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PURIFICATION TECHNIQUES AND ANALYTICAL METHODS
FOR GASEOUS AND METALLIC IMPURITIES IN HIGH-PURITY SILANE

PatrickA. TAYLOR

Union Carbide Corporation, Linde Division, Somerset,NewJersey08876, USA

Silanehas long beenusedby semiconductormanufacturersto form thin films of silicon or its compounds.In thefuture, denser
andmorecomplex integratedcircuits, aswell as new devicessuchas photovoltaiccells, will requiresilaneof very high purity with
impuritiesspecifiedatparts per trillion levels. A reviewof manufacturingprocesses,purification techniques,and analyticalmethods
is presented,with critical attention to the issue of metallic impurity measurementversusresistivity as the preferredmethod for
determinationof actualproductpurity.

1. Introduction Metals impurity reductionand analysisrepre-
sent a realchallengeto silanemanufacturers.The

Today’s electronics industriesare discovering industryhistorically hasspecifiedmetalsindirectly
more and varied uses for silicon and its corn- through resistivity measurementof an intrinsic
pounds.Silicon gases,and especiallysilane, have epitaxial film. The inherentproblemsof minimiz-
beenused for morethan 20 yearsby semiconduc- ing reactorcontamination,of autodoping,out-dif-
tor manufacturersto form thin films. Today, silane fusion, and compensation,and of measuringthe
is also used to fabricate such diverse devicesas resulting film were of little concernas long as
photovoltaic cells, photocopier drums, silicon resistivity specificationsremainedat 100 ~7cm.
carbide,andflat paneldisplays.Thesenew prod- However, today’s usersexpect a higher level of
ucts, as well as denser and more complex in- quality and are, we believe, mistakenlyequating
tegratedcircuits,oftenrequiregasesof exceptional quality with increasedresistivity specifications.
purity. Instead,new analyticaltechniquessuchasDeep

To provide the requiredpurities, silane manu- Level Transient Spectroscopyor Photolumines-
facturershaveresortedto severalgenericpurifica- cenceSpectroscopyallow suppliersandusersactu-
tion schemes.Selectionof the propermethod de- ally to specify metallic impurity levels. Sensitivi-
pends on a number of factors: manufacturing ties rangingdown to 10 partsper trillion are now
process(e.g., batch or continuous),levels of raw routinely reported.But eventheselevels may prove
material impurities, targetlevels of final material inadequate,as one authority predicted in 1980
impurities, amounts of gas to be purified, and that heavy metal contaminationwould needre-
cost. duction to lessthan 1 ppt [1].

At all purification points, acceptableanalytical Much of the following material was discussed
methodsmust be employed to monitor real-time at a workshopsponsoredby the AmericanAssoci-
impurity levels.Becauseend-userrequirementsare ation for Crystal Growth from September28 to
driving impurities to constantlylower levels, and October1, 1987 [2].
manufacturers are responding with ever-purer
silane, analytical sensitivities must be improved
continuously.At Union Carbide, for example,new 2. Useof silane in fabricationof electronic devices
techniqueswith improved sensitivitiesfor ten dif-
ferent critical impurities in silane have all been Commercialuses for silane beganduring the
developedoverthe past two years. mid-1960swith the developmentof the semicon-
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ductor industry. An early paper by Joyce and Table 1

Bradley[3] discussedits usein growth of epitaxial Silane manufactunngmethods

layers,but it alsowasthe siliconsourcegaschosen Batchprocesses

for chemical vapor depositions(CYD) of silicon Lithium hydride

dioxide and, later, silicon nitride andpolycrystal- ~oo-soo°C
(1) LiCI(45%)/KC1(55%) >4 Li+4 Clline silicon.

