not perfectly balancedhesecomponentsvill not be totally elimi-
nated.This is not a problemaslong asthe voltagebetweerC andgroundis still
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below 1V, andtheresidualof the 3w componenfrom the frequeng generatois
negligible comparedo the 3w componentueto the heater If the formeris not
the casethe multimetercannot work in the 1V range,andif the lateris not the
casethe 3w componentfrom the frequeny generatomustbe measuredandin
doingthisthe multimetercannotwork in the 1V range.

15.3 Temperature stability

The bestway to checkthe temperaturestability of the setupis to usethe pla-

nar heaterasthe temperatureensor It hasa high accurag, andit measureshe

temperaturexactly whereit is mostinterestingandwhereit mustbe very sta-
ble. Besideghetemperaturetability, thetime it takesthetemperatureo become
stableafter a changeof the cryostatesettemperatur€Ts) and after a changeof

the input—wltage(U), mustbe known in orderto find the neededwaiting times:

tt; thetime onemustwait (beforemeasuringgfter changingTs, andty; thetime

onemustwait afterchangingd. Here,only the heatemwill be consideredbut of

coursevhenmeasurementremadewith liquid, thesewaitingtimesmaybecome
significantlylongerdependingon therelaxationtime of theliquid.

Measuringonceevery minute (total= 4095min ~ 68hours) the following experi-
menthasbeenperformed:

| U1[V] | Tg[K] | Time [hours] |
3.873] 215 3
3.873| 210 3
7.744| 210 62.25

Ts is the settemperatureof the cryostate. The experimentwas startedapproxi-
mately1.5 hourafterchangingTs from 29K to 215K.

The resultof the experimentis showvn on figure 15.4. To investigatethesedata
more careful,two areasof the plot is shovn enlagedon figure 15.5 (pagel113).
Fromthetop plot in figure 15.5it is seenthatthereis alongtime drift of Tom (T
doesof coursenot show this drift, sinceTy is usedin the temperatureontrol).
This drift is probablydueto heatconductionthroughwires andthe thin stainless
steelcylinder, from the measuringcell to the top of the cryostate(seefigure 9.1
page55). Thereis atendeng thatthe samepatternis repeatecevery 24 hours,
correspondingo the changeof dayandnighttemperaturef thelab (thelab tem-
peraturas notcontrolledaccurately) A frequeng scanfrom 1mHzto 1kHztakes



15.3 Temperature stability 111

Heater: L33 C

216 —
215 : T .
214 .
213+ |

éle, . - . . . -
[

pm

211 .

210 .

209 *

| | | | | | | | | | | |
7 30 33 36 39 42 45 48 51 54 57 60 6
Hours

208 T N N S N
3 6 9 12 15 18 21 24 2

3 66 69
Figure 15.4 Thetop curve shavs the temperaturef the heater(Tyy), andthe bottom
cune thetemperaturef the cryostately. Theshift after3 hours,is dueto the changeof

Ts from 21K to 21K. Theshiftin Tpm after6 hours,is dueto the changeof U; from
3.873/ to 7.744/

aboutl11 hours,anda frequeng scanfrom 10mHz to 1kHz takesabout2 hours
(in model128,cf. pagel06).

Also, from the top plot in figure 15.5, it is seenthat a temperaturestability of
approximately0.02K and 0.01K can be expectedfor the long and short scan,
respectrely. Fromthe sameplot, it is seenthatthe temperatureof the heateris
stableafter only a few minutes,afterchangingd. Thuswhenmeasurementare
madewithout liquid, ty is only a few minutes. From the bottom plot in figure
15.5,it is seenthatif the stability of the temperaturenustbe 0.01K over a few
hours tt is alittle lessthanlhour.

The conclusionfrom thesecurvesis that the temperaturestability is =~ 0.02K
(over 11 hours),andthatty min = 10min, andty min = 1hour, wheresubscriptmin
indicatesthat this is the minimum waiting times. If measurementare madeon
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a liquid, with relaxationtime t, thenthereis a further requirement:tt,ty > Xxt,
wherex dependntheresolutionof theexperimentandmustbefoundexperimen-
tally, but x is probablyaround10. Thus,this is somethingopnemustbe aware of
whenmeasurementare madeat low temperaturesdyom aroundwheret > 100s
(correspondingo alosspeakfrequeng of 10mHz2).
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Heater: L33 C
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Figure 15.5 Thetop plot shavs Tpm afterthe changeof U; from 3.873V to 7.744/ while
the bottomplot shavs Tpr, afterthe changeof Ts from 215K to 21K.
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16 Planar heater measurements

I would like to emphasizehat no data points have beensortedaway and no
smoothingof the datahave beenperformed,exceptif explicit statedor if the
pointslie outsidethe zoomlevel in the dataplots (andbesidegakingthe average
of severalmeasuremenigsdescribedn sectionl5.1).

16.1 Calibration of the heater

In orderto translatefrom the resistancegR,) of the heaterto the temperature
(Tp) of the heater(andliquid), andin orderto find o for the heatey a calibration
procedurgs neededR, mustbefoundfor differentT,. SinceTy < T, whenV >0
(aswill bethe casewhenRy, is measured)it is not possibledirectly to measure
setsof Rp, Tp. InsteadR, mustbe measuredor differentvaluesof V at eachT,
andaextrapolationto V = 0 (whereTy = Tp) mustbe made.

From equation5.1 (page21) it is seenthat AT = T, — Tx = Zr pcltm. For the
nickel heater(Ni) equation6.25(page33) mustbeused:

Rp = ATp+ B = A(Tk+AT) + B = (Rp)7, + AAT = (Rp)T, + AZr pclm,
where(Rp)T, is Rp atTp = Ty. Thus(Rp)T, canbefoundin aplot of Ry asfunction
of ITm extrapolatingto Iym = O.

