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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 order-of-magnitude savings in pow-
er for complex circuits and may be well suited for applications where electronic circuits must
operate at cryogenic temperatures. Simple ULP test structures were tested at temperatures
as low as 15K.

1 Introduction

Ultra low power (ULP) CMOS hasbeendemonstratedat supplyvoltagesof 0 � 5 V for complex
circuitssuchasReed-Solomonencodersandat voltagesaslow as0 � 2 V for simplecircuits. This
technologyoffers potentialpower savings of up to a factorof 100 over conventionalCMOS op-
eratingat 5 V andhasshown a power savings factorof over 35 for thesamedevice operatingat
3 � 3 V. ULP operationis adistinctadvantagefor cryogenicapplicationsbecausetheneedto elimi-
natewasteheatis alsogreatlyreduced.However, CMOScircuitsbehave muchdifferentlyat very
low temperaturesandcanhave lower reliability thancircuits operatingat conventionaltempera-
tures. In orderto gaina preliminaryunderstandingof thesuitability of ULP CMOSto cryogenic
applicationswe testedasimpleULP circuit at 15K.

2 Ultra Low Power CMOS

Thetotal powerconsumedin CMOSdigital systemshastwo majorcomponents

PTOTAL
� PDC

�
PAC

wherePDC is thepowerconsumedunderquiescentd.c.conditionsandPAC is thepowerconsumed
by switchingtheinherentloadcapacitancesin thesystem.Thereis a third componentdueto short
circuit currentthroughswitchingtransistors,but thiscanusuallybeneglectedin properlydesigned
circuits. PDC is simply theproductof thepower supplyvoltageandthetransistorleakagecurrent.
PAC is equalto thesupplyvoltagemultiplied by theaveragecurrentneededto chargeor discharge
the loadcapacitance.In this context, the loadcapacitoris thesumof all internalwiring andgate
capacitancewithin theintegratedcircuit. Theaveragecurrentneededto chargeacapacitoris equal
to theproductof thecapacitanceandthemagnitudeof thevoltagechange,which is typically equal
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to thesupplyvoltage,multipliedby thefrequency thatthecapacitoris chargedor discharged.With
thesesubstitutionsthepowerequationbecomes

PTOTAL
��� VSUPPLY � ILEAK � � � VSUPPLY � ICHARGE���� VSUPPLY � ILEAK � � � V2

SUPPLY � CLOAD � FCLOCK �
WhenFCLOCK is small thed.c. componentof power consumptionis dominant.In this caseit

is desirableto minimize ILEAK by manufacturingCMOStransistorswith a high thresholdvoltage.
Unfortunately, relatively high supplyvoltagesarethenneededto maintainanacceptablelevel of
performance.WhenFCLOCK is largethea.c.componentof powerconsumptionbecomesdominant,
and the power consumptionof CMOS circuits rivals that of “power hungry” bipolar technolo-
gies.Efforts to reduceCLOAD or FCLOCK canachieve significantreductionsin power, but reducing
VSUPPLY is amuchmorepowerful approachsincethis termis squaredin thea.c.powercomponent.

However, in orderto maintaina high level of performanceat reducedsupplyvoltage,VDD, the
transistorthresholdvoltage,VT , mustbe correspondinglyreduced.Digital logic typically usesa
VDD : VT ratioof 3 to 5 for highperformancewhile maintainingadequatenoisemargins.For aVDD
of 0 � 5 V this would suggestthataVT of 0 � 1 V to 0 � 17V is needed.Unfortunately, thevariationin
VT dueto manufacturing,temperature,andotherenvironmentaleffectsis relatively largeat these
levels andwould make it very difficult to designconventionalcircuits that canbe manufactured
with highyield andusedin abroadrangeof conditions.

