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Ellipsometric Characterization of Very Thin Gate Oxides and Correlation
with Electrical Properties
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Spectroecopic Elllpsonetry ls used to lnvestlgate the microscopl.c structure of
the lnterface between S1 and lts thln thermal oxl.de. Analyels of the measured
EPectra reveale the pregence of an lnterlayer between the subatrate and the oxtde
layer. Ttre interlayer ls found to have an average conposition of 5109.6 and the
wldth varies tnversely wlth the oxlde overlayer thlckness. Moreov-r, dlrect
correlation 1s obeerved between the lnterfaclal structure and the electrlcal
characterlstice of the reeulting metal-oxlde-semiconductor devlcee.

S1. Introductlon
The Lnterface between Si and ltg thermal

oxlde has been a subJect of intenslve study for
many years due to lts overwhelmlng lmportance.
Numerous reeearch efforts have conflrmed the
existence of a transl.tion reglon at the
Lnterface whlch ehows a rather different nature
comparlng to that of buLk oxide. l) Recently,

the intereet hae been extended to thln oxldes
due to thelr increasing appllcatlons ln VLSI

technology. Ae the Si-5102 interface plays a

dominant role ln deternining the electrlcal
performance of the metal-oxlde-semLconductor
(UOS) devices, obviouely a systeuatle
investigatlon of the lnterfaclal structure of
thln oxldee w111 be hlghly lnformatlve.

In thls su [lary, we report out attempt to
study the lnterfaclal structure of thin
gate-oxldes using the technlque of
spectroscopic ellipsome tty.2) ft hae been

recognleed that elllpsometry is particularly
euitable to etudy such a system Jolntly due to
Lte non-perturbl.ng manner and hlgh aensltlvity
to eurface structure.314) By varylng the
wavelength of the lncldent beam, e wealth of
lnformatl.on on both the chemlcal composltLon

and geometry of the structure cen be

extracted. In order to lnvbetlgate the effect
of the lnterface on the electrLcal propertles
of the resultl.ng devlces, l{OS tranaigtore were

fabrlcated on the same substrate, for which the
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Dlrect correlation le observed between the
electrlcal propertles and the lnterfaclal
Structure.

S2. Experiuental
fire ellipsometrlc parameters r!(I) and A(l)

of the oxide filne lrere measured at an lncldent
angle of 7Oo by photometrl.c methodr2) wlth the
wavelength ), varylng from 4800i ro 7400i. The

samples ere bare gate-oxlde filns grown on the
eame substrete on whLch actlve MOS devl.cee lrere
fabricated. Ttre Si wafers are p-tlper wlth
L2-22 fJcm reelstlvity and (100) eurface
orientation. fire oxldatlon proceos wae carrted
out l-n an ambient of dlluted O2 et 1050oC, and

followed by ln-eitu N2 anneallng et the Bame

temperature. The oxldatlon tl.me was verled to
obtaln four different oxl.de thlcknessee,
ranglng from 150i ro 450i. As e control
experlment, another serlee of etched-back
oxldes lrere aleo characterLzed. For these

samplee, the oxlde fllme were flrst grown to
about 4501 and annealed es ugual. Then they

were etched ln dlluted IIF eolution to dlfferent
thlcknese at a rate of 1i/""". As there is no

hlgh teuperature process followlng the etchlng
step, lt le expected that the etched-back

eamples have ldentlcal S1-Si02 lnterface
desplte the varlation of oxlde thicknese.

MOS capacltors and translstors oere

fabrlcated uelng a gtandard metel-gate

technology. Ttre flxed oxide charge denslty waachannel noblllty w8a accurately



determlned from hlgh frequeney C-V meaeurement

with the UOS capacltors and the channel

noblltty from draln conductanee of the I'!OS

trenslstorg. The detalle of electrical
characterizatlon have been publlshed
elsewhere. 5 )

$3. Analysie and Results

Ttre experLmental Bpectra of p and A are

analyzed based on dlfferent hypothetlcal modele

of the Si-S102 Bystem. The system

confl.guratlon conelgte of e crystalllne-Sl
substrater 8D lnterlayer, an oxide overtayer,
and the alr-ambLeat. The model peremetera are

optinized obJectiveLy by mtninlzlng the
root-mean-squere deviatlon o between the
experl-mental and theoretl.cal spectra,

o = *{fr [ (uexp-uc"l) " * (A"*n-A". 
L)2]]>" ,

where N ie the number of data polnts in each

apectrum. Different mlcroscoplc modele to
simulate the lnterlayer have been tried and

the validlty is Judged by how well lt fits the
experimental data. It ls found that a model

lnvolvlug prramids of Si buried ln St0x
(0(xQ), as shown Ln flg. 1, can generally
produce the beet reeulte. A similar model hae

been proposed by Smlth and Ghldlnl6) to
studying the oxidatlon mechanlsm of Si.

