
til'e-I
" ' r : l ii  L . '

!L.L

i  i i . !L i , ._.

for Advanced
Microelectronics

Mikhaif Bakfanov, tMEC, Leuven. Betgium
Martin Green, Nts., Gaithersburg, usA
Karen Maex, IMEC, Leuven, Belgium

The drelectnc propert ies ol  sr con drox de (sic:) ,  such :s h gh resislv ty and exce enr o eLeair  c slrenq:f ,
have arded the evo ui ion of m (roe eatron cs dur .g ihe pasi 40 yeais srr .aa f l  m5 nave ceen srccessfrr  y
lsed over th,s per od for ooth gate and nterconnect app cat ons in u tra i : ,ge sca e ntegrar on (uLsD
devrces D,electrc f lms lor gate applcat ions need to have a hrgher dielecrrc constant,  wf le
nterconnectdrelecrrcmatenasneedrohavealowerdelectTaconstant,compa.edwi lhso? Inorcier

to md ntarn the hrgh dr ve cu(ent and gale capacttance requ red cf scared MCSFET5 (metai-ox de s I  con
tredeffect l rafsstors),srorqatedielectrcshavedecreased nihcinesstolessthan2nmtooay.wirha
contrnled effon to shr ink io rhe thickness berow r nm However,  s io,  lavers thinner th.n r  2 nm do
not have the lnsulat tng orcpeft ies requrred oi  a gate deectra dnd utathi f  SOr gate oeeal .cs gve
rsetoanumberolproblem!,suahashtghgareleakagecuftentanorerabi l tydegradat ion Therefore,
al ternat ive gate d electr ic mater als are reouired

5rO,,  having been the unlveBal die e(tr  c mater al  lor both gate a.d nter ayer dietectrc (  -D) aop cat cns
for many years, must be repiaaed by mater a s wttn a hrgher i re df a (onstant ior gate app iaatons and
a reduced drelectrc constant ior interconnecr app catrof i .  Replacemcnts ior s irrcon droroe, such as
HfO:,ZrO:,andAl:O:, for  ntroduct ionashigh kdiele. t r lcs(des.r ibedi f thecentralsectronofthebook),
na_ve mater al  properr es that are qu te di f ferenl compared with rhose ol  i radi i ional cense sro, ancr tnese
ornerences cTeate many teahnoog(al  chalenges that are ihe subtect oi  ntensve research
n dddrt ion,  not only the deveiopmenl ol  new gate materals but a so re-eng neernq ol  many

technoogrcal processes s needed For exampe, n the case of low k materras (drs(!s5ed n ihe f i rs l
secton ot the book),  actve speces iormed durng di f ferent technoogtcal processes dtfr lse ntc:he
pores and create severe Oamage A these problems have been simuatng t ie oevelopmeni or new
techno ogrcal approaches, which wl l  be dea t  wt ih In this book.
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Ps l i i 'et inres. Plausible distr ibur ions 01 pores can r lso be determined. Depth prof i l ing of
l ihrs with PALS has proven to be an ideal way to measufe the interconnect ion length 01
mesopores, al lows us to search for inhornogeneit ics in the pore structure in low,t  l i lns,

and is capable of explor ing porosi ty hidden beneath dense laycrs, crpping layers, and di f-

fusion barr iers.  PALS has demonstrated i ts usclulness in character izat ion ofDUll i laye. l i l lDS

wit l r  a conrplex pore sn ucture and in invest igat ing lhe evolut ion of pore shape and structure

with porosi ly.

Positron rescarchers arc cont iuuously workiDg to inprove PALS and PAS techniques

to have a broad i l rpact in the developlnent oi  future low-k t ] lms. Whi le lhe current PALS

technique is sul l ic ient to support  the microebctronics industry through the 22nm technol-

ogy node, these iruprovencnts wi l l  extcnd thc capabi l i t ies oi  the technique. A reactor based

PALS nanophase character izat ion ,aci l i ty is undcr construct ion which wi l l  u l t inrately.have

a faclor of  100 higher data rate lhat wi l l  permit  a spectruD to be acquircd on a sample in

l0s. ln addir ion we arc working loward implcmenring th€ capncity to srudy whole 300nrn

wafers, reducing rhe spot size of the bearn for i rnproved lateral  resolut ion, aud increasing

the depth range we are able to study. The iDpact oI PALS is not l imited to low-l  dielectr ic

i lms. The technique has proven to be uselul  in studying hardniask Dlater ials,  SiN and SiC

barr iers,  photorcsists,  and shouid be useful  in explor ing a wide range of porous mater ials

and barr iers.
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3.3 STRUCTURE CHARACTERIZATION OF NANOPOROUS
INTERI,EVEL DIELECTRIC THIN FILNTS WITH X.RAY
AND NEUTRON RADIATIONI.

Christopher L. Soles, Hae-Jcong Lee, Br,-an D. Vogt, Eric K. Lin, and Wetrli Wu

3.3.1 Introduction

The structure character izat jon of nanoporous inter lcvei dieleclr ic ( lLD) f t iD t i lms is chal

lenging because of the srnal l  sanple volumes and nanorleter dimensioi ls of  the po.es. ID

this chapter,  we rcvierv character izut ion Drethods 1br porous ILD nater ials usi ig X-ray and

neulron mdiat ion sources. Thcse mcthods i ic lucle X rry ref lect iv i ty (XI l ) ,  smal1-angle X-fay

scatter ing (SAXS), snal l -angle neulron scatter ing (SANS), add X-ray porosimetry (XRP).

lOf l ic i r l  conrr ibut ior  ot  the Nat ionr l  Ins( i ture ol  Standi lds anJ Techi lo logy:  not sul icct  h cotyrght in the

Utr i ted SLaLcs

POROSITY OF LOW DIELEC'I 'RIC CONS'IAN-I 'MA'I 'DRIALS IO1

XRP, in part icul i l r ,  shows promisc as a genei l l  laboratory chi l facter izat jou method thal
provides derai led structural  in lbrnat ion of nanoporous ILD thin l i lms. In XRP, changcs in

lhe cr i t ical  angle lbr total  X-ray rel lect l lnce provide a sensit ive l reasure of mass uptake of

n cordcnsdte into the nlD. Cufrenl porosimetry absorpt ion/desorpt ion nodels can then be

used to dcterninc struclure paramolers such as porosi ty i l rd the distr ibut ion of pofe sizes.

Furthcr,  XRP datr can be used to dctenl i ine pore st luctufe as a l -unct ion of depth in non-

uDiform thin i i lms. Dctai led coi lpar isols of XRP results with those from SANS arc shown

and discusscd.

3.3.2 Thin film density by X-ray reflectivity (XR)

l l igh-resolut ion specular Xray rcl lect iv i ty (XR) is a powcrful  experimental  technique to

mcasure the structure of thin f i lms in lhe direct ion normal to the l ihn surface. ln part icular,

l l re l i l rD thickness, I i l [ r  qual i ly (roughncss and unifbf lni ty) and the depth pfol i ie ol 'density

can be determined with a high degrec of precision.

X{ay ref lect iv i ty measurernenls were perforrrred at the specular condit ion with ident ical

incident aDd detector angles, 6.  ln the examplcs discussecl in this chapter,  the equiprnent

used was a d 2A goniorneter with an angular reproducibi l i ty oi  0.0001", and a f ine-focus

copper X ray tube as thc radiat ion source- The ref lected intensity is measured at graziDg

incidence angles ralging from 0.0l  to 2' .  The iDcident beam is condit ioned with a four-

bouncc germaniun (220) monochrorneter. The bearn is lurther conditiored bcfore the

derectof with a three-boutrce gerrnanium (220) crystal .  Condit ioning of the beam with

these crystals decreases the wrvelength spread in comparison to instrurnents with collimat-

ing sl i ts.  The result ing beam has r wr\elength, l  of  1.5+0bA, a wavelength spread

L7/2" = L3 x l0j ,  and an angular divergence of 12 arcsec. This instrunent has the preci

sion and resolut ior l  necessary to observe jnter ierence osci l lat ions in the ref lect iv i ty data

from f i i rns up to 1.5 [n thick.

