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The el1c(,t 01'\tress on the point Jcfect conccntrations (vacancies and self-inlerstitials) in 110atIOlle silicon substrales dlle lo silicon nitride
lilms. deposiled hy the Low-Pressure Chemicat Vap(lr Deposition (LPCVD) technilJtle. has heen studied by using thermallreatmcnts at
1](X)OCin Argon amhienl. The changes in point dcfects conccntrations werc monitored ¡'y the shrinkagc of surface stacking faults (OSF's)
in Ihe silicon suhslrntcs. under silicon nitride films with Jiffercnt stress conditions. These l.:onditions are controtled by varying the ratio 01'
now rates of silane ;md ammonia in lhe deposit reactioll. During thermallreatments slacking faulls shrink faster under silicon nilride films
with Ihe higher stress. These results suggest thal a vacancy supersaluration amI a ~clf-interstitiillllndersatllration exisl near lhe silicon surface
n:gion. It was ohservcd that the deviation in point dl..'fectscOJ1centrations fmm equilihrilllll is direclly related with lhe stres\ level in the silicon
nilride ji IIllS.An analysis of the possihle cause 01'vacancy general ion ami its relation \••..;111thc 1¡lmstrcss condilions is presented,

/{C'Y\l'(ml.c Silicon nilride: vacancics; stress

Se llen') a c;,houn eslUlIio del efecto que produce el csfuer/o en películas de nitruro de silicio ohten;da\ por depósito químico en fase vapor
;1 haj;¡ presi(¡n (LPCVD). sobre las concentraciones de defectos puntuales intrínsecos (V;ll,:;lllt'iasy auto-intersticiales) en sub~lratos de silicio
de IOlla /lotantc. usando tratamientos térmicos en amhicnte de argón a 1100°C. Los c:unhios de l'tlllccnlraciones de los defeclos puntuales
_"C cstudi;1I1 ;¡ travó de las variacioncs del tamaíio de fallas de apilamiento superlici"ks (OSFs) cn d suhstrato de silicio. hajo diversa\
condiciones de esfucrzo. Eslas condiciones \c conlrol;lll variando la razón de Ilujos de los gase\ silano y amoníaco que intervienen en la
rC;lCl'iúnde depúsilO. Durante los tratamientos térmico\. las fallas Je apilamiento se reducen de lamano más dpidamente bajo las películas
de nitnlfO de \ilicio ('on el esfuerzo mayor. Estos resultados sugieren que e:'(iste una supcrs;llllracióll de vacancias y una bajos<lturación de
;Hlto.intcrsticiales en la región del silicio cercana a la supcrlkie. Se observa que las desviaciones de las concentraciones de sus valores de
equilibrio. est,ín directamente relacionadas con el nivel de esfuerzo en las películas dc nilruro de silicio. Se llevó a cabo un análisis sobre la
C;Hlsaprohahle de generación Je las vacancias y su relación con las condidolles de csfllcrlO de las películas de nitruro de silicio,

f),'scri¡)10n's: Nitruro de silicio; vac.:ancias; esfuerzo

mcs (>I.70.Bv: 61.70.Yq: 61.70.AI

1. Il1trndllctioll

Nowad;¡ys, Illeaningl'ul progresses in the elahoration 01' goou
qu;¡lity matcrials anu integraleu circuits (lC) have hecn I'ul-
1¡lled. 1\.1atcriais \vith \'ery-Iow defcet \'olume concenlrations
and praelically free of dislocations can he found. Ncverlhe-
kss. during a semiconductor devices fahrication process sev-
eral sleps 01"oxidation, diffllsion. ion implanlation. and so
forlh, can he lIscd which results in high conccnlralions 01'
sclf-interstilials and vacancies in the material VOlllIllC. These
dcfccls. are Ihen promoters 01' macroscopic dcfecls such as
stacking l"alllls anJ dislocations, Illoreover. they alTect in an
imporlant !";¡shioll Ihe diffusivilY 01' the used dopants 11J,
Hellce. independently 01" Ihe scientific importancc Ihat lhe
sUl"vey 01"the poinl defccls as part of the comprehension 01'
Ihe semiconduclor malcrials con formal ion has. the knowl-
edge 01' ils dillercnt intcractions wilh the devices fahricalion
proccsses implics a huge Icchnological interest. One of Ihese

