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ABSTRACT

We evaluate an oscillator-amplifier MMIC submitted to high-temperature operating life time tests. To relate adequately
these results with individual components’ results, it is important to realise that failure mechanisms in non-linear MMICs
are governed by the maximally instantaneous voltages/currents and hence that comparisons should be conducted at equal
instantaneous conditions.

INTRODUCTION

The microwave and millimetre wave market for circuits and systems based on GaAs pHEMTSs is steadily growing. An
important aspect for MMICs to be inserted in commercial applications is reliability. To evaluate the reliability of the GaAs
pHEMT MMIC technology, we have designed and fabricated a combined oscillator-amplifier MMIC and submitted this
circuit to high temperature operating life time tests. These stress test results will be related to the reliability of the circuit's
individual components.

DESIGN AND RELIABILITY OF THE OSCILLATOR-AMPLIFIER MMIC

Circuit design

The test vehicle used to evaluate the reliability of the GaAs pHEMT MMIC technology is a 5 GHz microstrip combined
oscillator-amplifier. We choose the topology of an oscillator followed by a buffer amplifier, because in this way the
amplifier is RF stressed by the oscillator as soon as DC bias is applied. Hence, RF stress test conditions are obtained,
whereas only a DC bias has to be applied to the MMIC located in the furnace during the life time tests. The oscillation
frequency (5 GHz) is relatively low considering that GaAs pHEMTSs are the active devices. The reason is that we also
want to study the possible degradation of the typical lumped passive components in an MMIC technology.

In general, an oscillator consists of a negative resistance and a resonator. The negative resistance is principally obtained by
destabilising the pHEMT at the desired oscillation frequency. As resonator, we choose an on-chip lumped element based
configuration, despite its low Q compared to off-chip resonators, because it is the purpose to evaluate the reliability of the
pHEMT MMIC technology and not that of possible external components. The actual oscillation frequency is determined
by the parallel resonant circuit formed by the input capacitadge+C,4) of the HEMT in the oscillator subcircuit and a

spiral inductor. We added a MIM capacitor in parallel to the transistor’s gate to minimise the sensitivity of the oscillation
frequency to processing variations. The widths of the HEMTs in the oscillator and amplifier subcircuits aress@

100pm, respectively. Because a robust design was required for the envisaged reliability tests, parallel feedback is used in
the amplifier topology to ensure broadband stabilisation. The non-linear GaAs pHEMT model used in both the oscillator
and amplifier designs is an in-house developed look-up table model (1). A picture of the oscillator-amplifier MMIC is
shown in Figure 1. The design is compact (1.5 mm x 1.2 mm), because the bias networks act simultaneously as matching
circuits. The output power is 3 dBm, while the higher order harmonics are suppressed with more than 30 dB.

Reliability test preparation

The fabricated oscillator-amplifier MMICs have to be properly prepared for the reliability tests. The MMIC needs to be
packaged to prevent any contamination with air. The package has to be put on an MIC carrier to facilitate DC biasing
during the stress test and to enable RF measurements at regular time points. It is also necessary to have a test-fixture that
is compatible with the MIC carrier to perform calibrated RF measurements.

After finishing the processing, the wafers are tested for DC and RF functionality. Consequently, the wafers are diced and
the individual chips are mounted into a ceramic Kyocera package by using a conductive glue (prefaisBmuo). To

avoid low frequency oscillations, chip capacitors are put in the package as close as possible to the DC bonding pads. The
wire bond connecting the oscillator RF output to the feed-line of the package has to be as short as possible to minimise its
inductive effect on the MMIC performance. The package is mounted on an alumina carrier by conductive glue. Supple-
mentary bias networks are added off-chip to enhance the circuit’s stability in the kHz and MHz frequency bands. After
verifying the DC functionality, the package is hermetically sealed. Figure 2 shows the picture of a package containing
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two oscillatorchipsandcorrespondingdpiascircuitry, thatis mountedon the aluminasubstrate All the additionalSMD
andchip componentsnustbewell suitedto thethermalervironment.Thereforewe testedhe SMD capacitorseparately
in the furnaceat the consideredemperaturesNo degradationwas noticedafter 1000 hours. The aluminasubstrates
realisedin coplanarwaveguide technology which preventsthe processingf via holes. Furthermore a betterground
connectiorbetweerthe packageandthe MIC carrieris guaranteedueto theabsencef theinductive contrikbution of the
via holes.Finally, in orderto performRF measurementshe MIC carriercanbe mountedn atest-fixture thatprovidesa
transitionbetweerthe coplanamwaveguidealuminaMIC anda coaxialSMA connector