In Figurc 3.11, the XR curve is shown for typical  porous diclectr ic l i lm; plot t ing the

logarithm of the reflected intensity (1/.4.) as a function ol./ (whcre q = 4rllstie). ALIow

4 values, the X-ray bcarn is completely reflected lrom the film surface (llL 
- 1). As q

0.02 0.03 0 04
o/A'

I , ' igure 3.11 X ray rcf fecl iv i ly prof i lc l lom a typical  low'(  l i lnr
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increases, the rcnect iv i ty drantat ical ly drops at t tvo separare cr i t icai  angles f l ,  the l i rst  at
approxinatcLy 17 = 0.019 A /  and the second ar approximarely 9 = U.03 A r.  Each value of e
is rel i t ted to the eiecl fon density of di l lerent layers in the sample. The cr i t ical  angle is
del ined as the grrzing angles below s,hich total  ref lecrance of an X ray beam occurs. This
cr i t ical  augle, 4,  depends upon the electron density p. (und rhus mass densi ly) of  the f i ln l
througlr :

0,=L(p"r , /x)" '  \ ,1

whcre ,-  is the Xjay wavelength and r.  is the classical  electron radius. In Figure 3.11, the
nrst cr i t ical  angle at r /  -  0.019 A '  ar ises from the electron density of rhe porous rhin l l ln l
and the second cr i t icdl  anBle ar ises t ion the si l icon substrate electron density. ' fhe osci l la-
t ioDs that rppear in the ref lect iv i ty curve berween t l tese two cr i l ical  angles ar isc l ronr a
waveguiding node that is very sei ls i t ive to bot l t  the thjckness and eiectron dcnsjty deplh
prof i le of the nlDr.  Civen thc eieDental  conposit ion, thc avcrage electron dersi ty o[ the
porous thi i l  f i lm can be converted into an uverage mass densiry oi  t l rc f i lm. The averagc
mass dcnsity of the nlm in Figure 3. l l  is 0.87 t  0.01 g/cmr, this includes contr ibut ions from
both the natr ix and the voids. The porosiry and marr ix deosity of thc l l lm are direct ly
related to this average density (p", .) :

p", ,= p, , , ( t_ P) (2)

where p'  is the density of the matr ix or wal l  nater ial  and P is the porosi ty of the f i lm. Ar
this point,  aD assumption of f te malr ix mass density can provide a nutnerical  €st imate of
the film porosity. However, no inlbrmation about the pore size can be obtained fiom this
single XR measurement.

In addit ion to the average mass density of the i i lm, the f i lm thickness can be deter-
mined from more dctai led analysis of the ref lecr iv iry dara or rh.ough rhe periodiciry of
the osci l lat ions i^n the reffect iv i ty proi l ie.  The osci l lar ions beyond the cr i t ical  edge of
si l icon (r7 > 0.03 A- ')  result  f ronr the des(ruct ive and construct ive inlcrference of the X-rays
reflected from both the air/nlm interface and rhe lllm/silicon interface. The electron
density depth proliie of the porous thin filn can be dererrnincd by fittiDg the reflecrivity
data with a model proiile. The model profile consisrs of several layers described by their
thickness, electron densiLy, and roughness. In the case of the data in Figure 3.11, the rgf lec-
l iv i ty can be describcd by two laye$ corresponding to the porous f i lm and the si l icon sub-
stratc.  From t l r is electron deDsity prof i le,  rhe X-ray ref lect iv i ty prol i le is calculated using
eslabl ished methods [ .17].  The individual layer rhickncsses, elecrron densit ies, and rough-
nesses are then numerical ly var ied to lnininize deviat ions between the model rc i lcct iv i ty
calculat ion and rhe rel lecdvity data. However,  this nodel prof i le is not a unique solut ion
because of lost phase informatiol t .  ln contrasr,  the thickncss of the l i ln1 can be uuiquely
deterNined from the periodici ty of the rel lect iv iry dara. At higher r7 values, rhe osci l lat ions
in thc ref lect iv i ty curve are general ly free of mulr iple scattef ing contr ibut ioos and l  Fourie.
l ransfoul enables a model f ree determinat ion of the i j lm rhickness lr l7 l .  The f i l rn thick-
ness iD Figure 3. l l  is determined ro be (753() I  10) A, indcpendcrr ol  the i lcrhod uscd to
extract the thickncss: Fourier t faDslorm or Dodel l i t t ing. This sensit iv i ty to lhickness, for
examplc, enablcs the nleasurenlent oI the coeff lc icnt of  lhcrmal expansion (CTE) ol  very
thin l i )ms by rneasuring the t i lm thickness at di l fereDt tc inperatures.

POROSITY OF I-OW DIELECTRIC CONS'|ANT IUATI]RIALS 10]

3.3,3 Small angle X-ray/neutron scattering

A single XR ncasuremcnt of a porous diclectf ic f i l rn yic lds the average i i ln dersi ty,  but

the porosi ty of lhe t i lm cannot bc delermined without assuluing the rnatf ix density.  This

assuffrpt ion can be avoided by oblaining another measumble quanl i ty also related 10 both

rhc porosi ly P rnd rnatr ix dcnsity,  p ' .  One complernentary experimental  technique that

ful f i l ls this requirenrent is smal l- t rugle neulron scalter ing (SANS), which has been appi ied

in transmission to thin porous dielectr ic f i lms [6].  With lwo measurcments that depcnd oD

p, and P in di f ferent funct ional forms from XR and SANS, one can solve lbr the values of

p,,  rnd P experimental ly.

SANS results provide information related to the pore size bccausc the SANS intersi ty

is sensit ive to density i luctuat ion correlat ions. Ncutron scatter ing is oot pfacl ical  in lhe long

term for character izat ion of porous f i lm due to the l imited number of ncutron sources.

Simi lar to neutron scattcr ing, smal l-angle X-ray scatter ing (SAXS) wi lh a wavelenglh less

than 0.1 nm carl  also be used to provide the saf ie slructure i l iormal ion. The short  wave

length is needed because the X-ray energy is such that t ransnission experimerts thfough

si l icon waicrs are possiblc.  The physics descr ibiDg the scatter ing from SANS and SAXS is

ident ical ,  but there afe di l fere[ces in the dctai ]s.  In part icular,  s i l icon is vir tual ly l ranspar-

ent !o neutrons i lnd a stack of more thrn teo low L l i lms supported on si l icou substrate is

ol ten used in SANS in order to increase the scatter ing volume and the neutror scut ler in8

signal.  ln coDtrast,  X-rays have l imited penetrat ion power through si l icon due to a signincanl

absorbance and a single f i im is uscd lbr SAXS. The srnal l  scatter ing volune, weak scatter-

ing of most porous dielectr ics for lLDs, and high absorbancc ol  the si l icon necessi l i l tes a

high intensity X-ray source. At preseot,  a synchrolron sourcc is needed to obtain a large

enough flux lbr transmission SAXS neasurements with sufiicient signal. Another X-ray

scatter ing al ternat ive is grazing incidenr smal l  angle X'ray scalter ing (GISAXS). ID a

G-ISAXS measuremcot. the scatterinB volume can be increased by two orders of magnitude

ovcr the normal incident geomctry.