aspects consisls 01' Ihe knowledge 01' lhe e1'fects lhat dielcctric
films exert on Ihe poinl dcfccIs concenlrations and diffusivi-
ties in the suhstralc. It is sOlllething known tha! lhin t1Ims, c¡-
lher thermally grown or deposileJ, which are uscJ in silicon
inlcgrated circuils, gencrally dcvelop high-lcvels 01' inlrinsic
stress during the dcposition processcs [2J. Furthermore,lhcre
exists a stress uf thermal sort during lhe film healing or cool-
ing. This is as a result 01' Ihe ditTerence in the Ihermal ex-
pansion cocfficicnls hctwecn the film ano the suhslratc. In
this way, il is inlCresling 10 ohscrvc ir lhere is saine crrcel of
lhe total slress 011the point dcfecl eonccnlrations. and on Ihe
dilTusivilY 01"lhe dopants in the regio n close lo Ihe suhslrale
surl"ace,

The silicon nilride lilms deposiled hy lhe Vapor Phase
(eVO) generally exhihil a high-stress of Ihe tensile lypc. Un-
der this sort oftilms. ~lillJ{) ami fliguchi 131 ohscrved an "ah-
normal" ditTusioll in sOllle dopanls. They found thal the diffu.
sion 01' phosphorus allll horon in an incrt atmosphcrc in tloat
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Reflected Beam
Displacement

HD
I'IGURE l. Experimcntal sySICIll ror lhc mC<lsurcmcnlS of the cur-
v<llurc r<ldius. I//) is Ihc laser hcam displacement. Al is the silicon
samplc displacelllcllt. (\:.! - 0'1 is the change of Ihe hcam anglc
rcllectcd with tbc samplc displaccl1lcnl.

lilm Ihickl1css elfccl on the slress, ftlms ranging in thiek-
ncss fmm 2G I1Ill 10 20G 11m wcre dcpositcd keeping con-
stanl UF = 1.G7. The film Ihickness amI lheir refractive in-
dices wcre measurcd wilil a Gaertner ellipsoIlleter employing
a He-Ne lase!" heam (wavelength 01' G32.8 nm), at an angle of
70°. In general, the rcfractive index v<tlues anJ thickness of
Ihe lilms were ohtained <ts the averagc of at least 10 mea-
suremenls in each sample. The lotal stress level in the sili-
con nitride .films was delerlllined hy 111casuring the tcnsion
(ehange in curvature) produced in Ihe silicon suhstratc hy
the tlcposiled lIIm. For Ihe slress llleasurernent. samples of
2,j mmxG lllm werc lIscd. In this case, the stress in lhe film
is given hy [51

(1 )

(2)

Es t.; 1
6(1 - v,) tI R'

R = 2D,H
Hu '

(1 J =
where E.~ is lhe Young's 1ll0JUllls, t." is the thickness anJ
l/.~ the Poisson's ratio of lhe suhstrate, respectively; ts is
lhe film thickncss and H lhe curvature radius that is pro-
duced in Ihe silieoll suhslrate. For lhc silicon, we have that
E, = 1.689 X lO" N/m' anl! v, = 0.064 wilh t, anl! R
exprcssed in llletcrs. Thc curvalure radius was measured hy
;m oplical techniqlle tha( uses a laser heam [5,6]. The hasic
principie nf Ihe leehniqllc is ver)' simple and is illustrated in
Pig. l. A bscr heam is relleeted 011 Ihe sample surface and
the displacemcnt nI' Ihe rctlected heam is measurcd whilc
lhe samplc movcs. The ehange in Ihe displacernent of the
reflected heam is proporlional to Ihe change in the II angle
hctwccn Ihe incident heam anu the wafer surfacc. For a per.
fectly Ilat wafer, Ihe reOeetcd beam position will be constan!.
Ir the wafcr has a constanl eurvaturc, the II anglc changes
linearly wilh the relalive Illovement of the wafer and lhe inei-
denl laser heal11. Consequenlly, lhe heam displacernent varies
inversel)' to Ihe curvature radius. A curve of the laser heam
displacelllent (/In) as a funetion of lhe wafer displacernent
CH), is Ihcrefore, a slraighl line with slopc proportional lo
the inverse of (he curv.lIure radius, which is given hy (5)

lASERzOlle silicoll wafcrs. untlcr a silicon n¡triJe fllm. are rcduccd
in comparison wilh lhe diffusion ohscrvcd lInder a Si02 IiIm
covcrctl witll CVD nitridc. Thc cxplication of Ihis anomalolls
Jiffusion can he givcn in ICfms 01' lhe stress in Ihe silicnn
nitril!c films 131.