State-of-the-art integrated circuits might be (2) 4 Cl + Si anodic >SjC1 + 4

fabricatedwith a thin epitaxial layer, a field oxide, 550—625°C

a film of siliconnitride serving asa dielectricand (3)4e+2H
2+4Li >4LiH

anotherSi 3N4 film as a passivationlayer,and one (4) SiCl4 + 4 LiH 390—430°C>SiH4 +LiCI

or morelayersof a suicideserving as interconnec-
SundermeyerPatent1957tions — all madefrom silane.Otherdevicesmight
Usedby majontyof manufacturersinclude layersof dopedpolysilicon, also as inter- Batchsize: maximum50,000g

connects.Amorphoussilicon films, depositedU5U Tetrahydrofuran

ally through PlasmaEnhancedCVD techniques, (1) SiC14+ LiA1H4 THF/heat SiH4+ LiCI + AICI
are now usedto fabricatephotovoltaiccells [4,5], -

Used by oneUS manufacturerphotocopier drums [6], photoreceptor cells in Magnesiumsuicide

facsimile machines[7], and experimentally, flat 0°C
(1) Mg2Si+4 NH4CI—>SiH4 +2 MgC12 +4 NH3panel displays [8]. Thousandsof metnc tons of

silaneare also usedin industrialapplicationsas a Usedby Komatsu
precursorto polysilicon manufactureby Union Continuousprocess

Carbide,Ethyl Corporation,andJapan’sKomatsu . . SUnion Carbidecatalytic redistnbutionof chlorosilanes
[9]. Bntain’s Pillungton Glasshas beenforming Hydrogenation

anti-reflective coatings with silane [10]; in the (1) Si(98%)+3 SiCl4 +2 H, -.4 HSiC13
future, silane may find large industrial applica- Disproportionation/distillation

tions in silicon carbidemanufacture[11] (2)2 HSiC12 H2SiC12+SiCl4
(3) 3 H2SiCI2 H3SiC1+2HSiCI3
(4) 2 H3SiC1-. SiH4 + H2SiC12

a) Ref. [9] hascompleteflow diagram.

3. Manufacturing and purification of silane

This discussionfirst will briefly review the four The magnesiumsuicide methodchosenby one
silane manufacturingschemes,and then describe large Japanesemanufacturerwas usedoriginally
in somedetail the varietyof methodsproposedto for laboratorypreparationof silanes.Negativesof
purify the resulting“raw” silane. this processinclude the problems of impurities

Table 1 summarizes silane manufacturing from the salt, as well as high electrical and en-
methods. The lithium hydride method was vironmentalcosts.
patentedin 1957 and today is used, in somewhat All theabovearebatchprocesses(althoughthe
modified form, by all but three producers.Its Mg2Si method has been commercializedin a
attractionsarehigh yield (98—99%), relativelylow semi-continuousoperation).As such, they all share
cost (perhaps$0.10—0.12 per gram), and high the inherentproblem of variable impurity levels
throughput(batchesof up to 50,000g). Problems batch-to-batch.In fact, variation in purity levels
with this methodincludehigh electricalcosts and often has ben cited as more of a concern than
significant impurity contributions from alkali actual impurities. Processcontrol is impossible
metals. when, for instance,the CH4 contentof SiH4 used

The tetrahydrofuranmethod is less electricity- for amorphoussolarcells varies from 1 ppm to 5
intensive, and alkali metal contamination is re- ppm — even though 5 ppm is really quite low.
duced,but the THF solventmight addcarbon. Many usersin this casewould prefer to receive5
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ppmconsistentlythanacceptvariability between1 [16,17]or uncontrollableresistivity for polysilicon
and 5 ppm. interconnects[18]; it could havemany timesmore

The Union Carbide silane manufacturing chiorosilanes,siloxanes,02, N2, PH3, or metals
method,on theotherhand,is a continuousprocess. than specified for good photovoltaicor photore-
Basically, the methodinvolvesa catalytical redis- ceptorperformance[19—21];or it could havemore
tribution of chiorosilanes. Starting with metal- than the several parts per million H20 or 02
lurgical gradeSi plus SiC!4, the processproceeds which lead to Si02 formation [22]. Additional
through a series of distillations and redistribu- impurities of concerninclude chiorosilaneswhen
tions, with appropriatepressureand temperature used for Si3N4 passivation,N2 for epitaxial de-
conditions, eventually to form very high purity positions,andevenexcessiveH2 which could lead
SiH4 (>99.995%purity), to unacceptableandvariable depositionrates[23].