3.3.4 Pore wall density and pore structure

Many of the porous films for the low-t application consist of a solid film with a higb

volume of randonly packed nanopores. A nlodel to describe the scattered intensity from

such a structure was introduced by Debye el al. [48) y(r) = cxp(-r/0 where 6 is the corre-

lat ion length. The average dimension, or lhe chord length, of  the pores is 6/( l  -  P),  and the

average dimcnsion of the wall between the pores is g/P. The scattcring interlsity bascd on

this modcl is:

,q=V!!-D!-! (3)
l+ q't')'

where Ap,,  is the neut lon scatter ing Lcngth cootrast or the electron density di l ' ference

between two phascs lbr SANS and SAXS, respect ively.  For porous ur i fot i l  l i lm, this value

is sinlply tbe neutrcn scatter ing lcngth or the clectron density of the natr ix $ater ial  between

the pores because lhe scatter ing length of the porcs (voids) is zero. This cluant i ty is l inearly
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rclated to lhc Drass dcnsi ly of the l ))atr ix ai ld lhc proport ional i ty cot lstal t l  can be easj ly
delcrnr ined. providcd the atoDtic coDtl losi t ion of the sample is klown. Besides thc D€ble
randoi l r  two-phasc modcl prcseDted by }Jcluat ion threc, there are i l tany other structure
models depending on the sample morphology. This cqurt ion rcquires that both the SAXS
or SANS inteDsity nlusl  on an absolLrte inlcnsi ty seale to measure the pore slruclufe quun-

t i tat ivcly.  Figurc 3.12 shows SAXS and SANS clala fron a methylsi lsesqioxane (MSQ)

based lanoporous l i l rn that wrs f i t led with a polydisperse hard-sphere (PIIS) model.  The
general  shapes of these two scrt ter ing rcsults arc sini lat  to each other whereas the intensity

scales dre very di l ierent;  the X-ray inteDsity scale is Dlore lhan an ordcr of Diagnitude

Sreater t l ran that of  the r leutron intensity.  Dcspite the large di f lerence in absolute intensity

bctwecn the SAXS and SANS results,  the struclural  parameters are in relar ively good

agrceDlent as shown in Tlble 3.1-
Depeuding upon the type of porous nrater ial ,  SAXS and SANS data may nor neccssari ly

yieid ident ic i l l  structure inlbrmrt ion l loDt the saDe scat ler ing nrodei.  The SAXS and SANS

results l re equivalent only under the condit ion rhat thc porous mater ial  caD be urodelcd
with a Lwo fhrse structufe, i .e. ,  a void phase and a na! ix phrse. When the matr ix is not
honogenous, c.g.,  i l  hydrogen is p.efereDrial ly localed at the sur lace ol  rhe void, rhe contrast
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Figur€ 3.12 lrJ SANS rcsults of a NISQ'based rarognous l i lm iu|porred on si l icon $r lef ;  (b)
SAXS fcsults ol  rhe santc MSQ based nanolorous l ihn. Thc shapc ofthe scatLcr ing is sinr i lar berwecr
SAXS and SANS. but thc absolutc nragnitudc of lhe scattcf jng is not ol  rbe srne ordcr
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Table J. l  Stfucr lro iDibr i l rat ion of a MSQ based naroporous l i lm feduccd iom SANS i lnd SAXS
fcsults.  Result  l ron X fay fel lccLivi ty (XR) lvrs used complcmetrtal l ) '  lo deefnr ine thc st fuctule
rcsults

Fi l t ing Fi lnl  densiLy Wrl l
Dodel f lom XR density

(g/dm) (g/cm])

Porosily Pore
(E") diancter

Wall Porosity Pore
densi(y (E") diameter
(g/cnr) (A)

Fi l l jng

mooel

0.965 1.568 20.1 PIIS 1.4IJ38..1 34.6

lactors lbr X-rays and neu{rons can chlnge and yield di l fcrcnt st fucturc pararneters. Hydro-
gen is a special case beoause of the vcry dJflerent scatteriog cross-section tbr neut-ons. i;or

this case, a three phase model was developcd to acconnlodate this type ol  structure 1.19].
Direct observat ions of a heterogeneous matf ix in nanopofous l l lms have been made with

contfast match SANS [5].
For many nanoporous hlm appl icat ions, wel l  def ined and ordered porcs are advanta-

geous [50].  Of part icular intercst has been the evolut ion ol  new mesoporous mateLials

creatcd using sacr i f ic ial  templates sincc the discovery of MCM-,11 [51].  (MCM-41 (Mobi le

Crystal l ine Mater ial)  is an ordered mesoporous mater ial ,  displaying a honeycornb-l ike

structure ol  uni lbrnr rnesopores (3 nm in diameter) running through a natr ix of amporphous

si l ica..1 The pore sizc and space grclp of these mater ials can be control led fhrough the

choice of self:assenbling template material [52] for a variety ol netal oxide frameworks

[53].  Sl ight modi i ical ior of  this versal i le approach has been Lrsed successfLr l ly to create

mesoporous l i lms with regular packed pores [5.1].
To control pore orientation, methods havc been developed 10. the directed growth 01'

orientated mesoporous lilms from solution [55]. The orientation of these self:assembled

nanostructured mater ials is s imi lar to those observed in block copolymer f i lms [56, 5?].

Due to preferential wetting of a component of the templating agcnt lo the ftee surface and/or

substrate [58],  f i im interfaces provide local or iental ion si tes [54].  The depth of the or ienta-

t ion is typical ly determined from cross-sect iooal scanniog electron microscopy (SEM) or

transmission electron microscopy (TEM) images I591. XR has been appi ied successlul ly

to detcrmine thc depth of this surface or ientat ion and SANS has becn used to determine

the packing order of the voids [60].
An al ternat ive to transmission SAXS measurenent is GISAXS. Unl ike transmission

SAXS, which fequires a high intensity,  iow-wavelength Xiay source, the GISAXS geome-

l fy,  where the scatter ing signai is col lected at the thin- l l ln]  s ide, can increase (he scatter ing

volune by two orders ol  rnagnitude. The X-ray beam does not penetrate thc si l icon sub-

strate, but is renected froul  the surface. Consequent ly,  X fays from a typical  coppcr source

can be used for this measurenent.  Experimcntal  tcchniques have been developed and

dcrnonstrate the capabi i i ty of  col lect ing CISAXS dNta wi lhin a t ine period less than 60s.

Horvever,  thc quant i lat ive analysis of CISAXS data remains a chal lenge because of t l re

di l l icul ty in decoupi ing thc scatter idg intensity frotn both the Danopor€s ard the surface/

intcrface roughness. Belbrc this di f f icul ty in GISAXS data analysis is resolved, ei ther

tr ' i lnsrr ission SAXS or SANS must be used for quiul l i tat ivc structurc oharacter izat ior,  paf-

t icular ly lbr ordered structures.
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Thc di f l icul ty in obtaining access to SAXS and SANS sources for ILD porous dielecrr ics

has lcd to a |eed lbr $ore accessiblc merhods lbr rhe deterut inat iol  of  borh thc porosiry

f ,nd nalr ix density.  One potenl ial  solut ion ro thi5 issue is XRP

3,3.5 X-ray porosimetry

The charactcr izat ion of bulk porous nrater ials,  porosimeLry, is l  wel l -establ ished t ic ld.  Both

total  pofosi ty and pore size distr ibut ion are determined by mersuring the pressure depend-

cnce of l iquid or gas ini ' i l t rat ior l  into the porous nater iuls [61, 62].  There afe sevcral  tcch-

uiques, such as gas adsorpt ion, nercurv intrusi i i l .  mass uplrke, and others, capable of

charactedzing pores signi i icanl ly smir l ler t l ran l {)0nn. However,  these methods lack the

sensit iv i ty to quant i ty porosi ty in thin porous ILD rhar arc typical ly several  hundred nanom
elers thick. The nlnl  mass is less thar a few nr i l l igrams, meaning that the usual observables
( i .e. ,  prcssure drop in a gas adsorpt ion expuriment or nrrss in en gr lr intetr ic experimenr)
exhibi t  exceedingly smal l  changes as the pores are I i l led with a condensate. The porosimctry

of thin ILD i i lms requires measurement probes ol  condeDsate infusion with extraordi trary
sci ls i t iv i ty.