Currcntly. il is \\'eJl cstahlishcd Ihal lhe phosphorus and
horon dilfusc prcdominanlly hy inlcractions with silicon in.
lcrstilials, <Ill(llhc antimony diffuscs hy intcraClions with va-
candes Hl. Morcovcr, Ihe gnw,'ing or lile rcduction in sizc
of Ihe stacking faul!s gcncralcd during Ihe thermal oxida-
(ion, dcpcllds 011lhe rclativc concclltration 01' point dcfccts
in lhe silicon nctwork. Since lhe s(acking faults are of cxtrin-
sic kinJ, lheir decreasing rate is accelcrated under a vacancy
super-saluratioll [,11, On Ihe other hand, when there is a super-
saturation ofsilicon self.interslitials, Ihe stacking faults grow
or are reduced more slowly Ihan normal, ;.c., of the intrinsic
casco In this fOrln, Ihe stacking raults can he used in ordcr
to monitor the cOllccnlration devialion 01' point defecls fmm
Iheir equilihrium vallles.

In the presenl \,l,'ork, lhe slress cllect in the Low-Pressure
Chemical Vapor Deposilion (LPCVD) silicon nitridc lIIms on
Ihe silicon poinl dcrcct concentrntions has heen studied, hy
ohscrving during Ihe thcfJnal treatlnent at 1100°C in Argon,
lhe change in sil.c of the stacking faults previously gener.
ated in Ihe silicon surface while the stress le\'el is varieJ in
the nitride 11l1llS.The slress level anJ Ihe stoichiomelry in the
silicon nilride filllls are modifieu hy controlling the dcposi-
tion conJilions, as il is (he rmio nf the silane and ammonia
gas tlow Ihal inter\'ellC in lhe reaclion. On Ihe hasis 01' Ihe
stress rclaxation Illechanism thal is proposed, sOllle aspe<:ts
arc discllssed, for inslance, Ihe apparent conlradiction that is
experimenlall)' ohscrved helwcen the stress valucs Illcasured
in Ihe films hcfore amI arter the thermallreatl11enl in Argon.
Thc silicnn nilride ohtained hy LPCVD will he denoteJ sllh-
scqllently as SiN;,., indicaling hy mcans 01' Ihis, that, in accor-
dance wilh Ihe dcposilion condilions, Ihe lilllls can change
lheir stoichiomelry.

2. Experimental procedllre

Plnal l.one silicon wafers of ¡Hype, diameter 75 mm
and 375 IIITl thick were lIscd, with orientation (lOO) and
250 Ohm-cm resistivily. In order 10 nucleale the slacking
faults 011 lhe silicon wafers surface, previollsly lo the nitridc
dcposilions, Si+ was implanled wilh doses 01' 5 x 1013 cm-1

anJ energy 01"100 KeV using a Balzers MPB 202 implanler.
Alllhe s<lmples were oxidized at 1100°C during 5 h in H20
vapor lo make lhe stacking faults grow up lo 73 lim. Thc re-
slllting oxide fmm this oxidation was completely eliminatcu
with UF rmm the sllrface of some wafcrs, and in others the
oxide was elcheu until reaching 45 nm thick. Silicon nitriJe
lilms werc dcposited on (he wafers hy using a LPCVD re-
actor in a pressure 01"380 Torr al 700° e. In ordcr to lleposit
lilms wilh dilTcrcll1 stress levels, lhe ralio RF = !SiIl4/ !NII:l'
wherc J delloles a l1ow, was varieú from 0.35 to G, maintaill-
ing Ihe IOtal Ilow lo 250 SCCIll. Also, to ohscrvc Ihe nilridc
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FI(;URE 2. Ditlcrcnlial mcthod in order to mcasurc lhe curv:llurc
radius of ,1 1ilm depositcd on a suhslratc. Tlle curve in Ihe lowcr
pan indicatcs Ihe poilll-hJ.point diffcrcncc hctwccn lhe curves (.'or-
rcsp{lllding lo lhe suhSlratc with film aIH!lhc uncovereJ sul1str:llc,
I"l'spcctively. This proccdurc c1iminatcs the ¡n¡tial sub:Malc curva-
ture cffccls.

whcrc D is t!l¡; lo(al distance travclcd hy lhe Jaser hC:\I11aflcr
heing rcflccled un Ihe samplc surfacc. Ir lhe curvaturc radius
is constanl, Ihe /J lJ \'S. j\f graphic \I•.'ill he a straight linc \vilh
slopc l' gi\'l~1l hy

2D
/1= ---¡¡.