Impurities in SiH4 canbe attributedto several But information on impurity effectson specific
sources: the raw starting materials, the process device performanceis very difficult to find [24];
materialssuch as piping, distillation columnsand undoubtedly, additional effects can be expected
control equipment,and air or water vapor from for as-yetunknownimpurities.
poor techniquesin transferand storage. Twenty-one different purification techniques

The most comjnon starting material is metal- are discussedin the Loren.zwork [12]. Theycanbe
lurgical Si — eitheruseddirectlyas in the continu- divided into two basicareas:thosemethodswhich
ous method or indirectly in all othermethods(in distill the product to remove gaseousimpurities,
that it is the startingmaterialfor all chiorosilanes and thoseadsorption techniquesrequired to re-
production). Lorenz [12] has identified no less move metallic impurities affecting resistivity and
than 25 possibleelementalimpurities in metal- otherelectricalcharacteristics.
lurgical (98%) Si, including 2000 ppm Al, 6000 Runyon [25] mentionedthe use of “synthetic
ppm Fe, 1000 ppmCa, 100 ppm P, and 50 ppm zeolitebedsat —78°C ... to removeany arsenic
each of B, As, Sb, and Sn. Lithium hydride is and phosphoruscompounds”,and several other
availablecommerciallyat 96.5% purity, with ap- sourcesare quoted as recommendingmolecular
preciable amounts of C and alkalis [13], and sieves.
potassiumchloride, at 98.8% purity, hasas much Yusa, Yatsurugi, and Takaishi [26] discuss
as 9000 ppmNaC!, andlesseramountsof Br, Ca, purification quite extensively,claiming that, “In a
and S [14]. generationprocessof monosilane,boronhydrides

An interestingevaluation of impurity sources are completelyremovedfrom silaneby the chem-
for the Union Carbidecontinuousprocessappears ical reaction=B + :NH3 —* B : NH3 ... Accord-
in a 1979 report [15]. On a molar volume basis ing to our experience,boroncontentin silicon
comparedto silane,impuritiesenteringtheprocess rangesbetween0.02—0.01 ppb in atomic ratio.”
could range from 2.01% for N2, to 1.0% Cu, 0.3% However, they do acknowledgethat their mag-
Fe andAl, 0.1% C, 0.01% B, 0.02% P, and 2 to 4 nesiumsilicide production method could lead to
partspermillion Sb andAs. as highas 10 ppmphosphorusincorporation.This,

It is obvious that any manufacturingmethod then,is the impurity of concern.They describean
must purify the resulting “raw” silaneto remove ion-exchangedmodification of molecularsieveA,
impurities derived from the precursors. “Raw” in which 30.83%of the ionsare replacedby potas-
silane has been reported to contain 1—2% H2, sium and 16.66% of the exchangeablecalcium is
1000 ppm chiorosilanes,500—1000 ppm SiC!4, replacedby divalent ionsfrom amongMg, Zn, Ca,
1000—2000ppmhighersilanesandsiloxanes,CH4 Pb or Mn.
(200 ppm) and active metals in the form of hy- Perhapsthe most interestingmethodof purifi-
dridesof As, P, and B (10 ppm) [12]. cation describedin open literature to date is a

Thus,without purification, silane could be ex- 1978 patent [27] in which the impure silane is
pected to contain unacceptablelevels of carbons passedthrough six zones in series, to remove
which could lead to poor crystalline formation SiCI4, chlorosilanesand other silicons, PH3 and
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AsH3, low boilersandlights, andB2 H6 andhigher ysis of silanegaseousimpurities are scarce,includ-
silanes. ing only massspectrometricmethods[20,33].

A Japanesesilane manufacturer describesa Therefore,the remainderof this sectionwill be
similar schemein a recent patent [28] in which devoted to Union Carbide’s silane analytical
SiH4 containing1% SiC14, 900 ppm SiH3C1, and methods. Our laboratories have developed new
1000 ppmC2H4 waspurified to less thandetecta- analyticalmethodsfor CO, CO2, CH4, 02, N2,
ble limits. Ar, H20, Si2H6, chlorosilanes,and siloxanesin

AnotherJapanesepatent[29] describesthe use silane during the past two years. The following
of Zeolite 4A ion-exchangedwith Ag. 100 ppb will detail these techniques;theseand proposed
PH3 impurity in silanewasreducedto <0.2 ppb, alternativemethodsare summarizedin table 2.
while 100 ppb AsH3 wasreducedto <0.5 ppb. Bradleyhasreportedon a methodfor detection

The Union Carbide silane plants also use of CO, C02, andCH4 in silaneto levels below0.5
extensivemethodsto purify silane,most of which ppm each [34]. The method selectedinvolves a
involve a variety of proprietarycatalysts[15,30]. methanizer and a flame ionization detector.