EP [3,.1]  was developed to address this need. EP Neasurcs thc refract ive index and
thickncss oI the l i lm before ard after being f i l led by condensate. lv loni tor ing thc anounr

of adsorbed condensate as a funct ion of thc part ial  pressure def ines a physisorpt ion iso-

therm, the basic start iDg point fbr any nuntber of analyt ical  interpretat ions. Howevef,  to
deduce porosity iiorn the refractive index, approximations such as addirive polarizabilities

are required. This porosimetry neasurenenl can be iiuproved by avoiding these assuntp-
t ions and approximations.

XRP is very simi lar to EP, but the f i im densiry is direct ly neasured f iom dle cr i t ical
angle, provided the l i lm cornposit ion is known [63].  Exposing the f i l rn to a part ial  pressure

of condensable vapors changes lhe nlnr density prot i le and potenrial ly thc nlm rhickness,
both of which are measured independently with XR. The change in film density can be
direct ly related to the amount of adsorbed condensate, and thus porosi ty.  i f  rhe density of
the condenscd f luid is known or assumed to be bulk- l ike. XRP direct ly measures the average
porosity, average fiLn densily, and average wall density of the marerial separaring the pores.

The average pore size and pore size distr ibut ion from the physisorpt ion isotherrn can be
determired using exist ing porosimetry models.  ln addit ion, XRP is also capable ol  provid-
ing depth-resoived inlorrnat ion on pore sizc distr ibur ion. The depth resolut ion is typjcal ly
within a l_ew nanometers.

Por0simetry fundamentals

Ttadit joual forms ol-adsorpt ion porosi tnetry rely upon weight gnin due 10 the sufface
adsorpt ion and/or condersrt ion of vapor i ls idc the porous media. The cu.rent status of the
porosinrctry l ie ld caD be found in a number ol  texls [6] ,  62, 64].  Today, the most coNmon
lbrm of porosimetry is thc Ditrogen physisorpt ion isothern and serves as a uselul  model
for porosimetry cancepts. ln these cxperimeDts, the porous sanple, usual ly a powder, is
sealed iD a vesscl  of  t ixed volunle, evacuated, and cooled to l iquid N2 temperatures. The
samplc vessel is t l ren doscd with a f ixed voJunre of pure N, gas. The f ixed volunte of the
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vessel combined with the known volunle olgas del ines thc pressure- l lowever,  at  low dosing

pfessures some of the Nr condcnses oD thc surfacc of the sample, result i l lS in a reduct ion

of thc 'predicted' prrtial pressure that can be measured with an accurate pressurc trans-

ducer.  By knowing the ini t ia l  and l inal  dosing prcssures in thc f ixed volunes, the amount

of adsorbed N: onto the pore sur laccs can be calculated.

At higher part ial  pressures, af ter a t 'ew monolayers of the gas adsofb onto the pore wal ls,

N1 begins to condcnse iuside the smdl lest pores, eveo though the vapor pressurc in the

system nay be less than the l icpr id equi l ibr ium vapor ptessure. Zsigmondy [65] was the

i i rst  ro i l lustrate this el iect and describe the process, using corcepts or jginal ly proposed by

Thompson (t .ord Kelvin).  as capi l lary condensat ion [66].  The classic Kclvin equat ion

relates the cr i t ical  fadius tbr this capi l lary condcnsat ion , : ,  to thc parl ia l  pressure e equi-

l ibr ium vapor pressure P0. l iquid sur lace tension / ,  and molar volume %, thfougi l :

^= nry^&r) s)

where I  is the tenipcrature and R is the universal 8as constatr t .  This relat ionshiP demon-

slrates that dle cr i t ical  pore size for capi l lary condeNation increas€s with the part ial  pres-

sure, unt i l  the equi l ibr ium vapor pressure of l iquid N, is achieved and r;  approaches inf ini ty;

the vapor spoDtaneousiy coldenses. ln the porosintetry apparatus, capillary condensation

leads to a noticeable pressure drop that can also be converted into the amount of adsorbed

vapo.. A more detailed description of these physiosorption isotherms can be lound else-

where [6] ,62,64].
These measurenetrts become exccodingly difficult in thir, low t dielectric films whete

there is I imited sample mass. A typical  low-i i  d ielectr ic f i lm is approximately 500nm thick,

with an average density of I g/cmr and a porosily of approximately 507o by volume. This

neans that on a 76.2mm (3in) diameter wafer there wi l l  be approximately I  x l0-rcm' of

pore \olume on lop of several grams of Si. Traditional porosinetry techniques lack the

sensitivity to register the pressute, mass, oi calorimetric changes that occur when condens-

ing such a small amount of vapor; metrologies with highcr sensitivity are needed to quantify

the porosity in thin low-t dielectric lilms. It is also desirable that the characterization be

i/r sitr, on the supporting Si waler. This obviates sample damage and the crrors that result

from scraping large quantilies of low't material off multiple wafers, and further retains

rhe possibility of on-iinc or process control checks in the fabrication or industrial lab

sett ings.

X-ray porosinetry fundamentals

XRP combines specular XR meusuremeots with capi l lary corrdensat ion where the needed

sensiti\ ity to mass uptake comes from th€ accuracy of thin-film density measurements wi(h

XR. l f  t l re environment surrounding the f i lm is gradual ly enr iched with an orgaDic vapor,

such as toluene, the vapor wi l l  condense in the pores wit l l  the radi i  colrmensufate with the

cr i t ical  radi i  for capi l lary condensat ion. This coDdensir t ion increases the density of the

srrnple. Recal l  ear l iet  est inates that the density ol  a low-t l i lm is of the orcler o[  L g/ctnr

with approximately 50% porosi ty ( implying wal l  density on the order of ?g/cm') Givcn

that most condeDsecl organic vapors i r lso have densi l ies of the order of I  g/crnr,  complete
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condensat ion lcrds to a signi i icant ( i .e-,  of  the ordcr of 507.) chrnge in the total  l i lm density
' l  h is otTeri  a vcry effect ive n)echanism 10 monitor the vapor uptake as a funct ion of part ial

p!essure and obtaining physisorpt ion isothernis-

Al l  thc abovc discussions have been focused on the character jzat iolr  ol  blank or unpat

tcrned porous ILD f i lms. Upon plasrna processiDg for pattef l r  etching or photoresist  ashing

the porous structure wi l l  o l len be nodined, jn most cases densi l rcat ior l  at  thc l i lm surface

occurs. For soore cases. a l i r l l i led and control led dersi f icat ion r t  the sidewal l  of  the patterns

is desirablc since i t  rna) faci l i tate the deposit ion of barr ier layer on the sidcwi l l l .  This poiots

lo the need ol  addit ional nretrology to quant i fy the extent ol  s idewal l  densihcat ion. Work

is in progress to develop nletroiogy to addfcss this type of porous struclurc l reasurement

need.