'fhe curvalurc radills n is cOllsidered hy convcntion llcgalivc
túr salllplcs with convcx curvaturc (compression stress) ami
positivc ror samplcs with concave ClJrvature (Iensile slress).
\Vith Iht: dt:snihcd Illcasurcmcnt systellllhc samplc displ<lce-
lIIt:l1ts (JI) wcre measurcd with prccision 01' :1:0.1 mlll
;llld thc oncs of tht: rdlcctcd hcam (lfn) \vith a precisioll of
.::f:O.();j 1Tl1ll.In l!lcsc lIIeaSlIrClllenls;¡ f\.1cllcs Griot model 05

!JIR '-)9 I He-Ne laser was utilizcd wilh a mJXilllLJIll power
of:m rn\V ami wavelt:nglh of G:l:!.8 nm. I! musl he poinlcJ
oul thal in order lo eliminate aH lhe possihle curvalurc cffects
in Ihe ori~inal suhslratc, it was necessary to use a dilTcrcn-
li,lIlecimiquc in lhe calculus of Ihe lIIm curvature radius. For
Ihis, (he poinHo.poinl diffcrencc was flllnlleJ hclwcclI lhe
¡,:ur\'es 1fJ)-JI of Ihe silicon salllplc wilh the lilm deposilcd
alld Ihal OIlCcorresponJing lo Ihe ullcovcrcd sarnple. as ill-
dií.:aleo in Fig. 2. Thc calclllus of f( was performcd rOl' Ihe
resulting slraighl line.

In ordcr to ohserve the strc:-.s cllc(:1 01' Ihe nilride liIms
on lile poinl ddeel concentrations, through the size changcs
in Ihe slaeking faulls, Ihermallrcatlllenls were applied 10 lhe
samplcs al I 100°C in ultra-high purity Argon amhiclll, ror
pcriods 01"limc ranging from I to 8.S h. Afler the (hermal
trealments, Iht: lilms slress was again measured fm Ihe pur-
pose 01' comparing the slress hdorc ami afler Ihe thermal
lrealmcnts. Finally. aner the complclt: removal uf lhe nilriue
lihns and lhe re\'caling of Ihe slacking faulls with \Vright so-
lulion [71. lhe slacking faull si/c wa~ Illcasured hy using :l
Wild Hcerhrugg MPS51 npticallllicroscope.

F1CiU~E J. Grarhic ur lhc slrcss \'\'. Ihickncss for LPCVD silicon
nilridc lilms.

3. Rcsults

For the deposited silicnll nilridc films. a good lIniformity was
ohlaincd for holh the lhickllcss and Ihe rcfraClive indices. The
Illcasurcd stress in Ihe films al :lmhient tempcralurc is ten.
sile. which is in agreclllenl wilh previous Illeasurements [8].
In Fig. J the slress is sho\\'1l as a funclion 01' Ihe silicon ni.
(ride film Ihickness dcposiled with R F = l.ü'i. for limes
01" lO, 3(U,O, 70. antl 90 mino The stress is praelieally ¡n-
dependent nI' Ihe silicOll nitride film Ihickness, within lhe
experimcntal error, which agrces with the reslllts 01' other
researchers I!JI. This fact is explained hy ohscrving Ihat a
thicker l1Im \I,:ill rcslllt in a curvature radius correspondingly
minoro Thus, if Ihe hiaxial claslic constant Es/{1 - lIS) does
not change. the inlrinsic component of Ihe slress is main-
tained fm Ihe R F used.

On the olher hand, tile silicon nilride film slrcss is re-
duceJ whereas Ihe nF value is increased, as shown in Fig. 4.
In this case Ihe lIIm thickness inereaseu with the RF valuc,
howc\'er, as secn ahove. Ihe film stress does nol tlepend 011

Ihe film (hickness. In Fig. 5. Ihe rerraclive ¡ndiees 0'- the t1c-
posiled tiIllls as a fUllcti(Hl of lhe R F ratio have ht:cn graphed.
The sloirhiomelric silicon nitride film, ¡.e., Ihat with a re frac-
tive indcx uf ahollt 2.0, was ohtaincd wilh a small RF vallle,
while Ihe lilms with hi~hcr rcfr,Ktive indices. which indicalcs
a highcr silicon cuntent 110). \\'cre nhlained with higher RF
valucs.