Recently,several companieshaveofferedpun- Specifically, a Carle Series 400 Gas Chromato-
fiers for end-userremoval of contaminants[31]. graphwith a 10 foot ~ inch PorapakQ 80/100
While adsorptivemethodshavebeenusedexten- meshcoppercolumn with constant50°C temper-
sively by manufacturersfor silanepurification, the atureis usedto separatethe componentsof inter-
level of impurity reductionrequired— to partsper est. The CO and CO2 are convertedto CH4 as
trillion for metals and sub parts per million for theypassthroughthe methanizer.Themethanizer,
gases— makesend-userpurification problemati- maintainedat a constant400°C,does not affect
cal. And since many of theseproductsare based the CH4 component. In the analysis,a 2 cm

3
on ion exchangeor synthetic zeolite technology, samplesizeis usedand a flow rateof 30 cm3/min
one real concern not yet addressedis whether He carriergas is maintained.A backflushvalveis
impurities are simply exchanged;i.e., in the pro- activated immediately after elution of the CO

2
cessof removingonemetal, are others introduced peak, flushing SiH4 to vent. If the SiH4 is not
from the purifier? Such questionsmust be fully directed away from the Flame Ionization Detec-
answeredbefore use of such systemsbecomes tor, SiH4 dustparticleswill interferewith its oper-
widespread. ation. Sensitivitiesare reported at approximately

0.2 ppmfor eachimpurity,upon reconditioningof

the methamzer.
4. Analysis of gaseousimpurities in silane Gaschromatography,usinga ThermalConduc-

tivity Detector,haslong beenusedby the industry
As the specialty gas industry has learned to for measurementof 02 plusAr. Sensitivitiesrange

removegaseousimpuritiesin silaneto levelsbelow down to 3 ppm, but separationinto individual
1 ppm, analyticaltechniqueshavehadto be devel- componentswasnot possiblewith ordinary col-
opedto keeppace. umns andconditions. In early 1985 [35], Shrews-

Mitchell surveyed“Chemical Analysis of Elec- bury reported successfully analyzing for 02
tronic Gasesand Volatile Reagentsfor Device through a modification of the Bradley carbon
Processing”in a 1985 article [32]. He supported method. He added a carbonizer prior to the
his claim that “Silane hasbeeninvestigatedthor- methanizer; the 02 reacted to form CO2 which
oughly” throughcitationsfrom numerousRussian then was analyzedas above. Sensitivitiesto less
articlesabout impurity analysesfor H2, 02, N2, than 0.5 ppmwereclaimed.
CO2, NH3, B2H4, GeH4, PH3, and AsH3. But Ar (+ 02), He, and N2 historically havebeen
little informationwasgivenaboutsensitivitiesand, analyzed by a Thermal Conductivity Detector;
sincethesereferencesall are from five to tenyears best sensitivitieswere around3 ppm. Today, the
old, it is probablethat they do not meet today’s Union Carbide Analytical Servicesgroup is ex-
sensitivity requirements.Otherreferencesto anal- ploring two new detectors.The Dischargeloniza-
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Table2
Analytical methods;gaseousimpurities

Impurity Comments Sensitivities

H
20
— Dew pointdetector 1—2 ppm
— Electrolyticcell P20> Meeco 0.5 ppm
— Piezoelectricsensor du Pont 560or 5700 0.1 ppm

02
— GC,FID with carbonizerand °2 only 0.5 ppm

methanizer,specialcolumns
— GC,TCD 02+Ar 3 ppm

Hydrocarbons(CH4)
GC, FID with methanizer 0.2 ppm

- GC, TCD 1-10ppm
CO+ CO2

— GC,FID with methanizer 0.2 ppm Ea.
- GC, TCD 3 ppm Ea.

Ar, He, N2
- GC,TCD 3 ppm Ea.
- GC, DID 0.1 ppm
- GC, TCD MicrovolumeTCD 1 ppm

H2
-GC, TCD 5 ppm

Chlorosilanes(SiH3C1,SiH2C12,SiHC13)
- GC,TCD 3 ppm Ea.
— Hydrolyzablechlorideelectrodes Total Cl 0.1 ppm
— Massspectrometer I ppm Ea.