One solution to this problemis to abandonthe notion of the transistorthresholdas a fixed
parameter. By actively controllingthetransistorthresholdswe cancompensatefor thevariability
describedabove andallow device operationat very low supplyvoltage.This is madepossibleby
first building transistorswith intrinsic, or native, thresholdsthatarevery nearzero. Theconnec-
tionsto thetransistorbodies,eitherthroughthesubstrateor implantedwells, arethenmaintained
separatefrom theVDD andVSS supplylines. By bringing thesebodyconnectionsto two external
pinsa back biasvoltagecanbeapplied.Thebiasvoltagehasa polarity thatwill createa reverse
biasat thesource/bodyjunction,andtheoperationalthresholdvoltagecanbeincreasedby increas-
ing the magnitudeof the bias. Thus,the thresholdvoltagecanbe controlledin real time during
circuit operation.Typical I/V curvesfor sucha transistorat roomtemperatureareshown in Figure
1.

3 Considerations for Cryogenic Operation

As CMOS operatingtemperaturesare loweredto around100K thesecircuits will continueto
exhibit thetemperatureeffectsthatareseennearroomtemperature.Carriermobility increasesas
the temperatureis loweredandscatteringwithin thesilicon lattice is reduced.Intrinsic transistor
thresholdsalso increasewith reducedtemperature[1]. The variationsin thresholdvoltageand
mobility are opposingforces,with loweredmobility tendingto improve transistordrive while
increasedthresholdvoltageswill degradetransistordrive. ConventionalCMOStransistorshave a
peaklineardraincurrentat about100K [2].

At temperaturesbelow 100K thebehavior of CMOSdevicesbecomesmoredifficult to predict.
Theeffect known as impurity freezeout begins to appearandlimit performance[2–4]. Impurity
freezeout occurswhen the dopantatomsimplantedin the silicon do not ionize readily, which
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Figure1: ULP NMOSTransistorIDS vs.VGS

dramaticallydecreasesthe conductivity of lightly dopedregions. The degradationin transistor
performancecanbesevereif lightly dopeddrains(LDD) areused.Thesestructuresaretypically
addedto reducehot carriereffects,which cangreatlydegradethereliability of modernsubmicron
devices.

Hot carriereffectsoccurduring theswitchingof a transistor, whena channelis forming with
a high voltageat the drain. Very high fields exist betweenthe drain andthe endof the channel,
causingcarriersto be acceleratedto very high energies. Thesecarrierscanbe injectedinto the
gateoxide wherethey causepermanentshifts in the transistorthreshold.While mostreliability
phenomenaareacceleratedby increasingtemperatureandof lessconcernat cryogenictempera-
tures,hotcarriereffectsareworsenedat low temperaturebecausethecarriershavegreatermobility
andwill travel fartherbeforecolliding with thesilicon lattice [5]. Thus,conventionalCMOSde-
vicesmustsacrificeeitherreliability or performanceat cryogenictemperatures.Fortunately, ULP
transistorsdo notsubjectthedrainto highvoltagesandthereforedo notneedLDD structures.

Impurity freezeoutcanalsooccurwhenthetransistorgatepolysiliconis dopedwith theoppo-
site typeof thedesiredtransistor, asis commonin many CMOSprocesses[6]. For example,if a
PMOStransistorhasann+ gatepolysilicon thenconductionwill actuallyoccursomewhatbelow
thesurfaceof thesilicon, in aburiedchannelthatis susceptibleto carrierfreezeout. TheULP pro-
cessrequiresthatpolysilicongatesbedopedlike theunderlyingtransistorin orderto achievenear
zerothresholds,sothis desirabletrait for cryogenicapplicationsis inherentin ULP technology.

Finally, a transistor’s subthresholdslopebecomessteeperat low temperatureand henceits
leakagecurrentin the off statedecreasessignificantly [1, 2,6]. This effect shouldallow circuit
operationwith lower thresholdvoltageswithout increasingthed.c.componentof thetotal power
[7].