Fit t i t tg X-rar,  rcJlect iv i l |  r14rrr-  A compJcte analysis of X-ray ref lect iv i ty dala requires

nrodel ing the rcduced data using wel l  establ ished models and procedures. ' l 'he equat ions

needed to model specular rel iect iv i ty data are straightforward [-17,66,67].  The basic pfo

cedure involvcs corstruct ing u model elcctron density deplh prol i le colsistent with wel l

known scatter ing lemgth deosity paranetcrs for the Dater ial  or Drater iais of interest,  solving

a recursion folnula for the expected X-ray rcl lcct iv i ty data, then i terat ing the model p.of i le

unt i l  a sat is lactory nt is obtaioed with the cxpcrimenral  ref lccr iv i ty curve. The gretr test

l inr i tat ion in thc analysis of X-ray ref lect iv i ty dxta is the need lbr a model prol l lc to nt to

the data. Therc are many di f lerent software packages avai lable to i i t  X ray reffect iv i ty data

using a rccursion algori thm 1.17, 681.

For XRP, i t  is oi ten suf l ic ient to measure only the cr i t ical  anglc of the sample because

changes in thc amount of adsorpt ion arc proporl ional b the changes in the samplc electron

density.  For more detai led analysis,  i t  may become necessary to perform ful l  data f i ts of

the XRP ref lecl iv i ly curves for s i tuat ions, for exarlple,  where the l i lm swel l  or the pore size

dist l ibut ion is depth dependent.  The fol lowing sect ions show how the X-ray rcf lect iv i ty data
can be uscd to deternjre important information about the structure of nanoporous thin

l i lms.

I t terprelat ion of XRP dan. In this sect ion, we i l lusrrate how to interprct and analyze
XRP with f i ims from three di f fercnt c lasses of porous low f  dielectr ic mater ial .  The f i lms

are character ized in terms ol 'cr i t ical  structural  intbrmation, such as the average i l lm density,
average wal l  mater ial  deDsity,  porosi ty,  and the pore size distr ibut ion. By way ol  introduc-
t ion, the f i rst  c lass of mater ial  is a hydrogensi lscsqioxane (HSQ) f i ln prepared by the

evaporat ion of a high-boi l ing-point solvei t  af ter gel l ing the HSQ resin [69].  The second is
a MSQ f iLr Sererated through a templated vi t r i f icat ion of low molecular nlass si loxane
ol igomcrs [70].  The third rnaier ial  is deposited by plasma enhanced chemical vapor deposi-

l ion (PECVD) from a mixture of an organic precursor ( thc porocen) and rerramethyicy
clotetrasi loxnne 1711. This last l i lm wi l l  be relefred to as porous SiCOFI. The reported
dielectr ic constunts of the porous HSQ, MSQ. and SiCOH l i lnrs are 2.20, 1.85 and 2.0-5,

respect ively.  In l ight of  the nominal iy simi lar dielectr ic constnnts, we compare and contrast

thc pore sb-uclures in these f i lms because the slructure also tr l lects other cr i l ical  propert ies

such as dre mcchanical  propert ies of the l i lnt .  XRP is able to perceive di f lorcnces in the
porc structLues 01 these otherwise simi lar low-l  l i lms. Later,  the chtractcf ist ics of the
porous f i lms obtain from XRP arc also contpared with simi lar data obtained through scal

tcr ing, spcci f icr l ly SANS/XR techniques [5.69, ?2].

Figurc 3.13 displays experimental  XR data lbr the three porous los- l  f i lnrs both urder
vacuun rnd in the presence tolucne-satu.atcd air .  The square ol  this cr i t ical  aDgle is pro-
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Figure 3.13 SXR curves of (A) lorous HSQ, (B) porous MSe, and (C) porous SiCOIt lh iD t i lms
Thc curves are ol l iet  lbr c lar i ty.  Thc standard unccrtair ly in log(/ /10) is lcss than Lhc hnc wici th.
(Rcprinlcd iiom "/o!r/Ml of Appliccl I'hJsics 95(5) 2355 (200a) with Def[rission ffom the American
lnsl i !utc of Physics)

porlronal to averagc electron dcnsity of the thin filn, as discussed previously through
Equation (1),  which is thcn uscd to calculatc thc average mass density l rom rne atourc
conposit ion. For thcse Rlns thg clenental  composit ion is determined experincntal ly v ia
ron bcam scaltering, using the combination of the Rutherford backscattering, forward scat-
ter ing and forward recoi l  scatrer ing techniques discussed elsewherc [69, ?3].

Comparing the rellectivity curves uDde. vacuurn in Figure 3.13 shows that./. occurs at
iower 4 for the filns with lowcr k, qualiratively indicating that (he dersity of porous thin
f i l rn decreases with the dielectr ic constant.  I t  is also clear that r7.  shi frs to higher 4 in rhe
presence of the saturated toluene vapo.. Capillary condensation of the toluene inside the
accessible pores rcsults in an appreciable incrcase of the den$ity. A larger difference
between 4. of the vacuum and the toluene-saturated curves jndicates a greatcr uptake of
toluene, and thus a greater porosity. From these two curves, one caD calculats the total
amouDt of toiuenc adsorbed, thus the total porosity p, as well as the density oI the wall
male.tal  p*dr separut ing the pofes [63].  P and p*,r  can be detefmined from two simple
expennents: ref lect iv i ty under dry (evacuated) and toluene saturated environments. This
leads to two equat jons based on a si i rple rule of mixtures:

Pu,r=( l -P)P*ur

Ai l  = pplq"d +( l_ p)p*, i l  (6)

In addition to P and p*,rr, pd,y is the toral averagc density ol the dry (evacuatccl) fiLn,
ps,,, rs tlre averagc density oI the filrn in the presence r)l the sa{Llratod vapor, ancl p1;,,,,,, is the
deosity of the condenscd l iquid. pd,y and p., ,  are det ined by t i re ei  values of the ref le,ct iv i ty
cxpenNeots in the dry and vapor saturated environmcDts, rcspect ively,  whi le pr i , , , , ,d is
assunrcd 10 be bulk- l ike fbr this calculat ion. The clcmental  composit ion ol  thc low_l hlm,
the elemental  coinposit ion ol  the toluere coDdensate, and Equat ion ( l )  are usecl to convcrt
thc clectron densit ics iDto ntass densit ies. Knowiug pa," and p."r  lodves two equat ions thal
can bc solved lor the remai l ing two unkDowns. l ,  ancl  p*" i l .

(5)

r::i:'a*:';:r:a;,



I t  should be roled that Equat ioDs (5) and (6) do not account for pores that nray be inac

cessibie to the cor ldensing vapor;  sucb porosi tv is lb lded inlo the average wrl l  c lensi ty of

lhe rDater ial .  Pores night not be accessible i f  they are isolated, unconnectcd to the surface,

too smal l  to acconlrnodate thc vapor molecules, or excludecl because of an unfavorable

surlace encrgy. Our expcrience with a broad fange of low , t  dielectr ic rnater ir ls indicates

thi t  toluene is able to accers nost pores, espccir l ly i l  the malr ix ( !val l )  mater ir l  exhibi ts

swel l ing in the presence oi loluenc- Toluene has lorv polar i ty and wels mosl low-l  mater ials,

which also have low polar i ty ( i .e. ,1ow dielcctr ic constant).  Notable except ioDs, however,

include higbly l luor inated maler ials that the toluene wi l l  not wet or pcnetrale the wal l

matcr ial .  Solvenl vapors other than toluef le rnay be used i{  pore accessibi l i ty becomes an

issue.

Equat ions (5) aud (6) do nol account for swel l ing of the low-l  hln by the cordensate.