Disilane
- GC, TCD MicrovolumeTCD 0.5 ppm
— GC, ultrasonicdetector I ppm

Siloxanes
- GC,PID I ppm
- GC,TCD Microvolume,TCD 0.5 ppm
— Massspectrometer 1 ppm

DID = dischargeionization detector
FID = flame ionization detector
GC = gaschromatography
TCD = thermal conductivitydetector

tion Detector and Microcell TCD are both ex- yearsago, but manyvendorsclaim levels below 10
pectedto providesensitivitiesbelow 1 ppm[36]. ppm today. One important question to ask of

Just as 02 has been identified as a critical vendorsis “just what chlorosilanesare you analyz-
impurity, causing SiO2 formation with resulting ing?”, as it is especially difficult to produce a
hazeandpoor crystallinity [37,38],water, too, can calibrationstandardfor SiH3C1 [40]. Partlydueto
becritical to deviceperformanceandyield. Union this difficulty, gaschromatognaphicmethodshave
Carbide,in conjunctionwith du Pont,hassuccess- recently beenreplacedby wet chemical methods
fully modified a du Pont Model 5700 detectorto whereby a measuredamount of SiH4 is bubbled
analyze H2O in silane to levels below 0.1 ppm through a solution which then is measuredby
[39]. Obtaininga dry referenceof SiH4wascrucial titration [41]or anion-selectiveelectrode[42]. The
to successfulevaluation, as was modification of titration method needsaccuratestandards,fresh
the cell to excludeall tracesof 02 or H2O. reagents,complete hydrolysis, and quantitative

Chiorosilane impurities ranging to over 1000 transfers followed by accurate titration to end
ppmwerecommon in silanesproducedonly a few points; its lower limit is reported at 1 ppm. The
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ion-selectiveelectrodemethod,on the otherhand, poorly, or not at all, understood;epi films often
requires easily obtainable calibration standards, were, in fact, deposited from silane; and the
doesnot requirequantitativetransfer,andcan be quality requirementsfor the semiconductorin-
adjustedto deliverany sensitivityrequired,depen- dustry werefor epi layerswith intrinsic resistivity
dentonly on samplesize. on the order of no morethana few ohmcentime-

Finally, photovoltaic cell manufacturershave ters,and,as a result, poor film quality leading to
identified a need to minimize Si2H6 and espe- inaccurateresistivity determinationswas rarely a
cially siloxane (oxysilane) impurities. Severalof problem.
theseusershavedevelopedanalyticalmethodsfor Today, however,thereare numerousreasonsto
theseimpurities, and, in a joint developmentpro- eliminatethis industrystandard:
ject with Union Carbide,haveproventhe validity There are several metallic measurement
of their method through a round-robincompari- techniqueswith sensitivitiesin the sub ppb levels
sonprogram[431. (moreon theselater).

A concernof both our customersand Union As we haveseen[16—23,37,38],gaseousimpur-
Carbide was how to standardizethe instrument ity effectson device performanceare now better
and test the method for accuracy,reliability, and recognized. While the effects of metallic con-
reproduceability. The method chosen involves taminationare notyet soapparent,somegenerali-
analysis using a Hewlett Packard 5890A Gas zations are possible: especiallyto achieve high
Chromatograph,with a Micro Volume Thermal lifetimes, heavy metallic contaminationmust be
Conductivity Detector, a 6 foot long by ~ inch reducedto concentrationsbelow 1011 [44]; mobile
diameterstainlesssteelPorapakPS-AWcolumn at alkali metals must be eliminated especially for
80°C,with a 30 cm

3/minflow of He carrier gas, future MOS devices[45]; depositionand etching
and a 1 cm3 sample. Customersused different rates are strongly affected [46,47]; oxidation-in-
detectorsandcolumns,but correlationwas good: ducedstackingfaults are often causedby metals
siloxaneswere analyzedat <1, 1.2, 2.5, and 2.5 [48]; and conversionefficiency of solar cells can
ppm; and disilane analyzedat 20, <0.5, <0.5, bedrasticallyaffected [21].
<0.5 ppm. Sensitivities for both siloxanes and Since the mid-1970’s, technical[49] and safety
disilanewereat 0.5 ppm. [50] concernshave led usersaway from silane for