For the carbonheater(C) equation6.22(page33) mustbe used:

oR T T
Ry~ (Ro)7, + (—p) AT = (Ro)r, (1— —%AT) — R (1— —ZZT,Dcle)
oT Tk Tk Tk

Thus,asfor the Ni heatey (Rp)T, canbefoundin aplot of Ry asfunctionof I+
extrapolatingto Iy, = 0.
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Examplesof thisis shavn in figure 16.1. For boththe Ni andC heatera straight
line is fitted" to the data,and (Rp), is foundwherethe line crosseghe ordinate
axis. (In orderto distinguishthe differentheatersthey are given a name: e.g.
the carbonheateron figure 16.1is “T7 C”, where“T” is shortfor “Thick glass
substrate{6mm)”, and“C” is shortfor “Carbon”.)

The extrapolatedvaluesfor R, are plotted as function of T, for the Ni heater
(equation6.25), while InR;, is plottedasfunction of 1/T, for the carbonheater
(equation6.22). Examplesof thisis shavn in figure 16.2. Again a straightline is
fitted to thedata. Thisfit givesA andB in equation6.25for the Ni heaterandTy
andIn Ry in equation6.22for theC heater

Equation6.27andequation6.23shaw:

ani = 1/(Tp+B/A), fortheNi heater
ac = —To/T2, fortheC heater

In figure 16.3an; andac is plottedasfunctionof Tp,.

1] useMatlabsleast—squargpolyfit” routine.
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Figure 16.1 Thetop plot shavs Ry asfunctionof I+, for the “T3 Ni” nickel heater
Thelower plot shavs Rpm asfunctionof Iy, for the“T7 C” carbonheater
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Figure 16.2 Thetop plot shavs R, asfunctionof T, for the“T3 Ni” nickel heater The
lower plot shavs InR, asfunctionof 1/T, for the*T7 C” carbonheater Thefitted lines
givesRy(Tp).
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Figure 16.3 The top andbottom plot shavs ay; for “T3 Ni”, andac for “T7 C”,
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16.2 Data analysis: Phase

In the following the equations(12.2, 12.3 and 12.11) that fully take the edge
effectsinto accountwill be referredto as “integral” equations. The equations
(equationsl2.4and12.5) that are approximationf thesewill bereferredto as
“approximate”.

If the one—dimensionainodelis valid the expressionl/Z = Y = v/iQKE canbe
used(equation7.5). Fromthis expressionit is seenthatif kK and¢ arefrequeny
independenthenthe phase(x) of Z (seeequation5.4 page22)is —T1/4 or —45°
(since/i = €™4). Sincethe one—dimensionanodelwill be valid for high fre-
guenciest is expectedthatx mustapproach-45° as2f — .

The phaseof Zs (measuredvithout liquid) is shovn in figure 16.4. As expected
thephaseseemso approach-45° athighfrequenciesThedeviationsfrom —45°
atlow frequenciesredueto theedgeeffects. (Notethatl plotthedataasfunction
of 2f = Q/(2m) = w/Tt This choiceis madein orderto easethe comparisorto
literaturedata,wherethis choiceis the mostcommonone.)

In figure 16.4 therearetwo setsof solid lines: the upperandlower (at low fre-
guencies).Thoughit is not seenon this figure therearein factfive linesin each
setcorrespondingo differentvaluesof ks andcs. Thereasorfor thisis explained
in section16.3. The (lower) solid lines thatfit the datawell over the whole fre-
gueng rangeare calculationsusingequation12.11(integral). The (upper)solid
linesthatdeviate from the dataat low frequenciesrecalculationausingequation
12.4(approximation).

It is clearly seenthatthe one—dimensionainodelis insufficient to analyzethese
datasincethe phasedeviatessignificantlyfrom —45°. Theapproximateequation
(equation12.4)fits the datawell at high frequenciegabove 2f ~ 5Hz) but fail
atlow. Theintegral equation(equation12.11)fits the datawell over the whole
frequeny rangethoughthe phasgof the data)seemso bealittle two high atthe
highestfrequencies.

Fromfigure 16.4it is obviousthattheintegral equationsnustbe usedin orderto

describehedatawell. In section16.3themeasuredlatais analyzediusingthein-

tegral equationgequation12.11). To illustratetheimportanceof takingthe edge
effectinto accounthe datais analyzedusingthe approximatexpressiongequa-
tions 12.4and 12.5) in section16.4 andthe one—dimensionamodelin section
16.5.
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Figure 16.4 The phaseof the thermalimpedancesfunctionof 2f. All 5 measured
temperatureareshavn (U; = 9.9V). Therearetwo setsof solid lines: the upperand
lower (at low frequencies)Thoughit is not seenon this figuretherearein factfive lines
in eachset(seesectionl6.3for details). The (lower) solid linesthatfit the datawell over
thewholefrequeng rangearecalculationsusingequation12.11(integral). The (upper)
solid linesthatdeviate from the dataat low frequenciesrecalculationsusingequation
12.4(approximation).

16.3 Data analysis: integral

Figure16.5shav a Cole—Coleplot (aplot of theimaginarypartasfunctionof the
realpart) of the effusivity functionfor the substratd=g definedas:

o1
ST ZAVIQ

It is given the nameeffusivity function sinceit is equalto the effusivity if the
one—dimensionahodelis correct.