3.4.4

4 Preliminary Test Results

PreviouscryogenicULP testingexploredthebehavior of thesecircuitsat thetemperatureof liquid
nitrogen,77K [8]. Many spaceapplicationsrequireoperationatsubstantiallylower temperatures,
so thegoalof this work wasto obtaindataon ULP testcircuitsat 15K. Conductingtestsat this
temperatureis considerablymoredifficult thantestingwith liquid nitrogen. For our preliminary
testingwe useda very simpleteststructure:a ring oscillatorformedfrom 49 inverters,asshown
in Figure2. The invertersin the oscillatorhave very small transistors,which doesnot represent
a normaldesignstyle for an applicationcircuit. On the contrary, theoscillatoris designedto be
very sensitive to small changesin circuit parameters.Oneof the ULP test chips that hasbeen
manufacturedcontainstwo of theseoscillatorsoneachdie.

OUTPUT

49 INVERTERS

Figure2: Ring OscillatorTestCircuit

Thedevice undertestwasmountedto thesecondstageof a two stageGifford-McMahoncry-
ocoolerandcooledto approximately15K undera vacuumlevel of lessthan 10� 6 torr. Tempera-
tureandvacuummeasurementswereacquiredusingsilicondiodesandaBayard-Alpertionization
gauge,respectively. An automatedLabview baseddataacquisitionsystemwasutilized to capture
cryogenictemperaturereadings.

The datafrom testingboth of the oscillatorson onetestchip is shown in Figures3 through
5. Figure3 shows how the averageoscillation frequency of the two oscillatorschangedas the
device temperaturewasgraduallylowered.Theremaybesignificantnoisein thisdata,but thereis
clearlyanindicationthattheperformanceof theoscillatorsreachesapeakin thevicinity of 150K.
However, wedonotseethelargeincreasesin performancethatareoftenobservedin conventional
CMOS.TheULP circuitstestedhereweredesignedto havenear-zerotransistorthresholdvoltages
at room temperature,which likely resultsin a thresholdvoltagethat is muchlarger thandesired
whenthesecircuits areoperatedat cryogenictemperatures.Sincethe ULP circuits areoperated
at only 0 � 5 V they tendto bemoresensitive to thresholdvariations,andfor optimumperformance
at very low temperaturethe processshouldbe tunedto provide near-zero intrinsic thresholdsat
the desiredoperatingtemperature.Nevertheless,the existing ULP processprovides a level of
performancethatmaybeadequatefor many applications.

Oneconcernthat arosewasthat impurity freezeout might make it difficult or impossibleto
control the transistorthresholdswith a backbias. The substrateandwells arelightly dopedand
may have a very low conductivity. The datain Figure4 shows that thesefearswereunfounded.
Thebehavior of theoscillatorsat15K asafunctionof biasis verysimilar to theirbehavior at room
temperature.Themeasuredpower consumptionof theoscillatorsis shown in Figure5. Thedata
pointsatzerobiasareconsistentwith theexpectationthatleakagecurrent,whichis verysignificant
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Figure3: Ring OscillatorFrequency vs. Temperature

at low biasvoltage,hasbeenreducedbecauseof theincreasedsubthresholdslope.Unfortunately,
ring oscillatorsdo not allow thestaticleakagecurrentto bemeasureddirectly. Themeasurements
at higher biasessuggestthat the ULP circuits consumemore power at cryogenictemperatures,
which is counterintuitive. Note however that thesedifferencesare tensof nanowatts,andmore
complex circuitsmaybeneededto makemeaningfulandreliablepowercomparisons.

5 Conclusion

Ultra low powerCMOSappearsto functionwell at cryogenictemperaturesaslow as15K. There
is little performancedegradationwith respectto room temperatureoperationand the backbias
voltageis aneffective meansfor controllingtransistorthresholds.Additional testingis indicated,
usinga varietyof testcircuitsaswell ascomplex functionaldesigns.Individual transistorsshould
becharacterizedat thesetemperaturesto measurethevariationin thresholdvoltage,mobility, and
channelresistance.
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