XRP is wel l  sui led to address swel l ing bccause the XR dala also providc ar accurate

measure of f i lDr t l r ickness. Using tolucne vapor,  we rarely see evidence o[ f i lm swel l ing

greater than I% in thickness Ibr most nonorganic low I  nater ials.  However,  this is nol  the

case lbr polyneric samples lhat can swel l  apprcciably.  In soDe respects, a smal l  rmount of

f i lm swel l ing helps the XRP measurement.  I f  the condensatc can gent ly swel l  the l i lm, i t

is reasonable 10 assume that al l  pores are acccssible because swel l ing shows thrt  the con-

densate can di f luse through lhe wal l  mater ial  aD(l  is not dependcot upon connected cbannels

to the surface. In lhe presence of swe1l ing, Equal ion (6) should be modifred such that lhe
porosi ty is givcn by:
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where ld, ,  and I , . r  are the nlm $ickness values of thc dry and swol len l i lms. This equat ion

assumes that the volume of l iquid toluene is conserved (rule oI mixtures) upon absorpt ion

into the l i lm and the wal l  mater ial .  Once P is determined, Equarion (5) can be used to

extract p*arL for lhe d.y mater ial .

The porosi t ies obtained by this method (no swel l ing, using Equat ions 5 and 6) for the

porous HSQ, MSQ, and SiCOH f i lms are (46 l :  l )o/o, (34 X 1)7o, and (31 t  1)7o, respect ively.
(Certain commercial  equipment and mater ials are ident i f ied in this paper in order 10 specity

adequately the experimenlal  procedure; in no case does such ident i l icat ion imply recom-

Dendations by the Nat ional Inst i lute of Standards and Technology, nor does i t  imply lhat

the natcr ial  or equipment ident ihcd is necessari ly thc best avai lable for this purpose.)

The result iDg wal l  deDsit ies of the porous I{SQ, MSQ, and SiCOH f i lns are (1.83 1 .05)
g/cmr, (1.35 1.05) g/cm3 and (1.31 t .05) g/cnrr,  respect ively.  Norice f iat  the porous HSQ

lihn has the highest porosi ty,  yet i ts dieleclr ic coostant is thc largest.  This apparcnt contra-

dict ion is resolved Lhrough the observarion that lhe porous HSQ l i ln also has highest wal l

density.  I t  is also interest ing that the porous N1SQ and SiCOH l i lms have simi lar average

densit ies, wal l  dcnsit ies, and atonric composit ions, despite the fuct (hey arc prepared lron

very di f ferert  techniques. Tlre elemental  composit ion, detai led structural  character ist ics,

and standard uncerlaint ies in the pore charlcter isr ics of the satnples are sulnmrr ized in

TiLble 3.2.

The sensit iv i ty and resolul ior l  of  XR are sLl f l ic ient to reveir l  subt le di l ferenccs betrvecn

the thrcc filrus ils the loluene alDosphere gradurlly varies |rctn P/P\, = 0 (dfy air) to

P/Po = I  ( lo luene saturated) and toluene progressivcly iDnltralcs the po.es- In terms ofthe
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' Iable3,2 Asuntnreryoftheatont iccomposi t ions,dielecu- icconstantst ,a,dstrucruralcnaracter.
is l ics ofdi l fcrenl porous low-l  l i lms. ' Ihc rclal ive srandrrd uncertaint ies ofr l re atoDlc cunrl 'osir ions
p:,  dens{ies. porosi l ics and pore racl i i  are 122o,0.05A-r,  0.05g/cm,, l%, anrJ I  A, respecrrvery
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Figure 3.14 Critical angle changes for the porous HSe sanrple as p/po increases systcDtatically
fronr 0 (dry air)  to I  (oluene satu.arcd aiD. condensat ion of Ihe toluetre inside lhe Dores results in
an apprcciabte and measurable changc in q:. Rcprintccl from X,ray Rcllccrivity as;L Merrology ro
Charaterizc Pores in I-ow-k Dielcctric Films i n ACS syillposium serier 8z4i polymers for Microclec
tronics and Nanoelccl lonics. Publ ished 2004 Americar Chenical  Society

rel)ect iv i ty data, Figure 3.14 i l lustrates these changes in the porous HSe f i lm in the region
of the r7.. By assurning thar the mass density of adsorbcd roluene js the same as rhe bulk
f luid,  the increase in 4l  above the vacuum lcvel can be used to caiculate the amount of
lolucne adsorbed into the ltlm as a function of the rclative partial pressure. These data are
presented as physisorpt ion isorbcrms in Figure 3.15.

ln Figure 3. i5,  the porous SiCOH l i lm shows a prominent uptakc at low part ial  pressures
that quickly levels oft. There is also no hysteresis between the aclsorption ard desorptioD
branches. This is character ist ic of  f i l l ing microporcs (pores less than 2nm diarnctcD [6],
62, 6,1, 7.11, indicatinlg that the PECVD process generares a lar€e population of small pores.
In comparison, the porous MSQ i i ln cont inues to adsorb over a broad ralge of lar ger part ial
pressures. There is also a pronounced hysteresis between the adsorpt ion and desorp( ioD
palhways lbr thc porous MSQ 1i l rn,  consistent with thc f i l i i rg of j r rger mesopores. This
indicates thal  thc porogen in the PECVD f i lm lbrrns smai ler dornains than rne sDrn_casr
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FiSure 3.15 Physisorpt ion isorhcrms lor the porous (Al HSQ. (B) NISQ, and (C) SiCOII f i1Ns. The
l int 's are snroolh f i ts using the cunulat ivc sum ol r  s iemoidal end a log-norrnal funct ion lbr porous

HSQ and MSQ i i lms, ni ld rhc sun of a CaussiaD and a srgnNidal funct ion fol  porou! SiCOH, l lhD.
(Repf inled l iorn Jo!rul  of  Appl iet l  P$ t ics 95(5) :355 (200.1) !v i lh permission l l 'oo Lhc Americen
Inst i tute of Physics)

MSQ f i ln,  ieading to snal ler pores in lhe porous SiCOH f i lm. This is str ik ing because the

porous SiCOH and MSQ f i lns are otherwise simi lar in terms of their  atonic coDrposit ion,

total  porosi ty,  and wal l  densit ies; the pr imary di f t -erence is in their  pore size distr ibut ions
(PSDs).

At low part ial  pressures, the adsorpt ion process in buth sprn oD-glass (SOG) I i lms

(porous HSQ and IvISQ I i lms) is gradual at  l l rst ,  but increases steeply at intcrmediate parl ia l

pressures due to capi i lary condensat ion in lhe nlesopores. Al ier these mcsopores are f i l led,

the adsorpt ion isotherms level of f .  Note that capi l iary condensat ion and evaporat ion do not

takc place at t l re saDe part ial  pressures, i .e. ,  there is an appreciable hysteresis.  Thc hysteresis

loop in the MSQ l i lm is highly asymmetr ic (broad on adsorpt ion, narrow on desorpt ioD),

suggest iug that pore connect iv i ty (network) effccts are inporlanl  [75].  I l  larger porcs can

be accessed only through neighboring or inlerconnected narrow pores, the condensale in

the larger pores is not f ree to desorb at the rclat ive pressure corresponding to their  cr i t ical

capi i lary radius. The sDal ler pores block the desorpt ioI  of  the solvent from the larger pores

in a manner that has been described as the ' ink-bott le '  ef i 'ect 16l ,761. The result  is a sirnul-

laneous draiDing of both the smal l  ancl  large mesopores at a part ial  pressure correspouding

to the cr i t ical  radius of t l re smal ler pores. Hence, the shafper drop in the desorpt ion curve

compared with the adso.pt ion branch in Figure 3.15.