Fits using the integral equation(equation12.11)is also showvn in figure 16.5.
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Thoughnot perfect, the fits are quite good. The thermalparameterss andcg
are determinedrom thesefits and plottedin figure 16.6. As mentionedin the
previous sectiontherearein factfive curvesplottedon top of eachotherin each
setof solid linesin figure 16.4. Thesefive curvescorrespondhe the five values
of ks andcs determinedrom figure 16.5. The variationsof theseparameterare
suchthatit is not possibleto distinguishthefive curvesin figure 16.4.
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T =213.6K Heater:T7 C * N

@] p &
X Tp=208.3K O
o T.=203.1K & A4
300H p_ i
* Tp—198.0K O
v T =193.0K & v
p 6
—— Fit Ve
250 A i
A X/
[\ O v
= % X/
+w 5 K K ’
' 200 oy, 8
[ 0 X/
X 1% %
= . < & 5/
! 2
u” % 4
= 150 %) s gl B
I 74
e %4
T Y
|

| | |
1250 1300 1350 1400
Real(Eg) [IK 'm s

Figure 16.5 Cole—Coleplot of the effusivity function (Es) at the five measured
temperaturegmeasurementwithout liquid). The solid lines arefits usingthe integral
equation12.11. The thermalparameterks andcs are determinedrom thesefits.
Uy =9.9V).

16.3.1 Measurementson glycerol

Besidesthe thermalparameterof the substratefound as describedabove also
the thermalconductvity of glycerol (Kgiycenl) iS Neededn orderto extractthe
heat capacityof glycerol. Kgiyceol iS by Sandbey et al. [1977] measuredo
0.29WK~tm~1in thetemperaturénterval [130K; 300K] [Sandbeg etal., 1977 ,p.
475]andthevalue0.288VK ~tm~1 at 29X is givenin [Nordling andOsterman,
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Figure 16.6 ks andcs determinedrom the fits shavn in figure 16.5 asfunction of
temperaturgTy).

1996,p. 37]. Now | usethe valueKgiyceol = 0.29WK~Im~1. Later! will shov
how the extractedheatcapacityis influencedby this choice.

The heatcapacityof glycerolis extractedform the datain a pointby pointinver
sionalgorithm.Fromequation6.17andequation6.19:
ZT,S _ \73c,s _ \Ls

Ziel = 3 =7 =
Zris VzxLs Ys

(16.1)

For eachpoint Z¢ is calculatedusingequation12.1landfitted to the measured
Ze| (therealandimaginarypartof cgjycenr is thefit parameters)

The extractedheatcapacityof glycerolis shavnin figure 16.7.

Theintegralin equation12.12is solved usingmatlabs‘quadL” routine. Theintegralin equa-
tion 12.11is thensolvedusinga “homewritten” Simpsonintegration(e.g. [Chow, 2000,p. 469])
routinein matlab (On my computerthe inversionof the completedatasettakesabout3 min-
utes.If thedoubleintegral (equationl2.3)wereusedtheinversionproceduravould probablytake
severaldays,possiblemore.)
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Figure 16.7 Theextractedheatcapacityof glycerol(U; = 9.9V). Thevaluekgiyceol =

0.29WK~Im~! hasbeenused. (The cryostatetemperaturesvas: 2100K, 2050K,
200Q0K, 1950K, 1900K).

The extractedheatcapacityin figure 16.7 doesnot look entirely correct. E.g.
for T, = 2083K thereal partbenddownwardsat low frequenciesandtheimag-
inary part becomesnggative. This might have to do with the chosenvalue
Kalyceol = 0.29WK~Im~1. To illustrate this alsothe heatcapacityis extracted
using Kaiyceol = 0.25WK~Im™1 and Kgjycenl = 0.35WK~Im~L. The results
are showvn on figure 16.8 andfigure 16.9 respectiely. It is seenthat the value
KGlyceol = 0.25WK Im1 seemdo give a betterresultandthe valueKgiyceol =

0.35WK Im~1 aworseone.Obviouslyit would beeninterestingo actuallyknow

the valuefor theliquid | have measured- it might be temperaturelependenas
well, unfortunatelyl do not have thatinformation.

In orderto comparethesemeasurementwith the onesreportedby Birge and
Nagel[1985]/ Birge [1986] considerthe following (they reportdatafor eé

lycemol
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Figure 16.8 The extractedheatcapacityof glycerol (U; = 9.9V). ThevalueKgiyceol =
0.28WK~Im~! hasbeenused.

and| divide their datawith Kgiyceol = 0.29WK~tm~1). They find®*

Co A~ 1.45x 10°IKIm3
Co ~ 2.93x10°IKIm3
oy ~ 4.83x10°IK Im3
fp(2039K) ~ 2Hz (ona2f axis)
Cmax
0.35
Ac ’

wherec. andcy istheheatcapacityin thelimits 2f — 0 and2f — 0, respectiely,

3In theseoriginal measurementsy Birge etal. no correctionsveremadefor the edgeeffects.
But sincetheir heateris muchlarger (6mmx 20mn) thanthe onel have used(3mmx 3mmn) the
edgeeffectsin their measurements notaslarge. Thisis shavn in moredetailin section16.5.

“Note thatthe scaleon the figure in [BirgeandNagel,1985,p. 2675] mustbe multiplied by
~ 1.5 accordingto [Birge,1986,p. 1635].
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Figure 16.9 Theextractedheatcapacityof glycerol(U; = 9.9V). Thevaluekgiycenl =
0.33WK~tm~! hasbeenused.

Cmax @nd f, are the maximumyvalue of the imaginary part of cgjycenl andthe
correspondingrequeng (losspeakfrequeng, ona2f axis)andAc = ¢y — Cw.

