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1 Intr oduction

A commonmethodto help characteriseryogenicsemiconductobolometerss to take
“load curves” — measurementsf the bolometervoltageasa function of current. This
documentexplains what measurementare usually made,how they are usedto obtain
informationonthebolometersandmentionssomecommonmisconceptionsin particular
my aimis to pointouthow simplemodellingabolometeiin thiswayreallyis, eventhough
thisis not alwaysevident. | do notintendto go into ary areain greatdetail, sincethisis
availableelsevhere.Instead, will concentraten the generalprinciples,someof which
arenot madeparticularlyclearin theusualworks. Furtherreadingis suggestedh Box 4.

The resultsfrom modelling can also be usedto predictthe noiseperformanceof a
bolometer[1]; thisis somavhatmorecomplex andis not discussedhere. For complete-
ness footnotesgive moredetailedinformationon varioustopics,andfor mostpurposes
canbesafelyignored.

2 De nitions and assumptions

We considera bolometerto be a very simple device, shovn schematicallyin Fig. 1. It
consistsof anabsorbemattemperaturd which is weakly thermallylinkedto a heatsink
attemperaturdy. We shall generallydescribeT, asthe stage temperaturesincewhen
doing measurementi correspondso the cold stageof the fridge we are using'. We

LIn practisetherewill beasmallthermalgradientbetweerthethermometeonthefridge cold stageand
the heatsink of the bolometeritself. Thisis generallytoo smallto worry about.



Figurel: Idealbolometerschematic

Box 1

Departuregrom the assumptionsnadein this documentasoftenknown as“non-ohmic”

effects,andgenerallyseento fall into two types.

Electric eld effectsoccurwhenthe bolometerresistances a functionof voltageaswell

astemperaturéR = R(T;V)).

Somebolometersalso exhibit electron-phonordecoupling. This is an effect in which

thereis a nite thermalconductancéetweertheelectronsandthephononsn theresistor
Although not fully understoodjt canbe modelledwell by treatingthem as physically
separatecomponentseparatedy a thermalconductancevhich variesas a power-law

with temperature.

If non-ohmiceffectsare presentthenmary of the conclusionsn this documentarenot
true. However, the ideal bolometemrmodelcanbe extendedto includetheseeffects. For

resultsobtainedwithout usingthe model,it is oftenpossibleto nd areasn which these
effectsarengyligible andto still obtainvalid results.

usuallycall the absorbetemperatureT, the bolometertemperature\We assumehatwe
canwrite the thermalconductancef the weakthermallink asG(T) (notethatis is a
functionof temperature)Thisis usuallya very goodassumptionynlesselectron-phonon
decouplings presen{seeBox 1) 2.

Attachedto theabsorbers aresistor,we usethefactthattheresistancehangewwith
temperaturgo determinethe absorbertemperature.We assumehat we can write the
resistancasR(T); in otherwords, it dependn temperaturalone. This doesnt have
to bethe case(seeBox 1). Therearetwo sourcesf power dissipatedn the bolometer
absorberElectricalpower from theresistor P, is just VI whereV is thevoltageacross
the bolometerandl is the currentthroughit. Theremayalsobeincident“optical” (sub-
mm) power, whichwe call Q here.We alsomake theassumptiorthatbothtypesof power
have exactly the sameeffect onthe bolomete?.

As well asthe assumptionglescribedabove, the ideal thermal modelassumeghe

2|t is not necessarilghe casewhile ary singlematerialwill have a conductancef theform G(T), the
link maybeformedby two sectionsn seriesor parallel. Thermalconductanceanalsodependn quantities
otherthantemperaturesuchasmagneticelds.

3This neednot bethe caseif electron-phonomecouplingis presen{Box 1), sincethe electricalpower
heatgheelectrondgn thethermometerandoptical power heatsthe lattice.



