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Abstract — This paper explores the use of an ultra low power (ULP) CMOS technology at
cryogenic temperatures. ULP CMOS has demonstrated or der-of-magnitude savingsin pow-
er for complex circuitsand may bewell suited for applicationswhere electronic circuits must
operate at cryogenic temperatures. Simple ULP test structures were tested at temperatures
aslow as15K.

1 Introduction

Ultra low power (ULP) CMOS hasbeendemonstratedt supply voltagesof 0.5V for comple
circuitssuchasReed-Solomomncodersandat voltagesaslow as0.2 V for simplecircuits. This
technologyoffers potentialpower savings of up to a factorof 100 over corventional CMOS op-
eratingat 5V andhasshavn a power savings factorof over 35 for the samedevice operatingat
3.3V. ULP operationis a distinctadwvantagefor cryogenicapplicationdbecausehe needto elimi-
natewasteheatis alsogreatlyreduced However, CMOS circuits behae muchdifferently at very
low temperaturesnd can have lower reliability thancircuits operatingat corventionaltempera-
tures. In orderto gaina preliminaryunderstandingf the suitability of ULP CMOSto cryogenic
applicationswve testeda simpleULP circuitat 15K.

2 UltraLow Power CMOS

Thetotal power consumedn CMOSdigital systemshastwo majorcomponents

ProtaL = Poc +Pac

whereP, is the power consumedinderquiescentl.c.conditionsandP, is the powver consumed
by switchingtheinherentioad capacitancems the system.Thereis athird componentlueto short
circuit currentthroughswitchingtransistorsbut this canusuallybe neglectedin properlydesigned
circuits. Py is simply the productof the power supplyvoltageandthe transistorleakagecurrent.
Pac is equalto the supplyvoltagemultiplied by the averagecurrentneededo chageor dischage
the load capacitanceln this contet, the load capacitoris the sumof all internalwiring andgate
capacitancavithin theintegratedcircuit. Theaveragecurrentneededo chageacapacitoris equal
to theproductof the capacitancandthemagnitudeof thevoltagechangewhichis typically equal
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to thesupplyvoltage,multiplied by thefrequeng thatthe capacitoiis chagedor dischaged. With
thesesubstitutionghe power equationbecomes

ProraL = (Vauppry X lLeak) + Vauppiy X lcharcE)

2
(Vauppry X lLeak) + (V&ppry X CLoap X FeLock)

WhenF ook is smallthe d.c. componenbf powver consumptioris dominant. In this caseit
is desirableto minimizel, -, by manubcturingCMOS transistorswith a high thresholdvoltage.
Unfortunately relatively high supplyvoltagesarethenneededo maintainan acceptabldevel of
performanceWhenF., o~ islargethea.c.componenbf pawerconsumptiorbecomesiominant,
and the power consumptionof CMOS circuits rivals that of “power hungry” bipolar technolo-
gies. Effortsto reduceC, 5np Or F ook Canachieve significantreductionsn power, but reducing
Vg, ppLy IS @muchmorepowerful approactsincethistermis squaredn thea.c.powercomponent.

However, in orderto maintaina high level of performanceat reducedsupplyvoltage,Vyp, the
transistorthresholdvoltage,V;, mustbe correspondinglyeduced.Digital logic typically usesa
Vpp : V5 ratioof 3 to 5 for high performancevhile maintainingadequat@oisemaigins. For aVp
of 0.5V thiswould suggesthataV; of 0.1V to 0.17V is neededUnfortunately the variationin
V; dueto manufcturing,temperatureandotherervironmentaleffectsis relatively large at these
levels andwould make it very difficult to designcornventionalcircuits that canbe manufctured
with highyield andusedin a broadrangeof conditions.

One solutionto this problemis to abandonthe notion of the transistorthresholdas a fixed
parameterBy actively controlling thetransistorthresholdsve cancompensatéor the variability
describechbove andallow device operationat very low supplyvoltage. This is madepossibleby
first building transistorswith intrinsic, or native, thresholdghatarevery nearzero. The connec-
tionsto the transistorbodies,eitherthroughthe substrater implantedwells, arethenmaintained
separatdrom theV, andV supplylines. By bringing thesebody connectiongo two external
pins a bad bias voltagecanbe applied. The biasvoltagehasa polarity thatwill createa reverse
biasatthesource/bodyunction,andtheoperationathresholdvoltagecanbeincreasedy increas-
ing the magnitudeof the bias. Thus, the thresholdvoltagecanbe controlledin real time during
circuit operation.Typical I/V curvesfor suchatransistoratroomtemperatur@areshovn in Figure
1.

3 Considerationsfor Cryogenic Operation

As CMOS operatingtemperaturesire loweredto around100K thesecircuits will continueto
exhibit thetemperatureffectsthatareseennearroomtemperatureCarriermobility increasess
thetemperatures loweredandscatteringwithin the silicon lattice is reduced.Intrinsic transistor
thresholdsalso increasewith reducedtemperaturgl]. The variationsin thresholdvoltageand
mobility are opposingforces,with lowered mobility tendingto improve transistordrive while
increasedhresholdvoltageswill degradetransistordrive. CorventionalCMOS transistordave a
peaklineardraincurrentatabout100K [2].

At temperaturebelov 100K thebehaior of CMOSdevicesbecomesnoredifficult to predict.
The effect known asimpurity freezeout beginsto appearandlimit performancg2—4]. Impurity
freezeout occurswhenthe dopantatomsimplantedin the silicon do not ionize readily, which
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Figurel: ULP NMOS Transistonl 55 vs. Vg

dramaticallydecreaseshe conductvity of lightly dopedregions. The degradationin transistor
performancecanbe severeif lightly dopeddrains(LDD) areused.Thesestructuresaretypically
addedo reducehot carriereffects,which cangreatlydegradethereliability of modernsubmicron
devices.