Comparingthis with figure 16.7it is seerthatthereis agreementn thelosspeak
frequeng but not on the absolutevaluesof cgjycenl. Also | find cpp,,/Ac ~ 0.4

which is a little higherthanthe valuethey find. Anotherway of comparingthe
datais to look atthemin a Cole—Coleplot.

If time—temperature—superpositibirS) is fulfilled it meanghattheshapeof the
curvesdoesnot changewith temperaturde.g. [Olsenetal., 2000], [Olsenetal.,
2001]). Therefore,if TTS s fulfilled the curve composedf datafor the differ-

enttemperaturesn a Cole—Coleplot, will representhe shapeof the relaxation
spectrumatall thetemperatures.

Thenormalizedheatcapacitycy is definedas[Christensen1985,p. 636]:

o= EED ) pe o) - (),
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Figure 16.10 Cole—Coleplot of theextractedheatcapacityof glycerol (with U; = 9.9V).
Thetreesolid curvesarethe Cole—Daidsonfunctionwith Bcp = 0.62 (top curwe), Bep =
0.52, andBcp = 0.28 (lower cune). co x 1078 = 2.18,2.26,2.30,2.40, 2.50JK ~tm—3
at T, = 2136,2083,2031,198.0,193.0K respectiely andce, = 1.46 x 10°PIK~tm3,
The dataextractedwith Kgiycenl = 0.29WK 1m~! hasbeenused. This curve doesnot
changesignificantlyif the dataextractedwith Kgiyceol = 0.23WKtm™1 or Kgiycenl =
0.38WK~Im~1is usedonly thevaluesof cq andc,, arechanged.

Figure16.10shavs a Cole—Coleplot of (cy) (thesamedataasfigure 16.7).Only
datain the frequeng range[0.7;17.3]Hz hasbeenused. The tree solid curves
are the Cole—Daidsonfunction with Bcp = 0.62 (top curve), Bcp = 0.52, and
Bcp = 0.28 (lower curve), givenby:

Cw +AC

Bep’

[ f

(1+i(4))

(thevalueof f, playsnorole for thecurvesin this plot (figure 16.10)).

The Cole—Daidson function with Bcp = 0.62 fit the datain figure 16.10. The
accurag of thedataarenot thathigh but atleastBcp = 0.62+ 0.02 judgedfrom

Ccp =
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figure 16.10. This finding is notin agreementvith the value cp = 0.5140.03
[Birge,1986,p. 1637]. The dataarein disagreementith the valuecp = 0.28
which correspondlosely to the datameasuredy Christenserf1985] (Chris-

tenser{1989]).
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16.4 Data analysis: approximation

From figure 16.4 1t is clearthat the approximateequationgequationsl2.4 and
12.5)do notaccuratelydescribethe data. In this sectionl will shav the resultof
analyzingthe datawith theseequationslespitethis fact.

Ks andcs canbefoundfrom measurementsithoutliquid asdescribedn section
12.1. Theresultsof suchmeasurementareshowvn in figure 16.11. Straightlines
arefitted to the dataat high frequenciegto theleft). Thetwo solid vertical lines
show the fit-range(the data—rangeisedfor thefit). The highestfrequenciesare
not used,sincethey arevery noisy, andthe lower frequenciesarenot used since
they deviatefrom the straightline asa consequencef the breakdevn of equation
12.6. For eachof the temperatured, = 214.4K andTp = 209.1K (andfor both
therealandimaginarypart)onenoisypointin thefit—rangehave notbeenusedfor
thefit (it is easyto seethe pointsin the figure). The verticaldot—and—dash—lines
markwhere2f = 100Hz 10Hz 1Hz (high frequenciedo theleft).

In figure 16.11is 1/es found wherethereal partintersectghe ordinateaxis, and
—1/cs and1/cg is the slopeof the fitted lines for the real andimaginarypart,
respectrely (asdescribedn section12.1). The fitted valuesfor es and cs are
showvnin figure 16.12.Oneproblemwith this analysiss thatthefoundvaluesare
dependenbn the chosertfit range(which just showv thatthe usedequationdoes
not describethe datawell). E.g. theresultof usinga muchnarrower fit range(5
pointsonly in theinterval [26;48/H2) is shovn on figure 16.13. This “improves”
the resultin the sensethat thereis closeragreemenbetweenthe values(of cg)
found from the real and imaginary part but, alsothe “noise” on the points are
larger.

Thevaluesfoundfrom figure 16.13are(es andksis listedin orderof decreasing
temperature):

es ~ 11354, 11278, 11192, 11098, 10980 JK m2s1/2
cs ~ 1.281F JIKIm3

Ks ~ 0.94, 0.96, 0.98 0.99, 1.01 WK Im™?

(For cs the averageis taken of the valuefound from therealandimaginarypart.)
Thesevaluearenotin total agreementvith the valuesfound usingthe “integral”
analysisc.f. figure 16.6.
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Figure 16.12 Thetop plot shav the extrapolatedvaluesfor es foundin figure16.11.The
bottomplot shav thefoundvaluesfor cs, wherethe circlesandstarsrepresenthe values
foundusingtherealandimaginarypart,respectiely. Thestraightlinesarebestfit to the

points(assumings constant).
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Figure 16.13 As in figure 16.12thetop plot shav the extrapolatedvaluesfor es andthe
bottomplot shawv the foundvaluesfor cs, wherethe circlesandstarsrepresenthevalues
found usingthe realandimaginarypart,respectiiely. Thefit rangeusedis narraver (5
pointsonly in theintenal [26;48/H2) thantheoneusedin figure 16.12.
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Using the above valuesfor ks andcs (pagel29) andKgiyceol = 0.29WK 1m1
the datahasbeeninverted usingthe samepoint by point inversionstrateyy as
describedn sectionl16.3(seepagel23)but with theuseof equationl2.8in stead

of equationl2.11.Theresultis shavn onfigure 16.14.
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Figure 16.14 The extractedheatcapacityof glycerol (with U; = 9.9V) u

singthe

“approximate”equation.Thevaluekgiyceol = 0.29NV K~tm~1 hasbeenused.Comparing
thiswith figure 16.7it is clearthatthe “integral” equationdoesa betterjob, asexpected.