Box 2 Listof terms
Term De nition Alter nativename  Section
T bolometerabsorbetemperature  bolometetemperature 2
To bolometerheatsink temperature stagetemperature 2
G(T) thermalconductancef bolometer 2
thermallink
R(T) bolometerresistorresistance bolometerresistance 2
P bolometerresistorelectricalpower 2
\% voltageacrossolometeresistor 2
I currentthroughbolometeresistor 2
Go Thermalmodelparametefeq.1) 2
Thermalmodelparametefeq.1) 2
R Thermalmodelparametefeq.2) Ro 2
Ty Thermalmodelparametefeq.2) , To 2
m Thermalmodelparametefeq.?2) 2
Ro Zerobiasresistance 3.1
Q  opticalpowerabsorbedy bolometer 4
TO Equivalentstagetemperature 4.2
for opticalpower Q

following:
— Thethermalconductancéollows a powerlaw, i.e.
G(T) = GoT (1)
— Thethermistorresistancéollows thefollowing equation:
|
T, ™
R=R exp ?g (2)

Theseassumptionsre both basedon physicalprinciples,andin practiseare generally
appropriate.The parameterss,, , R , Ty andm areconstantandthe aim is to deter
mine theseparameterg$or a given bolometer We canthenusethe modelto predictthe
bolometervoltagefor ary biascurrentandabsorbedptical power. DeterminingG, is
alsousefulbecausdt is usuallyadesigngoal.

It is usuallyassumedhatm = 0:5. Thisis not necessarilyso but is often a good
assumption2].

Notethatnoteverybodyuseghesameerminologyfor theresistanceR is sometimes
calledRy, andTy maybecalled or To. A list of termsusedin this documents givenin
Box 2.

3 Usingthe model

Thegamewith theidealbolometemodelisto t “load curves”; thesearemeasurements
of thebolometef voltageasa functionof current.Generallywe make suchmeasurements

4To be pedanticthey aremeasurementsf the bolometerresistorvoltage.
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Figure 2: An exampleof load curve measurementsDifferent symbolscorrespondo
differentstagetemperaturess shavn (the bolometeris HFI CQM 100 GHz SWB S/N
07).
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Figure3: Theload curvesfrom Fig. 2, plottedascurrentvs resistance.The solid lines
show the choservaluesfor thezerobiasresistance.

atvariousstagetemperaturedp obtaina family of load curves. An exampleis shavnin
Fig. 2. For clarity, notall themeasuremeni@reshowvn.

3.1 R(T)

Therearetwo stagego usingthemodel. The rst is to determineR(T), usingequation?.
Sincewe have plottedV asafunctionof | , we canobtainR from thegradientof the plots
in Figure2. However, it is clearthat the gradientis not constantandindeedbecomes
negative for someof the measurements his is becausasthebiascurrentincreasesthe
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Figure4: Plotusedto determinebolometeresistancasa functionof temperatureSolid
pointsaremeasuredlata;theline is aleastsquarest.

bolometerheatsup, reducingthe resistance.This complicatesusing the bolometey but
at this stageit just meanghatwe have to make surewe usethe startof eachload curve
wheretheresistancés constantlt doesmeanwe have to useourjudgemenbnhow much
of theloadcurveto use.Most peopleseento preferto look atV asafunctionof | to spot
the point at which the curve deviatesfrom a straightline. | preferto plotR = V=l ona
log scale,sinceit makesit mucheasierto seehow muchof theload curve we cansafely
use;anexampleis shovnin Fig. 3.

We cannow plot the zebobiasresistanceéRo) asafunctionof temperaturelf we plot
log(Ro) asafunctionof 1= T, (Fig. 4) thenthe gradientandoffsetof alinear t giveus
Tg andR , assuminghatm = 0:5. We shouldalwayslook atthe t residualdo seethat
thisvalueof m is applicable.If not,we candoanon-lineart to obtainthebestt values
of m, R andT,. Mostpeoplejustlook attheresultsin theform of Fig. 4; however, it is
muchharderto seedeparturesromm = 0:5[2].

In principle all thermistorsdicedfrom the samewafer shouldhave the samevalueof
Tg, thoughin practiseoneseessomevariation. The valueof R will dependon the di-
mensionsNotethatsinceit islog(R ) thatappearsn equatior2, relatively largechanges
in R havelittle effect. Thevalueof R alsodependstronglyonthe tted valueof Tg.