In Fig. 6, lhe stacking f<lults hehavior during the thermal
trcatmenls ror the silieon nitride llIms with different lhickness
hui the saine chcmical composilion are shown. The shrinkagc
rate 01'lhe stacking falllts under the nitride lIIms. is practically
Ihe samc fm lhe diffcrcnt used Ihickness. On lhe olller hand.
in Fig. 7. the hchavior exhihited hy lhe slacking faults under
the nilrh.le lIIms dcposilcd for dillcrent Rp values is shown.
In this case Ihcrc cxists a prevalen! Icndency lo higher shrink-
age ralcs of Ihe st;:¡cking faults fnr lowcr l? Jo' values. Figure 7
also shows thl' slaeking faults heh:lVior during Ihe thermal
lrcatment wht:n lIsing a composed SiN.rISi01 film. Thc stack-

R('I'.Mex. fú. ~5 (2) (\999) 156-162



STUDY OF THE STRESS-RELATED VACAi'\CY GEr-:ERATION IN SIUC<);'\II)UE TO SILlCON NITRIJ)E FIL\1S

"

159

...,~
~~

...,~
í
!701rtr/ ~.~a:

~
...,~

"
"

I•

T ",tl00.C_ .....,

. RF_035

• RF-075

• RF.187

• RF-30

• RF_44
RF_SO

" S,H-.!SI02

"•• "-

i-
••

o • •
Tl'tmH hlirm1 'ITB{~ "

FJ(;ulu: 4. Strc~s in LPCVD sili(.on nitridc films as a fllllction 01'
the !low r;lIio 1{J.' := fSíll¡f fNII3 01' the rC;lction gases. As IllCI1*

tiollcd in Ihe lexl. Ihe film thickncss innca"cs with Ihe RF valllc.

FI(JURE 7. Slacking fau1ts lcngth as a fUllclion 01' time in Ihe IrC:Il-
rncnl al 1J()()oC in Argo/l amhicnl, for dilfcrcnt RF = !SíIU./ ¡N1I3

v;¡lucs IISCUin lhe LPCVD s¡[¡con nitriJc lllms t1cposil. Thc uppcr
(llI'VC prcsclll" lhe ('ase ror Ihe ('ompound SiNxlSi02 film, being
lhe SiOl 45 1l1111hick and nr.- == O.i5 for lhe SiNl 111m.
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PICiURE 6. Average stacking fauhs Icngth as a fUllction of time in
Ihe lhermal trcalment al I 100°C in Argoll amhicnl, fm diffcrcnt
dcrosil limes 01' lile LI'CVD siJicon nitridc Iilms.

FlnURE X. Stress in the LPCVD silil'on nitridc fllms as a function
or Ihe thi<.:kncss before nnd aftcr Ihe (hermal trcntments al !I<xtc
in Argoll amhicllt.

illg faults are rcduced in sil.C more slowly for Ihe nitridc lIIms
with a low-strcss level (hig R F valucs) and for Ihe composcd
SiN.rISiO:! film. Ihan ror lhe Ililride lilllls wilh a high.slress
Icvcl (slllall UF values). II should he poinled out that Ihe
stacking faulls density ohscrvcd in all samples maintained
approximntely conslnn( during lhe lhcrmallrcalmcnts.

Figure H shows the stress values in the silicon nilride
liIms with differenl thickness, hcfore ami after the thermal
Ircnlmcnts in Argon. An inlcresting aspcct that is further dis-
clIsscd hehm. is lhe faet that the stress in Ihe films is in gcnef<ll
il\l:reascd <"Inerthe thernl<lllrcatrnents .

4. DisClISSioll of reslIlts

By ohserving: (he hchavior shown hy the stacking faults un-
der Ihermal lre¡¡(mcnts al I 100°C in Argon nmhicnl, and ac-

R<'I'.Mex. P¡,. ~5 (2) (1999) 15I~162
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l'llrliing lo Ihe charaClcrislil' of these dcfcCls nI' rcducing
thcir si/e in prcscncc 01' a "acaney cxccss H J, il is clcar tha!
Ihe presence 01' stress in the nitridc film rcsu1ts in a v;)cancy
supcrsaturation ilnd a conscqucnt sclf-inlcrslilial undcrsatu-
ration !leal' Ihe silicon surfJCC region. Thc vacancy supcrsat-
uralion le\'el dcpcnds on lhe magniludc nI' Ihe f1Im stress and
is manifcstcd hy lhe amount 01' shrinkagc rate of Ihe slacking
faults.