Also the inversionhasbeendoneusingKgiycenl = 0.25WK~m~1. Theresultis
showvn on figure 16.15. Fromthe comparisorof figure 16.14and16.7 andfigure
16.15and 16.8it is clearthat the “integral” equationdoesa betterjob thanthe
“approximate”equation(this shavs up clearlyatlow frequenciessexpected).

50Onmy computertheinversionof the completedatasettakesabout20 seconds.
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Figure 16.15 The extractedheatcapacityof glycerol (with U; = 9.9V) usingthe
“approximate”equation.Thevaluekgiyceol = 0.23WK~tm~! hasbeenused.Comparing
thiswith figure 16.8it is clearthatthe“integral” equationdoesa betterjob, asexpected.

16.5 One—-dimensionalmodel

In orderto visualizetheimportanceof correctingfor the edgeeffect the datacan

betreatedassuminghe one—dimensionahodel. Herethreeapproacheto thisis
discussed.

Usingequation?.22(page45) for Y, s in equationl6.1:

-~ [V
Y. =Ys ( S35 1) (16.2)
VacLs

If the one—dimensionahodelis adequaté¢henYs andY, is givenby:
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(c.f. equation7.5page38).

If Ysis givenit canbe usedin equationl6.2togetherwith the measurediatafor
V3C s andV3,C Ls If thetherebyobtalneoYL is putinto equationl6.3togethemwith
atablevaluefor K|, thenavaluefor ¢_ canbeobtained.

Now therearetwo approacheto Ys:

1. Itisexpectedhates= \/KsCsis frequeny independerdéndthusit is natural
to usea constantvalue for this and calculateYs from equation16.3. The
constantvalue can be found in the high frequeng limit, wherethe edge
effectis insignificant,or it canbe found asin section16.3or section16.4
(thoughthe later requiresknowledge of the equationsthat take the edge
effectinto account).This will bereferredto asthe“constantvaluemethod
1" (CVML).

2. Another possibility is useYs = 1/Zs where Zs is the measuredhermal
impedancdor the substratealone. This will of coursegive a wrong value
for Ys at low frequenciesvherethe edgeeffect s significant. This will be
referredto asthe“variablevaluemethod”(VVM).

Thethird method(CVMZ2) is to usea constanvaluefor es = \/KsCs andcalculate
Ys from equation16.3 (asin the CVM1) anduseY, = Y. s— Ys (equation7.22)
to calculateY, (insteadof equation16.2 asis donein CVM1) andfinally use
equation16.3to calculate€, from Y.. Thiswill be referredto asthe “constant
valuemethod2” (CVM2).

In orderto studywhatshouldbe expectedrom usingthe CVM1, CVM2 or VVM
a setof artificial datacanbe producedusingequation12.11. Theresultof using
this equationsvith W = L = 3mm ks = 0.9WK Im 1, cg= 1.3 x 10°IK—1m3,
KL = 0.29WK~Im™1 (k. = OWK~Im1 for datawithout liquid) andc, = 2.2 x
10°JK~Im=2 is shawn in figure 16.16(equation16.3andequation12.11is used
to calculateYs in the CVM and VM, respectiely). It is seenthata bending
downwards(of therealandimaginarypart)atlow frequencieshouldbeexpected
for theCVM1 while abendingupwardsis to beexpectedor the CVM2 andVVM.
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Figure 16.16 In this figure the following valuesare used: ks = 0.9WK~tm1,
cs=1.3x 1PIKIm3, k. = 0.290WKIm1, andc. = 2.2 x 10°PIKIm3.

With thevaluesusedin figure 16.16the CVM1 andVVM givesequallygood(or
poor) resultswhile the CVM2 givesa worseresult. But, if insteadthe thermal
parameterdor the substratewere closerto thoseof the liquid this will not be
so. To illustratethis the sametype of plot is shavn againin figure 16.17but with
W =L=3mmks=0.3WK~Im cg=2.0x 10PIK~Im=3 k= 0.20WK~Im?
(KL = OWK~Im1 for datawithout liquid), andc, = 2.2 x 10°JK~Im=3. In this
casethe CVML1 clearlygivesthebestresult.
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Figure 16.17 In this figure the following valuesare used: W = L

= 3mm
Ks = 0.3WKIm™, cg=2.0x 100IKIm=3, k. = 0.290WKIm1, and¢ =
2.2 x 10PJK~Im3,
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With the sametype of plot the expectedcontribution from the edgeeffect in
the original measurementsy Birge and Nagel (Birge andNagel[1985] / Birge
[1986]) can be estimated. They do not statewhat the thermal parametersof
their substratevas but, in a later article Birge et al. writes kg ~ IWK~Im=1
and cs ~ 100JK~Im3 [Birge et al., 1997, p. 55]. The shortestdimensions
of their heaterwere ~ 6mm [Birge and Nagel, 1987, p. 1466] (for the low-
est frequencies). Thus to illustrate the edge effect the sametype of plot is
shown againin figure 16.18but with W = 6mm L = 6mm ks = 0.9WK1m1,
cs=1.3x 100JKIm=3 k. = 0.29WKm~1 (k. = OWK~Im~1 for datawithout
liquid), andc, = 2.2 x 100JK ~tm3,
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Figure 16.18 In this figure the following valuesare used: W = 6mm L = 6mm
Ks= 0.OWK Im1 cgs=1.3x 10°JK Im3, k. = 0.29WK Im1, andc = 2.2 x
10PIKIm=3.