3.2 G(T) - method 1

Now we justhaveto nd G, and . Thisis the point at which the equationscanstartto
look complicated But what's goingon is very simple.We arejust measuringhethermal
conductancef a“sample”(Fig. 5), justaswe might measurehethermalconductancef,

say a pieceof Torlon® to beusedin aninstrument.We have oneendwhichis heatsunk
ata chosentemperaturéT,); the otherendhasa heateranda thermometerWe heatup
oneend,andcancalculatethe conductancéom thetemperatureise andpower applied.
Theonly differencehereis thatinsteadof a separatdeaterandthermometerwe usethe
biasheatingfrom thethermometeto heatthe sample.



Figure5: Layoutusedto measurehethermalconductancef a materialsample.
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Figure6: Measurementdom Fig. 2, plottedaspower vs temperature.

If the thermalconductance, wasconstantthenwe could simply write (by de ni-
tion):

P=G T,; (6)

where T isthetemperaturalifferenceacrossour sample More generallywe canwrite
Zq

P = G:dT: (7)
To

Sincewe have assumeaquationl, we canwrite this® as

— GO +1 +1 .
P=—20 T T, (8)

We cannow doanon-lineart toP asafunctionof T to obtainbothG, and (seeFig.6).
We canalsoincludeTy asa t parameteif we arent sureof our stagetemperatures.

5Thisis nottheform mostpeopleuse— seeBox 3.
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Box 3

It is customaryto replaceequationl with

T
G= GSO T_o . (3)

Wethen nd that G
Go= — 4
o= T (4)

and . I
GSOTO T *
P = — 1 5
1T ©)
I don't nd thisespeciallyhelpful asonethenhasto allow for G, beingafunctionof T,
whichcanbeanuisanceandl believeit alsomakestheequationdook unnecessarilynore
complicated.Lik ewise peoplesometimesvork with the parameter = T=T, insteadof
T.

Now, to dothis,we don't needto worry aboutthefactthatthe heatis actuallycoming
from theresistorwe areusingto measurg¢emperaturePoweris justgivenby P = VI,
andwe canmeasurebothV and|. Likewise, the temperaturds just given from the
resistancgR = V=I) andequation2. It is customaryto plot the resultsfrom ts using
equatiorB in termsof currentandvolts, ratherthanpower andtemperaturebut the tting
is still ultimatelyto powervstemperaturg

Thinking of the tting in termsof voltageandcurrentcanleadto misconceptionsyith
probablythe mostpopularbeingthatin orderto constrain andG,, it is necessarjor the
datato includethe“downturn” in theloadcurves(seeFig. 2). Sincethereis no downturn
in aplot of powervstemperaturef cant matteratall. Whatwe doneedis alargeenough
currentto make thebolometetemperatureover a usefulrange.

3.3 Applying the model

Sonow we have theparameterf , T4, m, G, and . Assumingthatthe modelproduced
good ts, we cannow predictthebolometewoltageasafunctionof current.We startwith
an appropriateemperatureange,anduseequation8 to give the correspondingpowers.

8In a similar manner if doing a corventionalthermalconductanceneasuremenasin Fig. 5 usinga
separatdeaterandthermometerwe could plot the resultsin termsof the currentthroughthe heaterand
voltageacrosgheresistormeasuringemperatureBut we probablywouldn't.
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Figure7: Measurementdom Fig. 2, alsoshaving ts usingthethermalmodel.
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Figure8: Measuredoadcurvesandthermalmodel ts for anothebolometer(HFI CQM
857GHz SWB S/N01).

We canthengetresistancdérom equation2, enablingusto calculaté

p—
V= PR (10)
"Puttingequationsl0, 8 and2 togetheywe canwrite
s
_ GO +1 +1 Tg " .
V = 1T To" Rexp 2 ; 9)

which makesthe modellook terribly complex. However, sincewe have determinedR  and Ty already
thesearent t parametersandwe mightaswell remove themfrom theequationbeforecarryingoutthe t.
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Figure9: Valuesof thethermalmodelparameter asafunctionof stagetemperaturdor
thedatain Fig 8.

and s _
P .
R
Notethatsincethisis aparametrieequationjf we wantvoltagemeasurementst particular
valuesof current,ratherthanthe valuesthatwe endup with for the chosenvaluesof T,
we'll have to eitherinterpolate,or usean iterative technique. This is rarely necessary
however.