High temperature operating life time test

ThemountedMMICs aresubmittedo ahightemperatureperatindife timetest. Thefurnacetemperaturés 7, ,,,,= 175°C
andthe numberof circuits for this testis 9. At regulartime points,the DC characteristic®f the HEMTs of both sub-
circuits aremeasured Also the outputpower andthe oscillationfrequeng are monitored. The mostdominantchange
during the testis a decreasedhresholdvoltage V. The orderof the V decreasewhich is about-80 mV, is the same
for boththe oscillatorHEMT (Figure3) andtheamplifierHEMT. Thedrain-sourceurrentl;; andthetransconductance
gm in thelinearregion decreasslightly (= 7 %), which canbe attributedmainly to the Vi decreaseThe Vi decreasés
accompaniedby a decreasén theinput capacitancewhich resultsin anincreasen the oscillationfrequeng, asis shovn
in Figure4. The variationon this shift, which is betweerd MHz and 70 MHz, is ratherlarge. One cancomparethis
to the variationof the oscillationfrequeny whenthe gate-sourceoltageV,, of the oscillatorHEMT is variedat room
temperaturdy the sameamountwhich correspond$o 10 MHz. Thedifferencebetweertheseshiftscanbe explainedby
thefactthatduringthereliability testalsothe g,,, andtheinput capacitancef theamplifierHEMT changeandhencethe
load presentedo the outputof the oscillatoris modified. We will try to explain the physicalcauseof the V- decreasén
the next Section,by correlatingthesecircuit reliability resultsunderhigh temperaturdRF operatingconditionswith the
reliability resultsof the constitutingcomponentandespeciallthe GaAspHEMTS.

RELIABILITY OF THE INDIVIDUAL COMPONENTS

In orderto clarify the changesf the oscillator performanceas function of stresstime, it is necessaryo examinethe
reliability of its constitutingelements First, we shortly focuson the passve componentsheforewe examinethreetests
performedon the active devices. Thefirst testdoneon the GaAspHEMTsis a high temperatureperatinglife time test,
wherea DC biashasbeenappliedto thedevicesin thefurnace.The secondestis a high temperaturestorageest,where
no DC biasis applied.Thethird testinvolvesanoperatindife time testatroomtemperature.

Reliability of passive components

The passie componentgpresentin the investigatedMMIC are microstriplines, air bridges,spiral inductors,an active
layerresistor MIM capacitorsaandvia-holes.We did not explicitly performreliability testson thesepassie components,
but estimatedheir possibledegradationbasedon the well coveredanalysesvailablein literature(2,3). In this way; it is
determinedhatdielectricbreakdaovn in the MIM capacitorss very unlikely to happenbecausell voltagelevelsin the
investigatedMIMIC arerelatively low. Also, we do not expectthat electromigratiorwill happenin the microstriplines,
spiralinductorsandairbridges,becauseghe nominal currentdensityis lessthan40 % of the critical currentdensityfor
electromigration Electromigrationwill alsonot be presenin the active layerresistor becauseo DC currentis flowing
throughthe resistor However, the resistancevalue may shift dueto ohmic contactdegradation.A resistanceshift in the
via holesmay be noticeddueto differentialthermalexpansion.This will resultin areducedDC current.

High temperature operating life time test on GaAs pHEMTs

Thehigh temperatureperatinglife time testhasbeenperformedon passiatedGaAspHEMTSs. After waferdicing, the
singledevicesare packagedandhermeticallysealedn TO18 packages.The furnacehasa dry nitrogenatmospheréo
avoid lead oxidation and/orcontamination. Sincethe long DC wires by which the DC biasis appliedcan causelow-
frequeng oscillations,an SMD capacitoris put betweerthe gateandthe sourceleads. Thefurnacetemperaturd’, ., is
175°C andthedevicesarebiasedor normalamplifieroperation.TheDC V,;, is keptfixedon0V andtheDC drain-source
voltageVy, is adjustedto obtaina DC I, equalto 200 mA/mm. During the tests,the gate-sourceurrentl,, and I,
changesremonitoredin situandDC measurementat roomtemperaturareperformedatintermediatdime points.
Figure5 shaws the changeof Vr in thelinearregion. During thefirst days,we noticea slight negative Vi shift, which
is probablyrelatedto thermalenhancedelectrontrapping(4). After about100 hours,anotherfailure mechanismbe-
comesapparensincethe Vr becomeamore positive. It is gatesinking, which is relatedto the Schottly gatecontact
degradation(5,6). The gatecontactof the studiedtechnologyconsistsof Ti(50 nm)/Pt(50nm)/Au(350nm). The gate
sinking effect could be minimisedby usingMo or WSi asthe barriermaterial(7), but it hasto be notedthatthe shovn
testswereperformedon a standardsaAspHEMT technologywhereno specialtechnologymodificationswereyet done
with regardto reliability improvement. At T,,,, = 175°C, the positive shift of V- is about45 mV. This becomes
110 mV in caseof a similar testperformedat 7,,,, = 220°C. The I;, decreaseby about2.4 mA/mm, which can



be causedby anincreaseof the channelresistanceand/orthe ohmic sourceanddrain resistancesThe increaseof the
openchannelesistancés expectedwhengatesinking occurs(2). The secondpossiblereasorfor the I;; decreaseould
be ohmic contactdegradation. However, it hasbeenreported(2) that degradationof the usedtype of ohmic contacts
(AuGe(120nm)/Ni(15nm)/Au(60nm)) only becomesiominantat atemperaturdigherthan200°C.