Not surprisinglythe edgeeffect is smallerfor the 6mmx 6mm heaterin figure
16.18thanfor the smallerheater(3mmx 3mm) in figure 16.16. In factthe edge
effectshavnin figure 16.18is sosmallthatit will be hardto detectwith thenoise
level of the Birge etal. data. Thisis thereasorthe correctionfor the edgeeffect
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wasnot ascritical for their measurementsStill, it may be possiblethat (at least

part of) the deviations betweenmy dataandtheirsare dueto this lack of edge
effectcorrection.

Both the CVM1, VVM andthe CVM2 have beenusedon the dataalsotreated
in the previous sections.The resultsareshovn on figure 16.19,16.20and 16.21
respectrely. As expecteda bendingdownwards(of the realandimaginarypart)
atlow frequenciess seenfor the CVM1 while abendingupwardsis seenfor the
VVM andCVM2. As expectedthe CVM2 givesthe poorestresult.
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Figure 16.19 The extractedheatcapacityof glycerol (with U; = 9.9V) usingthe CVM1.
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Figure 16.20 The extractedheatcapacityof glycerol(with U; = 9.9V) usingthe VVM.

As can beenseenfrom the comparisonof figures16.7, 16.19 and 16.20 the
edgeeffect becomesmore and more importantas the frequeng is lowered(as
expected). It looks asif the one—dimensionainodel startsto becomeadequate
above 2f ~ 50Hz Thediffusionlengthsis atthis frequeny: Lp . ~ 0.02mmand

Lp,s~ 0.05mmfor glycerolandsubstraterespectrely, correspondingo ~ 1/100
of W.
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Figure 16.21 Theextractedheatcapacityof glycerol (with U; = 9.9V) usingthe CVM2.
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16.6 Linearity

The input—wltagewas setto U; = 9.9V (the maximum)in the measurements
discussedn the previous sections.The samemeasurementwas performedwith
U; = 7.8V andU; = 3.9V. Theresultingtemperaturamplitudeq Ta) for thethree
casess shavnin figure 16.22(Tx is calculatedusingequations.4).

Heater:T7 C
1.2 T —— T T T

-5 U,=3.9V, T =190.3K
1 ~- U;=7.8V, T =1918K ]
~ U;=9.9V, T=193.0K

0.8

2f [Hz]

Figure 16.22 The temperatureamplitudeas function of 2f shavn for the lowest
measuredemperaturé T, = 1900K) (T 7C with glycerol). Tp is alittle lower for the
highertemperaturesit is the samecurvesthatare shavn in the top andbottomplot.
Given Ry = 4697Q andthe calibrationof the heater(figure 16.2) I+, is calculated
(equation6.7): Itm = 0.004V,0.01AV,0.028W for thethreedifferentU;.

Ta is = 1.1K atthelowestmeasuredrequeny and~ 0.6K at 2f = 1Hz for the
highestinput—wltage.Thefigure clearly shavs oneof the dilemmasof this tech-
nique:thetemperaturamplitudemustbelow in orderto stayin thelinearregime,
but in orderto make it sufficiently high at high frequenciesit becomewery high
atlow frequencies Of course the problemcanbe solved by choosingtheinput—
voltagedifferentfor differentfrequeng ranges But, sincetheinput—wltagealso
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determineghe temperaturddC offset this requiresan appropriatechangeof the

cryostateemperaturén orderto measureatthesamer, atall frequenciesl have
not hadtimeto try suchanapproach.

In orderto judgewhetheror not Ta is too high for Uy = 9.9V | have alsoplotted
the extractedheatcapacityfor the two lower input—\wltages. This is shovn in
figure 16.23for U; = 7.8V andin figure 16.24for U; = 3.9V.
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Figure 16.23 Theextractedheatcapacityof glycerolwith U; = 7.8V.
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Figure 16.24 Theextractedheatcapacityof glycerolwith U; = 3.9V.

The datain figure 16.24are extremelynoisy, but still the glasstransitioncanbe
seen.Thedatain figure 16.23aremuchbetter Judgingfrom theseplotsit seems
asif thetemperaturemplitudefor U; = 9.9V (figure 16.7)is nottoo high (with

the experimentaluncertaintyin the currentsetup),sinceno significantchangen
the extractedquantityis seenwith thechangeof Ta.
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16.7 ComparisonbetweenNi and C heater

Measurementhave beenperformedusingthe T 3Ni heater(for which calibration
curvesareshown in section16.1). Dueto the lack of time, measurementsave
only beenperformedat one cryostatetemperature Ty = 2000K. The resulting
temperatur@amplitudeis shavnin figure 16.25.

2 -5~ U;=0.9V, T=209.4K |
~- U;=15V, T.=210.1K
< U209V, T=215.2K |

J-«

A
444444
-
ASS<H<Y-g g«

2f [Hz]

Figure 16.25 Thetemperaturemplitudeasfunction of 2f shavn for the T3Ni heater
with glycerol (Tx = 20Q0K). It is the samecurvesthatareshavn in thetop andbottom
plot. GivenR; = 20.2Q andthe calibrationof the heater(figure 16.2) I, is calculated
(equationb.7): Itm = 0.008V,0.012WV,0.045W for thethreedifferentU;.