The ts in Fig. 7 shav verygoodagreementith themeasurementg.hisis notalways
thecase.Theculpritsareusuallynon-ohmiceffects(Box 1).

Thereis a subtletythough. It is usualto carry out separatehermalmodel ts to
eachload curve. Onecanthen nd goodlooking ts, but with valuesof thatvary
systematicallyby a signi cant amountfrom load curve to load curve. This is not in
agreemenwith the thermalmodel,since is supposedo be a constant.An (extreme)
exampleis givenin Figs8 & 9. While the ts look good,thevalueof varieswildly with
temperature This is telling us thatthe thermalmodelis not working well®. We should
thereforebevery cautiousaboutapplyingthethermalmodel,andindeedfor temperatures
otherthanthosemeasuredit isn't even obvious whatvalueof we shouldadopt. We
needto usea moresophisticateanodelandattemptto includeeitherelectric eld effects
or electron-phonoulecouplingandseeif theseimprove matters.

An alternatve approactto the corventionaltwo-stepmethodoutlinedherewould be
to t eachload curve with R and Ty asadjustableparametersiswell asG, and . It
is impracticalto constraintheseparametersvell enoughfrom a single load curve [3].
However, it canbedoneif a t is carriedout simultaneouslyo a setof load curves. This
methodhasthe advantageof not requiringary judgementsto how to determineghe zero
biasresistance However, it will suffer if non-ohmiceffectsarepresentunlessthey are
alsoeffectively includedvia extra tting parametersThis methodmight evenbeusefulif

| = (11)

8Anotherclueisthat turnsoutto beafunctionof the biasrangeoverwhichthebolometelis measured
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Figurell: 100mK loadcurve from Fig. 8 andthermalmodel t, plottedin G(T) space.
theopticalpoweris unknown.

3.4 G(T) - method?2

The methodsdescribedabove are the traditional way to model bolometers. However,
thereis analternatve methodof derving G(T), solong asyou arepreparedo do a little
numericaldifferentiation.We canre-write equation7 as

dpP

G= —: 12

dT (12)
We canthenplot G asafunctionof T for eachload curve, andobtainG, and from a
simplepowerlaw t. As always,onehasto be carefulwhendifferentiatingrealdata,and

10



somesmoothingto remove noisemay be necessary Another problemis that the noise
will blow up for thesectionwhereT is barelychangingoecausehebiaspowerisn't large
enoughto causesigni cant self-heating.lIt is thereforenecessaryo excludethis part of
theloadcurve from the ts. Forthisreasonijt canbeeasietto do ts usingthetraditional
method.

However, it is still very usefulto plot thedatain thisform, sinceit is anexcellentway
of comparingdifferentload curves.SinceG(T) depend®nly onthe bolometertempera-
ture, measurementsom differentload curvesshouldfall on the samecurve. Deviations
tell you eitherthatthe modelisn't working properly or thatthereis a problemwith the
measurementgsenerally failuresof the model(electric eld effectsor electronphonon
decoupling)manifestthemselesasa down-turn of G(T) at the lower temperatureend
of eachloadcurve. Otherdiscrepancieareusuallymeasuremergroblems.An example
is shawvn in Fig. 10. Fromthis it canbe seeninstantlythatthe differentload curvesare
generallyin very goodagreementhut thereis a hint of deviation atthelowertemperature
endof eachload curve for the lower stagetemperaturesComparehis to Fig. 2, whereit
would take averytrainedeye to beableto seeif thedifferentload curveswereconsistent
with eachother

The usefulnessloesnt endhere. The 100mK load curve from Fig 8 looks asif the
thermalmodel t is quitegood. But if thesamedataand t is plottedasG(T) (Fig. 11),
we canseethatthe t is actuallyvery poor, eventhoughit lookedquitegoodwhenviewed
in voltage-currenspace We shouldthereforetreatanything obtainedfrom the modelfor
this bolometerwith suspicion.In particular the valueof G, is not goingto be the true
thermalconductance.

