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Quasi-planarGaAsheterojunctionbipolar transistordevice entirely
grownby chemicalbeamepitaxy
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Quasi-planarGaAs/GaInPheterojunction bipolar transistor (HBT) structures, fabricatedwith selective regrowth of an
improvedcollectorcontact,arereported.Such devicespresenta planarsurfacetopologywhich shouldallow largescaleintegration.
The initial growthof the new HBT structureand the selectiveregrowthof the collectorcontactareperformed by chemicalbeam
epitaxy(CBE). In thecaseof thehigh C basedoping level, thehigh temperatureregrowthprocessinducessomedegradationof the
HBT currentgainwhich is analysedin termsof a decreasein minority carrierlifetime. Despitethis effect, promising microwave
performancesare obtainedwith a cut-off frequencyand maximum oscillation frequencyof 30 and25 GHz, respectively.

1. Introduction the collectorlayer, which is optimized according
to device specifications,such as base—collector

Chemical beam epitaxy (CBE) is now recog- capacitanceand breakdownvoltage.This results
nized as a powerful growth technique for the in a non-planardevicestructurewhich is a limita-
realizationof GaAsbasedheterojunctionbipolar tion for the formationof reliable metal intercon-
transistor (HBT) devices, mainly becauseof its nectionsandalso for largescaleintegration.
capability to produce extremely high and stable In the presentstudy, we have investigateda
p-type C-doping concentrationsin GaAs, using new HBT epitaxialprocessentirely basedon CBE
trimethylgallium (TMG) precursor[1]. In addi- of GaAsandrelatedmaterials,in order to obtain
tion, CBE is also the optimum growth technique quasi-planarHBTs. The final surfacestepheight
for achievingselectiveareagrowth,which enables is reducedto less than 0.3 ~xm by a selective
a three-dimensionalcontrol of epitaxial layers. regrowth of the collector contacton the subcol-
Theseadditional capabilitiesexpandthe flexibil- lector layer, the baseand emitter surfacesbeing
ity of device and circuit design,and are of great coveredby a dielectric mask.A direct advantage
interest for the simplification of the post-growth of this technological approachis the improve-
processingof epitaxialdevice structuresand also ment of the collector contact, since a GaInAs
the monolithic integration of Ill—V (opto)elec- contact layer can now be grown on top of the
tronic componentsusing selective growth pro- regrown subcollector.Such a contact providesa
cesses. low Schottkybarrier, which is found to be effec-

In the conventionalHBT technology,thewafer tive in obtaining very low resistivity ohmic con-
surfaceis etchedback every time a new layer is tacts without alloying, in a way similar to that
accessed in the transistor structure. Conse- which has alreadybeenrealizedfor the emitter
quently, device contactsare presentat different contact [21.A similar solution has alreadybeen
depthsfrom the surfacedown to typically 1 ~.tm. reportedfor the improvementof thebasecontact
The maximum step required for the collector by a selectiveCBE regrowthof a heavily C-doped
contactis mainly determinedby the thicknessof extrinsic baselayer [3]. Thus, in the future, the
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collector, baseand emitter regionscould be con
tactedat the surfaceof the devicewith the same
contact material such as a refractory tungsten (b)
metal which allows patterning by reactive ion
etching(RIE). This leadsto a simplification and
to a higher reliability of the contactingof the
resulting integratedcircuits.

The CBE selectivegrowth conditions for this
application have been studiedrecently [4]. The
presentpaperis focusedon the HBT currentgain
degradationobservedafterthe thermaltreatment

Can + Sidewall c t
requiredfor the selectiveregrowth.This thermal . / Oil dC

emitter collector
degradationis analysedin terms of the minority \ E / /B\ i c / regrowncarrier lifetime in the C-dopedGaAsbaselayer, ___________ ~ /.~ ,/
measuredby photoluminescencedecay,and has base ~j /

been investigatedversusC-doping level growth * . CollectorB—H implantation I B—W implantation
conditionsandannealingtemperaturein order to
reducesuchdegradation. Subcollector