Fromthe comparisorof figures16.22and 16.25it is seenthatthe carbonheater
give a betterresolutionthanthe nickel heater In orderto make the comparison
easieNVsc el (cf. equation12.7) hasbeencalculatedor the T3Ni measurements
withU; = 1.5V, 2.9V (andlty = 0.012W, 0.045V) andfor the T 7C measurements
with Uy = 3.9V, 7.8V (andlty = 0.004V,0.01AV). Theresultis shovnin figures
16.26and16.27.
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Figure 16.26 V3¢ e for the T3Ni measurementwith U; = 1.5V (andltm = 0.012W)
andfor the T7C measurementsith U; = 3.9V (andltny, = 0.004N).

In figures16.26and 16.27the noiselevel is a little higherfor the T3Ni heater
thanfor the T7C heater ITy, is approximately3 timeshigherfor the T3Ni heater
thanfor the T 7C heaterandthusthe carbonheateperformsbetterthanthe nickel
heater(with the sametemperaturamplitudethe quality of the dataobtainedwith
thecarbonheatetis betterthanthoseobtainedwith the nickel heater).

This is not surprising,rememberinghat |oc| is around5 timesthat of ay; (at
Tp = 21K), cf. figure 16.3. Furthey the relative influenceof resistance the
restof the setup(e.g. in wires and contacts)influencesthe measuremenf the
resistancef T7C (=~ 700Q) muchlessthanthe measuremenif themuchsmaller
resistancef T3Ni (=~ 20Q).
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Figure 16.27 V3l for the T3Ni measurementwith U; = 2.9V (andltm = 0.043V)
andfor the T7C measurementsith U; = 7.8V (andlty, = 0.01AWV).
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17 Summary

> Planar heater and 3w detectiontechnique

This reportis basedon usinga electricalconductingthin film asa planarheater
andtemperatureensorsimultaneouslyThethin film is on a glasssubstrateand
measuremen@remadewith andwithout liquid onthe othersideof the heaterIn

suchaconfigurationathermalimpedanceanbemeasuredisingthe 3w detection
techniqugcf. chapter$ and6).

> Frequencydependentheat capacity

A frequeny dependencef the heatcapacitycanbefoundin highly viscouslig-
uidssuchasasupercooledliquid neartheglasstransition(cf. chapter3). It is the
goalto extractthe frequeny dependenheatcapacity(or at leastsomequantity
proportionatto this, i.e. the effusivity) from the measuredhermalimpedance.

> Modeling

The relationbetweenthe measuredhermalimpedanceandthe propertiesof the
liquid andsubstratalependon the exactexperimentalconfiguration(cf. chapters
7 and12 andsection10.1).

In the simplestcasea one—dimensiondieatdiffusionmodelcanbeassumedand
therelationbetweerthethermalimpedancendthe effusivity is simple(equation
7.5).

The one—dimensionaliffusionmodelonly hold aslong asthe thermaldiffusion
lengthis muchshorterthanthe width of the heater(Lp < W). If thisis notthe
case edgeeffectswill be presenandmustbetakeninto account.The equations
describingheseeffectshasbeernworkedoutby TageChristenserfcf. chapterl2).
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> Thermo—mechanicalproblem

No matterwhetheredgeeffectsplay arole or not, it maynotbecy, thatis actually
measuredh theexperiment.Theliquid expandgandcontractswhile heatedand
cooled),andtheinducedstresselax on the sametime scaleasthe heatcapacity
This thermo—mechanicairoblemhasonly beendescribedanddealtwith super
ficially in this report. Still, oneimportantexperimentaldevelopmentaddressing
this problemhasbeenpresentedit is importantto getrid of the DC heatthrough
the substrateand not throughtheliquid (cf. section10.1). This is ensuredn the
measuringcell usedin the measurementgresentedn this report, by gluing the
glasssubstratentoa copperbacking,andmakingsurethatthe copperis in good
thermalcontactwith thetemperaturdath(cryostate)cf. chapter® and10).

> Newimproved heaters

New developmentgegardingthe fabricationof the heaterdhasbeenpresentedit
hasbeenshawn that carbonheatershave advantagesver nickel heaters:higher
resistancendhigher(absolutevalue)temperatureoeficient (cf. chapterll). A
fabricationprocedurefor thesefilms have beendescribedcf. chapterl4), and
it hasbeenshavn that more accuratemeasurementsan be madewith the car
bon heaterscomparedo nickel heaterqcf. sectionl16.7). Also, a procedureor
solderingwires onto the gold electrodesusing indium basedsolder have been
describedcf. sectionl1.4).

> Heat capacity measurementson glycerol

Finally, measurementsf the frequeny dependenheatcapacityof supercooled
glycerol have beenpresentedcf. chapterl6). The frequeng rangeof these
measuremenis only ~ 2 decadesThedataarein closeragreemeniith thedata
publishedby BirgeandNagel[1985]/ Birge[1986] thanwith the measurements
by Christenseil985] (Christensep1989]).



18 Conclusion

Carbonthin films canbe usedin a planarheaterexperimentemploying the 3w de-
tectiontechnique Nickel heateraremostcommonlyused but thecarbonheaters
(thatl have made)have two advantageover nickel heatershigherresistancend
highertemperatureoeficient (absolutevalue). Thisimprovestheaccurag of the
measurements.

A one—dimensionatliffusion modelcanbe usedif the diffusionlengthis much

longerthanthe width of the heater(Lp < W). If thisis not the caseedgeeffects
mustbe considered.The commonway of taking theseedgeeffectsinto account
ignoresthe problemof boundarymismatchand are not entirely correct(asdis-

cussedn page79). Equationghattake theseedgeeffectsinto accountwithouta

boundarymismatcharegivenin chapterl2.