Mitchell [32] providesan appropriatesummary epitaxialdepositionsto the point that it is almost
for this section:“Commercialsuppliershavemade neverusedcommercially.
significant progressin makingchemicalsof greater Difficulties in depositingand then measuring
purity available. However, it is important to re- high resistivity films were recognizedvery early.
emphasizethat a high purity label doesnot mdi- Patrickof IBM in 1965 [51] describedanapparent
cate the quality of the product. Purity can be dependenceof resistivity uponmeasuringcurrent,
establishedonly by accuratedeterminationof de- leadingto poor reproducibility andaccuracy.Pas-
leteriousimpurities . soja et a!. [37] described epitaxial depositions

where increasinghaze causedby 5i0
2 formation

led to increased resistivity. On the other hand,
5. Epitaxial resistivity as a measurementof silane Donahue and Reif [52] describeddepositionof
quality? intrinsic epitaxial silicon whose resistivity is ap-

parently limited to 40 ~Qcm by the presenceof
The specialty gases industry historically has electricallyactive 02. And Sachitanoand Kannan

specified silanegas quality through measurement [53] statedthat the normalbackgroundresistivity
of the resistivityof SiH4-producedepitaxiallayers. of typical epitaxial reactor systems might be
This made senseyears ago, for there was no 50—150 Q cm.
measurementcapability for metallic contamina- The autodoping phenomenonwas studiedex-
tion at required sensitivity levels; the effect of tensivelyby Ackermannand Ebert[54], who also
impurities on device performanceand yield was discussed out-diffusion. Numerous other re-
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searchersalso have mentioned the problems of amountsof SiH4 must bebubbled throughaque-
autodoping, out-diffusion, and compensation ousmedia which must thenbe concentrated.It is
[12,51,52,55].Bell Laboratoriesresearchers[48,56] assumedthat collection efficiency is 100%, i.e.,
described the many potential metallic impurity that all elementsare 100% soluble, and that no
sourcesin reactors,in starting Si substrates,and contaminantsare addedduring the samplecon-
introducedduring devicefabrication.And finally, centrationprocedure— mostdubiousassumptions,
Lorenz [12] pointed out that there are differing indeed.
absorptioncoefficientsfor the metallic impurities Because of theseproblems with direct SiH4
so that, say, 20 ppt As in the gasphasedoesnot analysis,most impurity measurementsare taken
imply 20 ppt As in the depositedlayer. from silane-derivedintrinsic singlecrystal silicon.

All the above point to the need for a new Specificanalysisfor surfacecontaminantsis possi-
standardfor metallic impurity levels in silane. ble using Auger spectroscopy[58—60],Secondary
This will be discussedin the next section. Ion Mass Spectroscopy[61,62], and techniques

with electron microscopes[63—65].There are,
however, only four techniqueswith the required

6. Analysis of metalhc impurities in silane and . - . . . -

sensitivitiesfor subppb metalsdetermination[66]:
si icon Deep Level Transient Spectroscopy, Infrared

Measurementof metallic impurities in gaseous Spectroscopy,Neutron Activation Analysis, and
SiH4 is difficult and unrewarding,for eventhe PhotoluminescenceSpectroscopy.Table 4 sum-
most sensitivemethodshave minimum detection marizes reported sensitivities for each of these
limits ranging from parts per billion to tens of methods.
partspermillion [57]. And GraphiteFurnaceAA, Deep Level TransientSpectroscopyhas been
the most sensitive direct method, is slow and usedby manylaboratoriessinceits introductionin
tedious. Table 3 comparesthesedirect measure- 1974 [67]. DLTS providesa fairly completechar-
ment techniques. actenzationof deeplevel impurities [62] at sensi-

To obtain the required sensitivities, copious tivities aroundlO~carriers/cm
3.

Table 3
Typical instrumentaldetectionlimits; direct measurementof metalsin silane(ppm) a)

Element Inductivelycoupled Standardatomic Graphitefurnace
plasmaemission absorption atomicabsorption
spectroscopy spectrophotometry spectrophotometry

Al 2 6 0.03
As 30 300 0.1
B 5 500 14
Ca 0.5 1 0.01
Cr 3 6 0.04
Co 3 5 0.7
Cu I 3 0.04
Fe 2 6 0.03
Pb 40 10 0.05
Mg 0.05 0.3 0.003
Mo 4 20 0.1