This analysis suggcsts tha! lhe silicoll nilrit!c 1¡lms dc-
posilcd in Ihe high-strcss cont!iliolls, tha! ¡s, rOl" sm;¡lI UF
valucs (sec Fig. 7), corrcspond lo ¡¡ lloncquilihriulIl si!uatioll
rOl"the point dcfcCI conccntrations. In oll1er wonls. the stoi~
chiolllelric siliconllilride flIms ueposited hy using slllall UF
\,¡¡Iues (Iow-silicon content). cause Ihal stacking faults, i!llhe
high-IcmperalUre Irealments. lo shrink faster Ihan in Ihe cor-
responding case 10 the liIllls oOlained when lIsing higher \'al-
lIes for nI-' (high-silicon conlenl). Thercfore. under ¡¡ silicon
nitride liIm in lhe silicon regioll near the inlerface Si/SiN".
Ilwre is a \'acallcy supers,:lturnlion ami a corresponding sclf-
inll'rslilial unt.1ersalUration, \Vhose deviations of equilibriulll
inerrase hy incrcasing Ihe slress-Ievel in the 111m.

Thl.:'se considerations let liS l!link 011a prohahle callse for
lhe vacancy gl.:'neration lInder lhe shown experimental condi-
tions. \\fhen a silicon nitride liIm, (il is also ohserved in SiO~
lilms) L'ither depositeJ or thennally g["{)\l,/fl011 ¡¡ silicon suh-
strate, is suhjeclcd lo a thermal trealment in an i!lert amhie111
hllL'lllperalures ahoye the deposition or growing temperalure,
it lends in general to reduce its slress Ihrollgh a relaxation
process. Since lIIH.1erthese conditions, as seell aboye. ;¡ va-
GlIlcy eXCL'SSami a corresponding self.interstitial delicit are
generated. it can be supposed Ihal the vacancies in the suh-
sll'ale are consequence of Ihe interstilial Iranspon lo the ni-
[ride film. which reduces its stress hy ahsorbing silicon atOI11S
in ils structure. It is noted Ihal Ihis cause of vaca1ll.:y genera.
lion is compalihle with lhe racI Ihal silicon l1itrit.le fihns dc-
posilcd by lIsing high fl r valucs. are the ones tl1<ltshow lhe
1001,'cslslress valucs.

In regard to Ihis poinl, il is illteresting to obscrve lhe cf.
fecI of inlroducillg a thennal-grown SiOl film helween the
silicon sllhslrate ano thc silicon Ililridc lIIm. In Fig. 7. the
I"aul! heh~l\'ior corresponding lo Ihis case is shO\vn amI it is
obscr\'ed lhal the presence 01' SiOl decreases Ihe shrinkage
rate of Ihe slacking faults. In agreelllenl with lhe above men-
lioned. this Illeólns thal a Si02 film decreases lhe stress in Ihe
silicon suhslrale, ~xistjng a lower vacal1cy concenlralion Ihan
in the case of using only a silicon nitride film. Tl1e expla-
nation to this reslIlt is lhal the Si02 has a cOlllpressive-kind
slress. Ihus cOlllpensating lhe nitrit.!e lcnsile-slress. Further-
more. whell the tempcralure inercases. lhc SiOl hehaves as
a viscolls !low thal gives rise lo a relaxalioll Illec!lanislll of
Ihe SiN.I'/SiO~ systelll. Once the slrcss eqllilibrium slale in
the systeJll has hecn rcachet.!. hy Illeans of viscous now of
oxide. di..;localioll gelleration. elC.. il will tend to eslah1ish a
re\;¡liollship hL'l\\'een Ihe reslIl!ing slress ant.! lhe vacancy COI1-
cenlraliol1 generalet.! in lhe silicoll subslrate. In likc l11anner,

Ihe "ilicon Iranspon lo Ihe nitride film, \ViII rcsult in a grad-
ual (additional) reduction of the total stress during tlle high
temperalure lhermallreatment.