It is importantto getrid of the DC heatthroughthe substrateatherthanthrough
theliquid. Whenthe thermo—mechanicgroblemis takeninto accounthis turns
out to be important,in orderto measurea well definedquantity This canbe
ensuredy placingtheglasssubstraten a copperbackingthatis heldat constant
temperature.

| have presenteaneasurementsf thefrequeny dependenheatcapacityof glyc-
erol. Comparisorof the datawith thedatapublishedby BirgeandNagel[1985]/
Birge[1986]shav thatthelosspeakfrequenciesgreebut nottheabsolutevalues.
The shapeof the curveshave beenevaluatedfrom the Cole—Coleplot of the Cy.
For the Cole—Daidsonfunctionalform | find a fcp = 0.62+0.02. Birge et al.
find thatBcp = 0.514-0.03[Birge, 1986,p. 1637].
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19 Outlook

Severalthingsthatoughtto belookedinto in moredetailin thefuturehave already
beenmentionedhroughouthisreport.Here,thesewill be summarizedndafew
otherideaspresented.

» The thermo—mechanicgroblemshouldbe taken into account. This can
probablybe doneusinganumericaltool, e.g. Femlab to extractthethermal
parametersrom the data.

* It is worth looking for a materialwith a highertemperatureoeficientthan
carbon.Onpossibilitymightbeahighresistve semiconductorA sandwich
geometrywith electrode®n eachsideof aplanarsemiconductofseefigure
19.1)couldbe a possibility. If this canberealizedasa round(disk) heater
it will make themodelingin Femlabeasier

Electrodes

Semiconductt

Figure 19.1 A sandwichstructurewith electrode®n eachsideof a semiconductodisk.

* Thehomogeneityf thethin films shouldbe checled. This canprobablybe
doneby usingIR photography

» Thefrequeng rangeof thecurrentsetupneeddo beextended.Severalpos-
sibilities exists, andit would be interestingto comparethe differentmeth-
ods. In orderto go up in frequeng: uselessthan128 sampleger period,
let the multimeterusesub—samplingor usea digital lock-in amplifierand
a Wheatstonéoridge. In orderto go down in frequeng: usethicker glass
substratesor useFemlabin the datatreatment.
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* Alsoit wouldbeworthtrying to usea push—pulltype power supplywith the
digital voltmeter This would allow the multimeterto work in the 1V range
insteadof the 10V rangeandthusmalke it possibleto measure voltagethat
is 10timeslessthanwhatis possiblein the currentsetup.



A Appendix: Usingtwo heaters

Thetemperature—independemsistorRs (seefigure6.1) canbereplacedoy an-
otherheater(with the samepropertiesasthefirst heateyi.e. the sametemperature
coeficientandresistance)This situationwill beconsideredn thisappendix.The
heaterreplacingR; will be calledR;, andthe otherheaterR, (V are measured
acrossRy). All the otherquantitiesrelatedto theseheatersare alsolabeledwith
thesubscriptl or 2,i.e.: Rpmy, Rpre, 01, 02, ZT].’ ZTZ, |~TA1, I~TA2$ andATy, AT,.

To make the expressionssimple, in this appendixno higher harmonicsof the
input—wltage (U) are consideredbut of coursethey canbe includedif neces-
sary):

U =1 (0. +Ufe ') (A.1)
ThecurrentthoughR; andR; is thesame:

v_u _v_ R
RR Ri+R U R+R’

(A.2)
andfor smallvariationsof their resistance:
Rj(t) = Rpmj + ARj ~ Rpmj (1+ ajATj) = Rpmj +dRj, for j=1,2  (A.3)

CombiningequationA.2 andequationA.3:

Vo Rome + dRz _ Rome+dR2 1
U™ Ront+ ARy +Rome+ R, Roma + Rome 1+ (R HiRe )
R R ATy — a2AT:
prm2 (1_ prmL(01ATy — O 2))7 (A4)
Rpml + an'Q Rpml + an’Q

neglecting2™ ordertermsin AT;.
Correspondingo equation6.12:

AT = § (Zrjiraj@®™ + Z5fTae 2, for j=1,2
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158 Appendix: Usingtwo heaters

Insertingthis into equationA.4 andusingtheexpressiorfor U (equationA.1):

Rone
V=1 (0 +Ufee) —P=
2 ! ) Rpml+ Rpm2
Z‘|';|_|'|'A;|_eI +Z-|-1|-|-Ale |200t) 1 (ZT2I~TA2ei2“’t +Z§‘-2I~1*-A2e*i2“’t)
1+R RP"Q
R R
:% Ule'wt—}—U* —lwt) pni2 o pne

Romi +Rome  2(Ryp + Rone) <1+ gp_rm)
{ul% (ZT:I.r-l'A].lj:I_ei30“I +Z'4|<'1r')|k'Alljle ot +ZT1 TAlUleI +ZT1IT 1U16 ISM)

— 023 (Zraitad0i€3* + Z5 ol poUre ' + ZrolragU e + Z5 ol U e 154) }

The third harmoniccanthenbe written as (using the samenotationason page
29):

Ronme 5 0~ N % % Tkl
Vapy = — P - {013 (ZrilrmUi€3* + 2770, Ufe )
—0t23 (Zralta2Us1€* + Z3 i1 Ut e )}
4
R m2 Sx % 7% S x| *
FTIV,3] = — : {o1Z7117aU] — 0227172201 }

2(Rpmt + Rpne) (1+ Rp”ﬁ)

Now, if Rpm1 = Rpe, anday = az = a, thenit,, = i35, = i34, and:

aiz U7
FT[V,3] = ——12-1

{Z1- 215}

Fromthisit is seerthat,if Zr1 = Z12, thenFT[V, 3] =
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