Ni 10 10 0.1
P 30 40,000 0.6
K 80 3 0.007
Na 20 0.2 0.003
S 20 — —

a) Source: ref. [57].
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Table4
Typical sensitivities— selectedelements;indirect measurementsof metalsin silane(ppba)

Element Deeplevel Neutron Fouriertransform Photoluminescence
transient activation infrared spectroscopy
spectroscopy analysis spectroscopy
(ref. [67]) (ref. [71]) (ref. [70]) (ref. [76])

Al 500 0.2 ~ 001
Sb 0.002 0.003 ~ 001
As 0.007 0.0028 ~ 0.01
B 0.0034 ~ 0.01
Ca 1150
Cr x 0.5
Co X 0.05
Cu x 0.2
Ga 0028 ~ 0.01
Au X 0.00007
In 0.14 ~ 0.01
Fe X 28
Mo X
Ni x 860
P 0.0008 ~ 0.01
K 65
Na 0.09
Ti 550
Zn x 0.4
Zr 150

DLTS: X impliesvaluesfor deep energylevelsin silicon arewell-established,and ~ 0.1 eV (ref. [62]).
PL: Current capabilitiesshow sensitivitiesper analysisaround0.01 ppb, but with analysisof impurities first in epi layer, then in
substrate,differencecanbe <0.01.

Infrared spectroscopytechniquesoftenare con- substrate.It is non-destructive,not restricted in
ductedat room temperaturefor measurementof C samplesize, andinsensitiveto surfacecontamina-
and0 in singlecrystalSi [68], at reducedtempera- tion [73]. Anotherbenefitof PL is its readyavaila-
tures[69], or with FT-IR at reducedtemperatures bility, with at least one companyoffering a pro-
[57]. Shallowdonorsandacceptorscan be seenat duction-lineunit.
typical sensitivities of i0”—iO’3 atoms/cm3Si. There are problemswith thesemethods.All of
Thesedetectionlimits assumeabout a 1% trans- them requirethe conversionof gaseousSiH

4 to a
missionfor baselinenoise;reductionto 0.3%noise solid single crystalline Si — either an epitaxial
levelswill providea significantenhancement[70]. layeror an actualcrystalboule — andthe prepara-

Neutron Activation Analysis is sensitive to tion skills and cleanlinessrequirementsare de-
levels akin to those of low temperature IR manding. The differing absorption coefficients
[48,56,71].It coversmany transitionmetals. make correlation betweenimpurities in the gas

PhotoluminescenceSpectroscopyoffers high and solidquestionable.Individually, eachmethod
sensitivity (<1010 carriers/cm

3)and selectivity also hasproblems:
[72]. Recentlythe techniquehas beenexpandedto — DLTS has a very high sensitivity, but cannot
epitaxial layers, thus reducingthe extraprepara- detect electrically inactive atoms or precipitates
tion stepsrequiredfor a high purity singlecrystal [74]; it also requiresfabricationof devices,which
sample,and increasing the sensitivity, since the not only complicatesthe analysis,but also could
measurementof impurities now is the difference further introducemetallic contamination.It is sen-
betweenthose in the epi layer and those in the sitive to only a small cross-sectionalarea[75].
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— Infrared is similarly restrictedin that the sam- impurities suchas C or 0 leadto poorcrystalline
plc mustbe small enoughto be penetratedby IR formation,causingfalseresistivityvalues.Further-
light [73]. more, even if a perfectcrystal is deposited,with
— NAA gives an averageconcentration,without no addedimpurities dueto the reactor, substrate,
regardto electricallyactiveor inactivecenters[74], or gaseous impurity incorporation, adsorption
and generallyrequiresthat the samplesbesent to coefficientsfor the metallic impuritiesare not well
an outsidelaboratoryfor irradiation and analysis known. And resistivity does not provide an
[75]. It cannot be used for detection of some evaluationof specific metallic contamination,but
dopant impurities such as B, or P, and detection only indicates the differencebetweennet donors
limits are relatively high for Al, Ti, Ni, and Ca and net acceptors.
[71]. Instead, future SiH4 specificationsshould in-
— PL can be usedonly for selecteddopantimpur- eludea listing for critical metallic impurity levels
ities. to subparts perbillion sensitivities.

It is apparentthat no method for metallic anal-
ysis — whether in gaseousSiH4 or depositedin-
trinsic crystallineSi — is entirely satisfactory.Some References
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