One aspecI 01"interest rclatcd 10 Ihe vacancy generalion
under Ihe stress contlitiolls is constilulCt.! hy the possihle
soui.ces 01" these (h:fecIs. In this case. there are l\Vo possi-
bililies. Tllc first possihilily is lhe silicon region near the
SiN.,./Si interface and the second is Ihe inlerface ilsclf. Re.
garding the ¡¡rst possihilily, il musl he observcd Ihat the len-
sile stress presenl in Ihe nilride liIm will give r¡se to a COI11-
pressive stress in the suhslrate, which can reduce the cnlhalpy
of formal ion of vacancies and inerease that corresponding lo
self.i111crstiti.lls 111]. Nevcnhcless, in nccordance wilh the
reponed in the lilt..'rature. the stress produced in the suhslrale
hy a unifonn silirollnilride lilm is praclically negligihle 112).
This was \'crilied in Ihis work hy means of a simulation by
cl1lploying a hi-dil1lcnsionall1lodel 01' the SUPREM IV [13]
applied to a conlinutlllS lilm nI' silieon nitride. ¡.e.. wilh no
sleps. According [o Ihe lIeclllyong model [111. which is
hased on Ihe c!lal1t!cs 01"poi nt dcfect concenlralions ami dilTu-
sivilies inlhe prcsellcL' ora stress field in silicon. it is possihle
lo explain pl1el1011lL'nalikc Ihe phosphorus relarded diffusion
in a cOlllprcssivL' slress licld. 1I0\Vever. in order lo he able to
explain Ihis phenolllenon il is necessary a stress level in Ihe
silicon of Ihe onkr of I<fl N/m2, like Ihe oncs gencrateJ in
the nilride film edges, situalion Ihal is not applicahle in this
work. Thus, j[ is nol prohable Ihat formal ion energies 01'poinl
defecIs be al!ercd and Ihercfore, their equilihriuJ11 concentra-
liollS. Moreovcr. il shollld he ohservcd Ihat lhe Ihickncss 01'
Ihe silicon nilride filllls does not inllllence (heir stress (see
Fig. 3), but il docs alTecI lhe suhslrale stress level, which is
nOlnoliced inlhe slacking f;¡ults behavior.

The olher possihilily is the SiNr/Si inlerface aCling as a
source or a drain of point dcfects whelher injeeting vacal1-
cies lo the subslralc or ahsorhing self-inlerstilials from Ihe
same. BOlh conditiollS arc compalihle with the ohserved ex-
perimental results, Ih:1I is, wilh an excess of vacancies lhat
cause a stacking raul! shrinkage grealer than thc one corre-
sponding to lhe intrinsic case. Ir the interface absorhs inter-
slilials, which can happen hy means of some kind of reaction
at Ihe silicoll surface, l!len it will result in a vacancy super-
saluralion hy f-renkcl dcfecI (inlerstitial-\'acancy pair) gcn-
eral ion in Ihe silicon volume in response lo the inlerslitial
defkil. Howcvcr, Ihe Frenkel defccI generation in lhe silicon
volullle requires 1110reenergy than interface vacancy gencra~
tion, which will result in a slower gelleration process in the
silicon volUllle. This salllc argulllenl \Vas used hy Fahey el

al. [14].10 delermine whell1er thcrc is a vacancy injection or
an inlerstitial delkit during the silicon Ihermal nitridation. On
the olher hand. Ihe inlerface :lcling as él SOllfce lo injeet V<l-
rancies inlo Ihe silieon \'olulTle, il will result in an inlerslitial
dcficit Ihrough the natural reaclion of recomhination hctwccn
interstitials ami vacancics. Frolll this point of view. it is more
probable Ihc vacancy injeclion of the SiN.rISi inlerface in or-
der lo explain in ;¡ consislenl way a vacancy supersaluration
inthe silieon \.OIUlllC.
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where lhe inlrinsic stress, Gj, is related lo Ihe internal slruc-
lure ami compositioll and is tlelermined by Ihe deposition
condiliolls. antl Glh is a thermal cOl1lponent which results
fmm the dilTerence in the therrnal expansioll coefficienls 01
lhe film and suhslrate. The Ihennal component is given by lhe
expression 151

In rclalion lo Ihe probable cause 01' yacancy generalion
that cxplains lhe stacking fault behaYior during the thermal
Ircallllcnls. il has oeen pointetl out Ihal the nitride film ao-
soros silicon aloms from Ihe substrate as a consequence of the
Ilalural tendency 01'lhe film lo reduce ils slress by ll1eans 01'a
higlHempcrature relaxalion process. Thcn, afler Ihe thermal
lrcalmcnls il wOllld oe expccted to ootain lower film slress
values than oefore lhe treatments. Ncverlheless, this cffeel
was nol ooscrved in Dur cxperiments. Thc stress values mea-
suretl for the silicon nitride films increased aner lhe thermal
lreallllcnlS, as it was shown in f'ig. 8 ror the nilridc films with
dilTercnllhickncss values. In order lo adcquately explain lhis
rcsult. il is llecessmy to analyzc lhe hehavior of the stress in
relalion lo lhe possiole struclure changes in the silicon nilritle
lilms, whell thcse are sllbjected 10 lempcratures aboye the de-
posilion one,

In lhe ideal elastic regimc, lhe lolal slress 01'the tIImmea-
surcd at Mune givell temperaturc is rcpresenled as l5J