As anintermediateconclusionwe canstatethatthereis no direct correlationbetweenthe dominantfailure mechanism
of the oscillatoramplifierMMIC andthe casewheresingleHEMTs areDC stressedt conditionsof amplifier operation,
becausehe signof the V- shiftis opposite.

High temperature storage test on GaAspHEMTs

Thehigh temperaturetoragetesthasbeenperformedat a furnacetemperaturef 7,,,;, = 220°C on 11 packagedsaAs
pHEMTS. Figure6 shaws the behaiour of V- asfunction of stresstime. The Vr decreaseabout110mV. A negative
shift of Vr canbeexplainedby positive chageunderthegate. This positive chaigecanbecreatedy thethermalactivated
procesdo trap electrons.Similar negative V- shiftsin GaAspHEMTs at high temperaturestoragetestconditionshave

beenreported(4). This physicalphenomenoiis normally accompaniedby anincreasan I;,, whereasve measureda
decreasef I;; asfunctionof time. This decreasef I;, canbe explainedby a secondailure mechanisnthatis active at
thesestressconditions which is ohmic contactdegradation.

We noticehereasimilar behaiour asin the caseof the oscillatoramplifierMMIC, namelya negative Vi shift. However,

it is our opinionthatthis thermalactivatedprocesds not the dominantfailure mechanisnin the MMIC case.A reason
is thatwe estimatedrom separateeststhatthe channetemperaturef the devicesduringthe oscillatorstresgestsis not
muchhigherthantheambienttemperature.

Operating life time test at room temperature on GaAs pHEMTs

The previously describedeliability testswereall thermaltests.In this paragraphelectricalstressestsat roomtemper

aturewill bediscussedIn a previousstudy(8), the effect of hot electronstresswasstudiedon the sameGaAspHEMT

technology The changen device performancevasevaluatedoy DC andRF characterisinghe sampleseforeandafter
60min. stressatV,,= 0V andV;,=5.5V. Thistestintroducedanegative Vr shift by about60to 70 mV. This decreasés

causedy a build-up of positive chageunderneatthe gate. The positive chageaccumulatioris likely dueto deeptraps
capturingholesgeneratedby impactionisationandflowing towardsthe gate.

Our opinionis thatthe physicalcauseof the V- decreaseuringthe oscillatorstresgestis mostprobablydueto impact
ionisation. The measureautputpower of the MMIC is about3 dBm. Sincethe MMIC outputwasleft open(unloaded)
while the circuit waslocatedin the furnace,the maximal AC drain voltageis doubledcomparedo the 50 Q2 case,and
hencempactionisationconditionsaretemporarilyreacheduringthe RF cycle.

CONCLUSIONS

We have investigatedhe resultsof a high temperatur@peratinglife time teston a non-linearMMIC, beinga combined
oscillatoramplifier. To clarify the obsenations we examinedthereliability of the constitutingcomponentandespecially
the GaAspHEMTSs. By conductingandanalysingseveral stressestson theseactive elementswe shavedthatthe most
dominantfailure mechanisnhappeningn the studiedMMIC is impactionisation.

Theseexperimentsarea goodillustration of the conclusionthatthe failure mechanism®ccuringin a non-linearMMIC
are governedby the maximally instantaneousoltages/currentand hencethat comparisonsvith otherreliability tests
shouldbe conductedat equalinstantaneousonditions.
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Figure 1: SEMpicture of theosc-ampMMIC (1.5mm
x 1.2 mm),takenafter c-gatemetallisation.
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Figure 3: Vr measuedat V;,= 20 mVversusstresstime
of the GaAspHEMT in theosc.subcircuit.
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Figure5: Vr measued at V;,= 20 mV versustime of
100um GaAsSpHEMTS(T ,np = 175°C).
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Figure 2: Overviav picture of the MIC containing2 pack-

agedoscillators and DC bias networks.

55 _I-I'I'I'I'I'I'Il T llll'l'l'll T llll'l'l'll T T
[GHZ] fOSC

5.4} .

time[h]

Figure 4: Oscillationfrequencyyf,,. versusstresstime of
the GaAspHEMT basedMMIC oscillator.
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Figure 6: Vr measued at V;,= 20 mV versustime of
100 um GaAsSpHEMTS(T = 220°C).
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