Hot carriereffectsoccurduring the switchingof a transistoy whena channelis forming with
a high voltageat the drain. Very high fields exist betweenthe drain andthe end of the channel,
causingcarriersto be acceleratedo very high enegies. Thesecarrierscanbe injectedinto the
gateoxide wherethey causepermanenshiftsin the transistorthreshold. While mostreliability
phenomenare acceleratedby increasingiemperatureand of lessconcernat cryogenictempera-
tures,hotcarriereffectsareworseneditlow temperaturdecauseéhecarriershave greatemobility
andwill travel fartherbeforecolliding with thesilicon lattice [5]. Thus,conventionalCMOS de-
vicesmustsacrificeeitherreliability or performanceat cryogenictemperaturest-ortunately ULP
transistorglo not subjectthedrainto high voltagesandthereforedo notneedLDD structures.

Impurity freezeout canalsooccurwhenthetransistorgatepolysiliconis dopedwith the oppo-
site type of the desiredtransistoy asis commonin mary CMOS processefs]. For example,if a
PMOStransistorhasan n+ gatepolysiliconthenconductionwill actuallyoccursomevhatbelow
thesurfaceof thesilicon, in aburied channelthatis susceptible¢o carrierfreezeout. The ULP pro-
cessequireshatpolysilicongatesbe dopedlik e the underlyingtransistorin orderto achieve near
zerothresholdssothis desirabletrait for cryogenicapplicationds inherentin ULP technology

Finally, a transistors subthresholdslope becomessteeperat low temperatureand henceits
leakagecurrentin the off statedecreasesignificantly[1, 2,6]. This effect shouldallow circuit
operationwith lower thresholdvoltageswithout increasinghe d.c. componenbf the total power

[7].
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4 Preliminary Test Results

PreviouscryogenicULP testingexploredthe behaior of thesecircuitsatthetemperaturef liquid
nitrogen,77K [8]. Many spaceapplicationgequireoperationat substantialljowertemperatures,
sothe goal of this work wasto obtaindataon ULP testcircuitsat 15K. Conductingtestsat this
temperatures considerablymore difficult thantestingwith liquid nitrogen. For our preliminary
testingwe useda very simpleteststructure:aring oscillatorformedfrom 49 inverters,asshovn
in Figure2. Theinvertersin the oscillatorhave very smalltransistorswhich doesnot represent
a normaldesignstyle for an applicationcircuit. On the contrary the oscillatoris designedo be
very sensitve to small changesn circuit parameters.One of the ULP testchipsthat hasbeen
manufcturedcontainswo of theseoscillatorson eachdie.

o W% OUTPUT

49 INVERTERS

Figure2: Ring OscillatorTestCircuit

The device undertestwasmountedto the secondstageof a two stageGifford-McMahoncry-
ocoolerandcooledto approximatelyl5 K underavacuumlevel of lessthan 10~ torr. Tempera-
tureandvacuummeasurementsereacquiredusingsilicon diodesanda Bayard-Alpertionization
gaugerespectiely. An automated.abview baseddataacquisitionsystemwasutilized to capture
cryogenictemperatureeadings.

The datafrom testingboth of the oscillatorson onetestchip is shovn in Figures3 through
5. Figure 3 shawvs how the averageoscillationfrequeng of the two oscillatorschangedasthe
device temperaturavasgraduallylowered.Theremaybesignificantnoisein this data,but thereis
clearlyanindicationthatthe performancef the oscillatorsreaches peakin thevicinity of 150K.
However, we do not seethelargeincreasesn performancehatareoftenobsenedin corventional
CMOS.TheULP circuitstestechereweredesignedo have nearzerotransistothresholdvoltages
at roomtemperaturewhich likely resultsin a thresholdvoltagethatis muchlarger thandesired
whenthesecircuits are operatedat cryogenictemperaturesSincethe ULP circuits are operated
atonly 0.5V they tendto be moresensitve to thresholdvariations,andfor optimumperformance
at very low temperaturehe processshouldbe tunedto provide nearzerointrinsic thresholdsat
the desiredoperatingtemperature. Neverthelessthe existing ULP processprovides a level of
performancehatmaybeadequatéor mary applications.

One concernthat arosewas that impurity freezeout might make it difficult or impossibleto
control the transistorthresholdswith a backbias. The substrateandwells arelightly dopedand
may have a very low conductvity. The datain Figure4 shows that thesefearswere unfounded.
Thebehaior of theoscillatorsat 15K asafunctionof biasis very similarto theirbehaior atroom
temperature The measuregower consumptiorof the oscillatorsis shavn in Figure5. The data
pointsatzerobiasareconsistentvith theexpectatiorthatleakagecurrentwhichis very significant
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Figure3: Ring OscillatorFrequeng vs. Temperature

atlow biasvoltage,hasbeenreducedecaus®f theincreasedubthresholaglope.Unfortunately
ring oscillatorsdo not allow the staticleakagecurrentto be measuredirectly. The measurements
at higher biasessuggesthat the ULP circuits consumemore power at cryogenictemperatures,
which is counterintuitve. Note however that thesedifferencesare tensof nanavatts,and more
comple circuitsmay be neededo make meaningfulandreliablepower comparisons.

5 Conclusion

Ultra low power CMOS appeardo functionwell at cryogenictemperatureaslow as15K. There
is little performancedegradationwith respectto room temperatureoperationand the back bias
voltageis aneffective meandor controllingtransistorthresholds Additional testingis indicated,
usingavariety of testcircuitsaswell ascomplex functionaldesignsIndividual transistorshould
be characterize@t thesetemperatureto measureghe variationin thresholdvoltage,mobility, and
channeresistance.
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