We also reportthe successfulvalidation of this ____________ ______

SI substrate
technological approachby the measurementof
promising microwave performancesof a quasi- Fig. i. Cross-sectionalview (a) and SEM surfacemicrograph

(b) of the final quasi-planarHBT after the collectorcontact
planarC-base-dopedHBT device producedwith regrowthprocess.The markerrefers to 5 ~m scale.

a selectivelyregrowncollectorcontact.

tional group V hydrides and group III organo-
2. Growth procedure for the quasi-planar HBT metallic sources.The n- and p-type dopantsare
process provided from solid silicon and trimethylgallium

sources,respectively.A low growth temperature
The starting HBT epitaxial structure, de- of 500°Cis used for the whole structure.The

scribed in table 1, is grown by CBE on a (100) HBT hasa specificemitterbilayerstructuremade
semi-insulating GaAs substrate using conven- of two high-bandgapsemiconductors:a 30 nm

thick Ga052In048P layer is insertedbetweenthe
C-dopedbaselayerand the Ga07A103As emitter

Table I layer. Amongmany advantages[5] of this emitter
HBT initial structure .

_______________________________________________ bilayer structure, the etching selectivity, when
CapE’ n~-Ga03~Si: iO’~cm

3 50 nm usingeitherchemicalor plasmaetching,between
1n

065As GaInP andGaAsoffers the possibility to contact
n~-Ga1 Si: 1019 cm

3 50 nm
In As the base layer very easily. This overcomesthe

ntGaAs Si: 2x 1018 cm3 50 nm main difficulty of the-currentHBT technology,
andvery good ohmic basecontactsare obtained,

Emitter E n-GaAIAs Si:4 x io’~cm3 170 nm
n-GaInP Si:4X iO~cm3 30 nm evenon verythin baselayers.

The structureof theselectivelyregrowncollec-
B . 19 —3 .

ase p - a s . ,X cm nm tor contactis similar to that of the emitter con-
Collector C n-GaAs Si: 2X10’6 cm3 490nm tact andconsistsof 1 ~xmthick n~-GaAs(5 x

10i8

± . ~ 3 cm
3) followed by 100 nm n~tGa In As (1 xSubcollectorC n -GaAs Si: 2.5>< 10 cm 510 nm — i X X

10i9 cm 3) with a gradedIn compositionof up to
GaAs 0.65. Fig. I showsa schematiccrosssectionanda

SI substrate scanningelectronmicroscope(SEM) view of the
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quasi-planarHBT. The regrowthregionsarepre- steps, the wafer is mounted indium-free and
viously definedby openingwindows in a 1000 A heatedradiativelythrough a boronnitride diffus-
thick Si3N4 mask depositedon the whole wafer ing plate.The growth temperatureis monitored
by plasma enhancedchemicalvapourdeposition by an optical pyrometerworking at a wavelength
(PECVD). Then a vertical SiCI4 reactive ion of 0.94 ~m.
etching of the HBT structurethrough the mask
windows is achievedfrom the emitter cap down
to the subcollectorlayer. Si3N4 vertical spacers, 3. Staticquasi-planar HBT characterization
depositedby PECVD and etchedby reactiveion
etching (RIE), ensure the lateral isolation be- Transmissionline measurements(TLMs) were
tweenthe regrowncollectorcontactandthe other usedto extract the electrical parametersof the
HBT activelayers.A specific surfacepreparation, collectorcontactregrowth.A resistivity contactas
consistingof a 100 A deepchemical etchingfol- low as 10—6 11 cm

2 has beenobtainedfor a 1 fi
lowed by UV assistedozonetreatment,anda few contactresistance.
minutes of silicon predepositionprior to the re- Static performanceshave been obtained on
growth, are applied in order to minimize the HBTs with a 2 X 15 ~m2 emitter—basejunction
residualcarbonsurfacecontaminationandto en- area and a 6 x 15 j.tm2 collector—basejunction
sure the nttype continuity at the regrowthinter- area.A common emitter currentgain (f3) of 2.5
face[4]. for a base sheet resistanceof 140 fl/U was