Thisis alsoa very usefulmethodof comparingoad curvestakenwith different(and
evenunknown) optical power. Sincewe areplotting G = dP=dT, ary optical power is
constantindthereforedoesnt affectthevaluewe obtain.Soa groupof loadcurvestaken
at arbitrary optical power and stagetemperatureshouldall overlap. This is particularly
usefulwhencomparingoad curvestakenin two differentsystemssincethey differences
in thermometryarelik ely to meanthatevenif anattemptis madeto make measurements
at the sametemperaturesthis will not be the case. With this method,not only do we
not needmeasurementat the sametemperaturesye don't even needto know whatthe
temperatureare.

4 Optical power

Sofarwe have only touchedon whathappensvith opticalpower present Obviously our
modellingis notgoingto beveryusefulunlesswe canincludethis. Thissectiondiscusses
how thevariousmethodsabove areaffectedby the presencef optical power.

4.1 R(T)

Any optical power will raisethe bolometertemperatureabove the heatsink temperature
even at zerobias. Thereforeit becomeanuch harderto determineR(T), andit is best
to usemeasurementisken with negligible optical power. Sincethe effect of power will

SWe have to believe thetemperature® onesystemin orderto derive R(T), though

11



dependn G, whichin turndepend®nstageemperaturen principleit wouldbepossible
to obtainan expressionfor R(T) by including the optical power asa t parameter In
practiseit is not easyto getaccuratevaluesthis way.

42 G(T)

As hasbeenmentionedbefore,addingoptical power makes no differenceto valuesfor
G(T), soplotsof G(T) = dP=dT canbe usedasbefore. If using ts to the thermal
model,theadditionof opticalpower, Q, change®quation? to

Zq
P= GdT Q; (13)
To
andequation8 to
— G0 +1 +1 .
P=—7T T Q: (14)

We canthendo a non-lineart includingQ canasa t parameter However, we must
thensupplya valuefor To — we cant includeit asa t parametersinceT, andQ are
degenerateln factit is a basicprinciple thatan optical load hasexactly the sameeffect
asachangdn stagetemperatur®.

We canseethisif we de ne T%suchthat

Z 1o
Q= G(T):dT: (15)
To
Thenwe canrewrite equationl3 as
Z+ Z 1o Zq
Q+P= G(T).dT = G(T).dT + G(T).dT (16)
To To TO
andthus 7
T
P = . G(T):dT: a7
T

Comparingwith equation7, we canseethata nite Q is justthe sameasQ = 0 and
T replacedwith T% Onceconsequencef this is thatwe canobtaina valuefor Q from
the bolometertemperaturet zerobiaswithout needinga full load curve. Note thatthis
conclusiondoesnot dependon G(T) having the power-law form assumedn the ideal
thermalmodel.

Within thethermalmodel,we canthenrewrite equationl5 as

G +
Q=—"127 T T (18)
andthus |
+1 Y
To= (L *1Q e R S (19)
o

12
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43 P

Thereis afurthermethodof obtainingthe opticalpower from aload curve, without using
thethermalmodel. This methodcanonly determinghedifferencebetweeropticalpower
for two load curves,but is neverthelesyery useful.

This methodrelies on the fact that the bolometertemperatureas a function of the
bolometemower alone. Soif we have two load curvestaken at the samestagetemper
ature,andwe pick a point on eachcurve at the sametemperaturéandthusresistance-
we don't even needto know the form of R(T)), thenthe total power (P + Q) mustbe
thesame.Sincewe know P = VI for eachloadcurve, we caneasilycalculatethe value
of Q. This methodwill give avalueof Q asafunctionof P. In principle,of course the
valueof Q shouldbe constant.In practisesmall systematicerrorswill preventthis from
beingthe case,andit is necessaryo usesomejudgemento choosea valuefor Q. An
exampleis shovn in Figure12. Agreementseemso be betterfor measurementsade
duringthe samecool-davn. Thegreatadvantageof this methodis thatit doesnotrequire
thethermalmodelto hold, or ary of thethermalmodelparameterso be known.

Notethatif we fail to have thetwo load curvesat the sametemperaturethe value of
Q shouldstill be constantput will beincorrect.If we know G, and , andhave accurate
valuesfor thetemperaturesye cancorrectthevalueof Q usingequationl8.

5 Applying thesemethods

This sectionbrie y discussesvhat measurementshouldbe made,andhow to interpret
them.Whenbuilding bolometerdor aninstrumentthereareoften (at least)two stages:
— characterisationyherethebolometeraremeasuredn somekind of testcryostat

1050long aselectric eld effectsandelectron-phononlecouplingarenegligible.
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— asecondstage sometimeseferredto ascalibration,wherethey aretestedn theinstru-
mentthey wereintendedfor.