By comparing the general  shape of the adsorpt ion/desofpt ion isothenns for the three

dif ferent f i lms, one can qual i tat ively arr ive at the schenat ic pore structures dcpicted in

Figurc 3.16. The PECVD process creatcs the smal iest pores, iu very large quant i t ies. The

lack ol  a hysteresis loop conf irms that the dimensions of porcs are ol  the order of a few

toluenc moleculcs. Thcse pores. as wel l  as al l  the f i lms studied herc. are apparent ly inter-

connected since tolucne f ieely di f i 'uses into and out of the structures. The total  pofosi ty is,

howevcr,  greater in the HSQ nater ial ,  as indicatcd by the largest totai  toluene uptake in

Figure 3.15. The pores iu HSQ are also clear ly larger than the PECVD mater ial 's pores.

Like the pores in porous SiCOH, those in the porous l . lSQ are lair ly uni lbrm in their  s ize

dist l iLrut ion, as indicated by thc symmetr ic and felat ively narrow hysteresis loop. This is in
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Figure 3.16 Schernaric porc suucrures lbr the porous HSQ, MSe, and SiCOH f i lms. (Reprinred
frcn Journnl 4 Appl iel  Physics 95(5)2355 (2004) wirh permission l rom thc A[er ican Insr iru(e of
Physics)
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Figure 3,17 Approxiilrare porc s'ze dislributions liom rhc snooth lirs thrcugh rhe physisorplion
isotherms in Figure 3.16, using Equal ion ( : l )  to converr P/p0 into a pofe size. The distr ibut ions from
Ihe adsorpt ion branch (sol id l ines) can be signi f icant ly broadcr and shif ted to larger porc sizes lhan
the corresponditrg desorpt ion braDch, especial ly in those mater ials (such as the MSe nLn) with a
large dist f ibur ior of  mesoporc sizes

conlrast to the MSQ film with its very broad pore size disrribution and rhe largest average
poie size (despile the lorver porosity in comparison to the HSQ film). As discussed above,
the sharp desofpt ion bfanch of rhe MSQ f i lm in conrrtst  to the broad adsorpr ion pathway
indicares that pore blocking effects are signi f icar l t .

This qual i tat ive descr ipt ion can be quanri f ied using cquat ion to convert  the part ial  pres-
sures lor capi l l l ry condensat ion in Figure 3.15 ir to pofe radi i .  Plotr ing t l te relat ive loluene
uptake as a funct ion of the pore size estabi ishes the pore size dist f ibut ion (pSD). To i l lus-
trate lhis procedure we use the simplest example of the Kelvin cquation (Equation 4) to
convert P/Po into a critical fadius for capillary condeDsation. However., we acknowledgc
that al lernat ive expressions ro Equat ion (4) arc probably morc apprcpriate. The Kelvin
equatioD lacks terns tltat account for interactiors of tlte condensrLe with the pore surfaces
ard is not wel l  sui ted lbr s i tuat ioDs whcre the porc size approaches the di lnensious of the
cond.nsate molecule. Ncvertheless, Figure 3.17 shows the rcsult ing pore size distr ibut ion,
with the total  rreas bencath the curve sct led Lo a value consisteDt with thc total  p for each
f i lm as reporlcd in ' lhblc 3.2. I t  should be noted that the symbols in Figure 3.17 are
nol Drersured duta; they are gcnerated l ioD thc smooth hts in descr ibed in the capt iol  ol
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IJigure 3.15. Gencrul ly,  wc l lnd that thc !ncref icnts oi  P/Po iD experimental  data of Figure

3.15 iue not suf i ic ient ly l loe for a point by-point di f fercnt iat ion when using a Kelvin equa-

t ion to generate Figure 3.17; signi f icant ly smoother and reasonable distr jbut ions are oblaincd

by transibrnr ing the arbi trrry f i t  Iunct ion. As long as rhe enpir ical  f i t  accurateiy paranleter-

izes the physisorpt ion data, this is a reusonable procedure.

lD lhe l i terature, i l  is l radi t ional to use the clesorpt ion branch of thc physisorpt iun Jso-

therm to rcport  the PSDs. The average pore radi i  in the porous HSQ, MSQ, and SiCOH

li lms taken fron the desorpt ion curves in Figure 3.17 are approxinrately 13, 15, rnd 5A,

respecl ively.  However,  this average is biased towards the mininum or constr ict ing pore i rr

regard to the ink-bonle ef lect;  a more complete interpretat ion of the pore slructure always

results from analyzing both the adsorpt ion and dcsorpt ion brauches. For example, in Figure

3.17 trot ice ihat there is a relat ively large di f ference belween adsorpt ion and desorpl ion pore

size distr ibut ions for the MSQ mater ials.  Whi le lhe avefage pore mdius on desorpl ion was

approximateiy 15 A. the desorpt iotr  branch ieads to an app.oximate average pore radius ol '

274. By contrast,  lhe discrepancy is much less for the I ISQ l i ln (-13 A on desorpt ion and

16 A on absor pt ion) and nearly the same (no discrepancy) for the SiCOH Rln. Thjs is con-

sistent with the previous discussion of thc isotherms in Figure 3.15 and the schematic pore

structures in Figure 3.16.

3.3.6 Comparison of small-angle scattering and X-ray porosimetry

SANS is also capable of quant i iy ing the average pore size in these low-t dic lectr ic I i lms,
providing a usefui  comparison for the XRP data. The SANS measurcments discussed herein

were performed on the NCI beam line al rhe National lnstitute of Standards and Technol-

ogy Center tbr Neutron Research. SANS is collecred wirh thc sample under vacuum, like

the XRP, and shown in Figure 3.18. These scatter ing curves can be f i t  wi th the Debye model
(Equation 3) [48] to extract an average pore size. An increase in the scattering intensity
corresponds to increase in the pore size and/or porosi ty.  In Figure 3.18, the porous SiCOH

oa'

! ' igure 3.18 SANS data lor the porous HSQ (ci .c les),  MSQ (dianlonds).  ind SiCOH (rr iangles)
f i l rns urder vacuum. (Reprjntcd l  fonr Jdrr i ld l  of  Apl l i&! Ph\.si6 9515) 2355 (200-l)  wi lh pclnission
lron thc Amcfican Inst i tute ol  Physirs)

POROSIl'Y OF LOW DIELECTRIC CONSTANT MA-I1]I{IALS

l i lm shows not iceably weaker scatter ing t l tan ei ther o1 the porous SOC l l lDs, consistent
wi lh the smrl ler pore size and lower porosi ty.  The greatest scatter ing intensit ies occur in
the porous MSQ f i lm, which is also coDsistent wirh rhe largest populat ion of larger pores.
For the porous HSQ and MSQ f i lns, the Debye model gives rel iable i i ts with average pore
radj i  of  9 and 10A, respect ively.  The radi i  are comparable to the XRP pore sizes reportecl
in Table 3.2. l lowcvcr,  thc SANS ir tcnsi t ies in thc porous SiCOll  [ iLn are too Iow to rel iably
apply the Debye model; rhe scatreriDg is not srrong iront rhis low porosity film. Il the Debye
modcl were appl ied the result ing pore radius would bc approximatcly 34. This result  is
unphysical  i r  l ight of  thc i rnpl ic ir  assunlpr ion in the Debye modcl that there is a dist inct
interface between the pore and the wal l  mater ial ;3A is comparable to a single atonic
fadius, melrDiDg that the trodel is not appropriate. Nevertheless, thefe is rcasonably good
agreement between the SANS and XRP data tbr rhe higher-porosiry HSQ and MSQ f i lm.
I lowever,  we must also mention that thero are examples, not reported here, where the SANS
and XRP data do not yield consistci t  data. Recal l  the discussi0n above of the oversimpl i f i
cal ions of thc Kelvin equat ion; this was chosen as the si tDplest case example for demonstra,
t ion. Likewise, analysis of the SANS data with the Debye rnodel suffers from the two,phase
approximation where the fiarix or wail material is considered to bc homogeleous. To a
large extent,  the agreement between SANS and XRP wi l l  dep€nd on the coDsistency of the
models choscn to aDalyze the pore size distr ibut ions.