The CBE selective regrowth of GaAs and measured,with a breakdownvoltage of the col-
GaInAs is performedat substratetemperatures lector—basejunction BVCEO above 15 V. This /3
of 650 and 550°C,respectively.A high 2.5 gm/h value is low, as compared to the value of 23
GaAs growth rate is used in order to minimize measuredon a similar HBT structureprocessed
the time of the thermaltreatmentcorresponding with a low temperatureconventionaldouble-mesa
to the regrowth.With such growth conditions,a technology,although the basesheetresistanceis
perfect growth selectivity is obtainedwith abso- constantwithin 10%.
lutely no depositionon the dielectric mask,and This degradationof current gain after the
the layer exhibits a high thicknessuniformity. A thermaltreatmentrequiredfor the regrowthpro-
slight growth rate enhancement(only a few per- cesscannotbe attributedto a basedopantdiffu-
cent of the selectiveregrowth thickness)is ob- sion towardsthe emitter layer, as shown by sec-
servedonly in the vicinity of mask edges,due to ondaryion massspectrometry(SIMS). More pre-
the migration of speciesfrom the slow growing cisely, the same low value of 1.21 V for the
(111) sidewall planes.Furthermore,we haveob- emitter—basethreshold voltage is measuredfor
tamedrecently,afteroptimizationof the selective both the low temperature conventional HBT
GaAs growth conditions,vertical sidewalls with- technologyand the high temperaturetechnology
out lateral overgrowth [10]. Thesetwo features, with the regrowthprocess.This thresholdvoltage,
which are specific to the CBE technique, are definedas the emitter—basevoltage required to
required for the easyremovalof the maskandfor generatea fixed value of the collector current,
the realizationof aplanarsurface. has beenfound to be extremelysensitiveto base

The final technologicalsteps are the device dopant diffusion, and the low measuredvalue
isolation by ion implantation, the emitter and agreeswell with a simulation without dopant
collector contactingby a 3000 A thick tungsten diffusion [6]. This behaviouris in accordancewith
film, and the C-dopedbasecontactingby Mn— the high thermal stability of C dopant in GaAs.
Au—Ti—Au ohmic contact through the GaInP In order to determinetheorigins of the device
layer, after the GaA1As emitter mesahas been performance degradation,we have performed
formed by selectiveetching. somemeasurementsby time-resolvedphotolumi-

All thesedifferenttechnologicalstepsare real- nescence,of minority carrier lifetime in C-doped
ized on 2 inch wafers. For the two CBE growth GaAslayerssandwichedby undopedGaAlAs lay-
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- I gainis directly relatedto the reductionof minor-
• ity carrier lifetime after anneal.Similar resultson

• samplesgrown by metalorganicchemicalvapour
- depositionhavebeenfound in our own studyand
I in ref. [7].

~ : To investigatethe mechanismcausingthe mi-
nority carrier lifetime changewith annealing,the

I correspondingvariation in concentrationof both

- P-S 1018 ~3 carbon and hydrogenatomswere measuredby- * cm SIMS, with detectionlimits of I x 1017 and 4 x

_______________________________
10i8 cm

3, respectively.In the case of C-doping
AG ANNEALING TEMPERATURE 650 levelshigher than 5 x 1019 cm3,we candetecta

hydrogencontent which amounts to more than
Fig. 2. Electron lifetime in C-dopedGaAs layers for two
differentC doping levels, asa functionof annealingtempera- 10% of the C content in the as-grownlayers, and
lure and also comparedto the value in the as-grown(AG) which decreasesdrastically to lower than the
material. Full circles refer to a 60 mm annealing time and SIMS detection limit, after annealingat 650°C.
open circles refer to 15 mm annealingtime under cracked There has beenevidencethat hydrogenis incor-
AsH . In this latter case samevaluesare alsopresentedfor porated into the C-doped layer along with car-

annealingunderAs
4 pressure. . .