This secondstageis likely to be carriedout using read-outsoptimisedfor doing obser

vationsratherthancharacterisatior for exampleit may be an AC readoutwhereaghe

characterisatiomay have beendoneusinga morestraightforvard DC readout.

5.1 Characterisation

At this stagethe gameis usuallyto make sufcient load curve measurement obtain
thethermalmodelparametersThis enablesisto know if the goalshave beenmet. These
normallyincludespeci edvaluesfor:

- G,, itself amodelparameter

— Optical ef ciency — this canbe determinedrom measurementwith differentoptical
loads.

— Detectornoise— a valuefor this canbe derved from the thermalmodelparameters,
thoughthisis notdiscussedhere.

— Speedf response-thisrequiresseparateneasuremen@sndwill notbediscussedhere
either

Sowe needa cryostatwhich canmake measurement® a nearnegligible optical back-

ground,at variousstagetemperaturesWe call theseblanked measurementsThe mini-

mumsetof blanked measurementequiredto obtainthethermalmodelparameterss:

— Loadcurvesat mary differenttemperatures orderto determineR(T). Sincewe only
needthe zerobiasvalue,thesedo not needto go over a large biasrange,thoughit is
usefulif they do.

— At leastoneloadcurve over alarge enoughbiasrangesothatwe canobtainG, and .

However, if we make all the load curvesover a large biasrange,this helpsensurethe

accurag of our measurementsy looking at the consisteng of results.If all is well, we

shouldobtainthe samevalueof G, for eachloadcurve,andplotsof G(T) shouldoverlap
asdiscusseearlier

To obtain optical ef ciency, we make measurementwith differentoptical powers,
andcalculateQ usingone(or ideally morethanone)of the methodsdescribedabove. If
we canthencalculatethe incidentpower on the bolometer(or, moreusually the optical

chain),we cancalculatethe optical ef ciency from thevalueof Q.

5.2 Calibration

In this stage,the bolometersare re-measuredn their instrument. Here the goalsare

slightly different,andmayinclude:

— Ensuringthatthereadoutsystemis well understood

— Ensuringthatthermalmodelparametersieterminecearliercanbe usedto predictthe
bolometemperformance

— Measuringthe opticalef ciency of thebolometersn theinstrument

To ensurdhatthereadousystems behaing asexpectedywe measurdéoadcurvesandsee

if they agreewith thosetaken during characterisationlf not, thereis a problem! Since

theremay well be doubt over the absoluteoptical power and even stagetemperature,

comparingG(T) = dP=dT is avery usefultechniquelt is alsousefulto beableto shov

14



Box 4 Sugestedfurtherreading

— Sudiwala,Grif n andWoodcraft[3] givesafar moredetaileddescriptiorof thethermal
modelthanis presentedhere.

— GrannanRichardsandHase[1] extendsthe modelto allow for electric eld effectsin
thethermistor

— Richards[4] andJoneg[5] both describevariousaspectf bolometeroperationand
modelling.

— Woodcraftet al. [6] demonstratethe applicationof the thermalmodelby usingit to
characterizea bolometerdesignedor 100mK operation.

that the thermalmodel parametersleterminedduring the characterisatiorstagecan be
usedto predictthebolometemperformancen theinstrumentsinceit is usuallyimpossible
to make therequiredmeasurement® re-characteristhe bolometersn aninstrument.

Opticalef ciency is measure@sbefore.This canbethemostimportantmeasurement
—evenif it turnsout thatdifferencesn the readoutsystemmeanthatthe load curvesdo
not look consistentvith thoseduring characterizatiorthe chancesrethat, althoughnot
ideal, this canbelivedwith. Ultimately, calibrationwill be doneagainstoptical sources,
not using the bolometermodel, althoughhaving the modelis very useful. But optical
ef ciency is veryimportantin demonstratinghataninstrumenwill have acceptablger
formance.

6 And nally ...

If all this madesenseandyouwantto learnmore,thenyou couldtry the paperdistedin
Box 4.
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