5. Conclllsions

nilritle lhermal expansion coeflkient and a saturation af the
biaxial cOllslanl as a consequencc 01"loss hydrogen. In fact,
Jansen el a(. 1161 found a decrease 01' Ihe silicon oxide Iher-
lllal coeflkient in oxide films ami a saturation 01' its biax.
ial constant as a resllll 01' reducillg the hydrogen conlent in
lhe oxide lilms. It should he poinlcd out thal effecls 01'pos-
itive hystercsis in stress have also heell ohscrved in Plasma
Enhancetl Chelllical Vapor Deposition silicon nitride fIIms
at tempcraturcs aboye the dcposition lemperature. and ex-
plained 011 lhe basis 01"loss hydrogen during Ihe thermallreat-
menl [171,

A possihlc way of avoiding or retlucing Ihe hysteresis cf-
fecls in the slress 01'a liIm suhjecled lo a thermal trealment,
il would l'onsisl in dcpositing or growing the film to lhe same
lcmperalure al which the lreallnent is effected. In this I"orm,
no addith~nal phenomenon l'ould he activatcd (for instance
a chcmical olle) that altered the slress hehavior during the
thermal lreatmen!. This effcct can oe directly verified I"rom
the experilllenlal rcsults of Ahn ct al.. on the phenomcnon
of anlimony incrcased dilTusion in silicon under thermal sili.
con nilride liIms 118J. Ahn el al. observcd thal the anlimony
dilTusivity decreascs \vilh lhe limc 01"lrealmenl in Argon al
¡\OO°C. which was Ihe sallle temperaturc of the film grow-
ing. Taking inlo accounl tl1at anlimony diffuses mainly by a
vacallcy Illcchanislll and lhal its difrusivity depends directly
on lhe vaeancy supersaturalioll produced hy Ihe stress in lhe
lilm, Ihis raet indicales lhallherc exists a stress redllction with
the lime nI' tre<lllllent ouc 10 Ihe inlerstilial migration from
lhe suhslrale. In lhis case, lhcre are no alterations in lhe film
stress due lo composilion rhanges. that is why il is possible
to ohserve the net slress rclaxalion circe!.
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From lhe stacking fault shrinkage ohservation on rhe silicon
surface during lreatments at I !Onoe in Argon ambient. il
was found lhat lhere is a vacancy supersaturation and a self-
interstilial delicil llnder lhe silicon nilriJe films. tlue lo the
presence of slrcss in thcse ones. The eqllilihrium deviation al'
lhe poinl dcfect cnnccntratiolls is related with the stress-Ievel
in lhe silicon nitride film. Thc increase ohserved in the stress
of lhe films afie!" lhe lhermal lreatments is explained on lhe
oasis 01' the slructural renrdering antl dcnsifying thal the sil-
icon nilride films sufl'er at temperatures ahoye Ihe one 01'Ihe
deposil.

(~)

(5)GIl! = ( El ) (o, - n/)(T - 7;,),
1 - u¡

where ns and nI are the lhermal expansion coeflkients of the
suhslralC antl film. respectively; El is the Young's lllotlulus
01"Ihe lilm. 1/¡ is lhe Poisson's ratio 01' lhe lilm. antl T,¡ ami
T <lrethe tleposilioll and the slress llleasureI11enl temperature,
respectively.

Whcn lhe lelllperalure 01' a deposiled SiN.!. liIm is in-
crcased. its stress will also lentl lo increase. This is tlue lo
the ¡hermal component 01' the slress which grows with the
lelllperaturc since ns > USiN .• ' Ir lhe temperalure increase
does nol generate any structural change in lhe film, then Ihe
stress oehavior can he explainetl. ami even prcdicled. lhrough
lhe simple elaslicity laws such as Eqs. (4) ami (5), knowing
lhe elaslic conslanls of the material. Neverlheless. lempcr-
alure incre<lses greater than Ihe film t1eposilioll lemperatme
can induce irreversible changes in lhe film structure which
are associalct! 10 the rcJuction of hydrogen in Ihe film [151.
The L£levo silicon nilridc always contains hydrogcn. lISll-
,lIly al alomic conccntrations around 7('/(1 hontled lo silicon or
nilmgcn as Si.H or N-H, respeclively. The loss 01'hydrogen
dming high lemperature treatments. has been laken as a tlirccl
evidence I"orchelllical and composilional changes (structural
reordering and densification) in Ihe film 115}.

Thus, the positive hysleresis elTect observed in the 111m
slress artel" the 11oooe lrcalment can be explaincd, accord-
ing to expression (5), by assullling a decrease in the silicon
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