bon, via the incomplete decomposition of
trimethylgallium species[8]. We think therefore

ers. The purposeof the doubleheterostructureis that the reduction of electron lifetime after an-
to confine induced carriersin the p-type GaAs neal is related to the exodiffusion of hydrogen
layer and to eliminate the influence of surface atoms.We speculatethat the unstablebehaviour
recombination. Fig. 2 shows for two C doping of the highly C dopedlayersmustbe dueto deep
levels (5 x 10i8 and5 >< 10i9 cm

3), the evolution levels alreadypresentin the as-grown material.
of electron lifetime as comparedto the as-grown Suchdefectsmight be hydrogenpassivatedin the
sample and as a function of annealingtempera- as-grown layer and are then revealedwhen the
ture (450,550 and650°Cfor 1 h andunderAsH

3 hydrogen is removed during high temperature
pressure).The observedbehaviouris not drasti- thermaltreatment[9].
cally changedwith a shorterannealingduration From the presentdata, it appearsthat a re-
(15 mm) or undera hydrogenfree pressure(As4). duced thermal degradationof the minority car-
The electron lifetime decreaseis more pro- rier properties,compatiblewith a sufficient HBT
nouncedfor high C concentrationsand also for current gain, can be obtained in the case of C
high annealingtemperatures.In the case of a dopingconcentrationsof up to 2 x 10i9 cm

3 and
thermaltreatmentat 650°C,correspondingto the for selective regrowth temperaturelower than
appliedregrowthprocessused,the samedecrease 650°C.This critical temperaturecanbe decreased
of about oneorder of magnitudefor a C-doping down to 550°Cby using a reduced0.8 gm/h
level in the mid~10i9cm3 range is found both selectivegrowth rate when growing with the use
for the minority carrier lifetime andfor the HBT of a triethylgallium (TEG) precursor[10], and
current gain. This correlation follows well the down to 450°Cin the caseof a TMG source[11].
dependenceof the currentgain /3 with the elec- In this way, the thermal degradationof HBT
tron lifetime in the baselayer r accordingto the current gain has been reducedto a factor of 2
relation: [12]. Moreover, we have recently succeededin

/3 ~—~ obtainingquite stableminority carrier properties/ EC’ of heavily C-dopedGaAs layersup to 2 x 1020

where TEC is the transit time of electrons from cm3 evenafter high temperatureannealing,by
the emitter to the collector. This demonstrates atomic layer epitaxyusing the alternative supply
that the thermaldegradationof the HBT current of TMG andarsine[13].
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4. Microwave quasi-planar HBT characterization allows a quasi-planardeviceto be realized.In the
caseof a high temperature regrowthprocess,and

The microwavemeasurementshavebeencar- of C-basedoping levels above 2 x
10i9 cm

3, a
ned out on a Wiltron 360 networkanalyser.The degradationof the HBT current gain has been
S parametersof the HBTsaremeasuredup to 40 found and has been correlated directly with a
GHz. The microwave current and power gains decreaseof minority carrier lifetime in the base
are displayed in fig. 3, for a current densityof layer. It has been proposedthat this behaviour
4.5 x iO~A/cm2 and HBT bias conditions of for high C concentrationsmust be due to deep
VEB = 1.5 V and 1/CE = 3 V. A cut-off frequency, centresalreadypresentin the as-grownmaterial.
F~,of 30 GHz and a maximum oscillation fre- We suggestthat thesedefectsare passivatedby
quency, Fmax, above 25 GHz have been mea- the hydrogenpresentin the as-grown layer and
sured. The latter frequencyis extrapolatedfrom •are then revealed when hydrogen is removed
the main part of the powergain curvewith a —6 during the high temperaturethermal treatment.
dB/octave. Thesefirst microwave performances Despitethis effect, promising microwave perfor-
on the planar HBT devicesobtained using the mancesof 30 and 25 GHz for F~and Fmax,
selectiveregrowth collector contact are already respectively,havealreadybeenobtained.
comparablewith valuesobtainedwith a conven-
tional multi-mesatechnology.
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technologicalstep is the selectiveCBE regrowth
of an improvedcollectorcontactfrom the bottom
subcollectorlayer up to the emitter layer, which References
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