XRP is a very sensitive form of porosimetry, especia]ly lbr those materials with very
smal l  pores or low porosi ty supported on thick substrate. This is i l lustrated with the porous
SiCOH film where SANS is unablc to reveal the porosity in lhis film bccause rhe porcs are
too snal l ,  below the sensit iv i ty ol  the technique. However,  in Figure 3.13 there is st i l l  a
very sigoi f icant change in the raw XRP data as toluene condenses inside tbe pores.

One dist inct advantage of XRP over other tbrms oI porosimetly,  including rhe el l ispo-
mctr ic porosimetry technique, is the potent ial  10 vei t ical ly depth prol i le the density (and
therefore po.osiry) through the thickness of the f i lm. Recal l  lhat the ref lect iv i ty data can
be l i t  using a mult i layer model.  In the preceding examplcs, the low-k l i lms were modeled
with a single layer of uniform density, both under vacuum and jn the presence of toluene.
However, Figure 3.19 shows an example of a low-t dielectric nlm that has a multilayer
structure, with different porosilies in the differenr layers. Figure 3.19(a) shows rhe reflcctiv
ity data lbr this filln both under vacuum and in the toiuene-saturated environment. The
general shape of the rellectivity curves is noticeably different from the preceding examples.
In addition to the high frequency interference fringes that indicate the total filn thickness,
there are also )ower frequency osci l lat ions in the data as roughly indicated the l ines and
arrows. The low frequency oscillations are due to a mutlilayer structure. Fitting the reflec-
t iv i ty data requires three dist inct layers for rhc low-k f i lm, as shown in Figure 3.19(b).  The
electror density of the layers as a functiot] oi distance into the film (starting from the free
surface) is plofied in terms of C.r. Near the free surface (laycr l) thc density is noticeably
larger than thc rcst of  the low t  f i lnr,  the consequence of a plasnla t .eat lnent to the sur lace.
The density appears lowest ( layer 3) near the Si substrate ( the physical  or igiD of rhe lowe.
density in layer 3 is not undcrstood)-

When this rnult i layer f i l ln is exposed to the (olue|e eDvironDlent,  two ef lects beconte
obvious. First ,  Lhe density increases iD al l  thrce laycrs ol  the low-t f i lm as tolucne condenses
in thc individual porcs. Second. the total  l i lm thickness swel ls by approximately 4.47o,
meaning that Equat ion (7) ntost be used to extract tbe porosi t ies. What r lay be less obvious
is that each ol  the three iayers in the low,t  f i lm absorbs di l lcrent dmounts of tolucDe.
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Lr these equat ions V is thc relat ivc pore volunre ( I /n, , ," /Xrr,) ,  t r  = l i .  is dielecrfrc const lnl

ol  tht  l l lD skelelon. N, and €o are nurDber ol  rnolecules per volume unit  (dcnsity) and

rhat pfovides detni led \ t fuctural  i i l lb i lDat ion oi  nanoporous ILD thin l i lms. lD XRP, changcs

in the cr i t ical  angle i i ) r  k)tal  X ray rcl lcctancc provide a scnsit i rc measure ol  rnass uptake

ol a condensrtc i i l to the l i lm. Current porosrmetry absorPt iort /desorpt ion lnodels can theI

bd Lrscd to deterr l inc structure prrametcrs such as porosi ty and the distr ibut iolr  ol  Porc
srzcs. Furlher,  Xl{P data can be used to clcternl inc pore slructure as r  fuoct io ol  depth in

rtr)nuniform lhin l i lms.
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3.4 ELLIPSOMETRIC POROSIMBTITY

Ilikltuil R. Buk[anoy

3.J.1 Introduction

In c ' l l ipsonretr ic porosirnelry.  the pofosi ty cvaludt ion is nondestruct ive aDd based on analysis

of ai ie lcctr ic funct ion that makes the .0sults vefy sLl i table lor microelecLronics 117,821. Tbe

morsurcmcnt ol  el l -ecl ive pore size ancl porosi ty is based on peneuat ion rnd coDdcnsat ion

of drgrnic vapor in thc pores and al iows predict ior of  bchavior of the porous nlater ials

dunng di i lerent technological  processes inciuding inLeract ion oi  porous dielectr ic l i l tns wit i t

etch, str ip,  c leaning chemistr ies, chernical  vapor deposit ion (CVi l) ,  etc.  Addit ional advan-

tage of EP is thc possibi  l i ty of  cvaluat ion ol  other propcrt ies inportanl 1br integrat iot l  such

as nrechanical  propert ics, hydrophobiciLy. di f tusioi l  bafr ier,  etc.

3,,1.2 Fundamentals of ellipsometric porosimetry

The ef i ict ive cl ie lectr ic constrnt i i ,  of  a trvo componenl system depends on dielectr ic

constants ol  the componcnts k '  ald l1 and thcir  relat ive fract iorts /  and (1 V) (Clausius-

IUossott i  eqLlat ion):

k,  1 
5,4rN, o,  y k,  I  

+( t  y)  l  -1 
( l )

k, ,+2 13€o kt+2 k1+2

I0 the case ol  l lorous nater i i l ls ooe o[ the colni ]onenls is air  ( t r  = 1) ai ld

10

0.8

06

04

a2

00

0 1@0 2ooo 3@o 4ooo
(o/ oepu iA

Figure 3.19 XRP drta ibf  a low-l  l l im compl ised of thfce disr inct la lefs:  (a) rc l lecr iv i t )  di la for
the (A) dfy and (fJ) toluene salurared l i lms, reveal ioB bolh a high f leqlrenc), |cf iodiciry duc to rhe
lotal  hlm thickness and loq frequency osci l lar ions due Io thc thinner individuai la lcrs;  1b) rcr l ,sptce
scat l t r lDg lensd densiry '  prof i les a funct ion of distance rnto the nlm. re\eal ing lhe rhickness ancj
dcnsrly ol  the indir idur l  hyers

Qual i tat ively,  Figure 3.19(b) sho*s rhar layer 2 trkes in rhe nrost rolucne whi le layer I  picks
up the least.  Equat iod (7) can be used to calculate the porosi t ics in ialers 1.2. and j  as
approximately 13, 21, and 167c, tespect ively.  Despite thc lolver o\,eral l  electron dcnsit) ,  in
hyer 3, the greatest porosi ty is found in layer 2. This is because the wal l  densit ies are also
grealer rn layer 2, of l :et t ing the porosi ty el lect in terms of lhe average l i lm density.

3,3.7 Conclusions

The s{fucture chlractcr izat iol  of  nanoporous inref le!el  . l ie lecrr ic f lLD) thin l i lms is chr l-
leDglng because ol  the slnxl l  sample volumes aod nlnoncter dimcnsions ol  thc pores. Thcfe
arc lcq/ charf ,c leuzat ion nelhods tbr porous ILD mater ials including pALS. Ep ancl those
ut i l iz ing X ray f lnd ncui loD radiat ion sourccs such as X ray ref lect iv i ty {  XR1, snral l  i rngle
X-l?y scatter ing (SAXS), snal l  adglc neutron sc[tcr ing (SANS), atrd X-r i ly poroslrnclry
(XRP). XRP. in prrt icular,  shows promise as a gcnerr l  laborator) chrracte. izuiod nlethod