To eompute the model epectra rre have to
know the effectlve dielectric function of the

interlayer as a functlon of lts chemLcal

composltlon. According to Webmanrs effective
medl.um theoryr T) the conplex ef fective
dlelectric functlon e( l) for a medlum of
microgcoplc mlxture of Si and S10* ls given by,

e.rn_(I) - e(l) ec{ (tr) - e(I)
t/l-rr "si'er.o*(I) +2e (l) "siesi(I) +ze(),) - \

i=.,i

where vet ie the volume fraction of Si in the
mlxture, esiox(),) and eg1( l) are rhe complex

dielectric functLons of Siox and Sl,
respectLvely. For given x, eglg:(( I ) can be

determlned from the experimental spectra of
s si( l ) and etag2( I ) following the scheme

Buggested by Zuther.S)
For the pyramidal nodel, the average volume

fraction of Si over a plane ie a functlon of
ite locatLon. For numerical reasons, the

interlayer ls further partitloned into a number

of sublayers parallel to the lnterface, such

that VSI of each sublayer ls approximately
constant. For the sublayer conflned by the two

planes et dl.etances z1r z2 from the baeal plane

of the pyramld, one hae

z, * z, 22, + zrz, * zf,
'si - h ' .JI-- ,

where h ie the height of the pyramld. The

elllpsonetrLc parametere of the entlre
etructure can readily be caLculated usLng the
etandard equatlon of reflectLon for a

multl-flln planar structure. 2 )
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The adJustable model parameters are the
thlcknesseg of the Lnterlayer (h) ana the oxlde
overlayer (d). In the present model, the
stoLchLometry (x) of StOx ls assumed to be

lndependent of the oxldation condLtlons, and

obtained by fttttng over all the samples.

The experimental and calculated Bpectra
for e typlcal eample are showa in fig. 2) with
the numerlcal reeulte for all the samples

sumerLzed ln table I. For the a8-grown

oxldes, lt le found that the lnterleyer width
increases inversely wlth the oxide thlckness.
TLre Lnterlayer thickness of the 451^i oxide ie
5;, which ls consistent wlth the reeulte
reported for thick oxldes.3r4) For the
etched-back oxides, the iDterlayer thlckness ls
constant wlthln the experl.mental error. The

control experiment clearly demon8trates that
the observed thlckness dependence of the
optlcal properties of the es-grown oxldee le
due to thelr interfacial. structure rather then
to any poseible syatematic error inherent with
the geometry of the oxldee. Our ftndtng ie not
inconsistent with the recent experimental
resulte of Carin and Bhattacharyya.g) By

high-resolution transmissl.on electron
mlcroacopy (HRTEI'!), they obeerved that thin
oxidee may poasess very rough Lnterfaces
comparlng to that of conventlonal thlck oxldeg.

For the pyramidal model, the averege

chemical compositlon of the lnterlayer is
roughly equal ro 1/3sl + 2/3 siOx. The optlmal
etolchionetry of SiOr. ls found to be x = L.25.
therefore the average compositLon of the

lnterlayer is SlOg.g3 or S1O2 + 1.ASi, implying
the preeence of excess 51. The result ie in
qualltatlve agreemet with the lnterlayer
compoeltion obtaLned for thlck oxldes.4)

54. Gorrelatlon of Interfaclal Structure and

Electrlcal PropertLes

fire channel noblllty of the MOS tranelstore
were measured at 300K end 77K. fire regults for
the as-grown sanples are shown ln ffg. 3. Even

at room tempereture, the moblllty of the as-
grown sanples clearly shows degradatlon wlth
the reductlon of oxlde thlcknees. file
thlckness dependence can be partlally explalned
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(b)

nobllity vereus lnduced

denslty for the ae-grolrn

with dlfferent oxlde thicknees.
and (b) 77x.

Ae-grown oxlde Etched-back oxlde

d(A) h(i) o d(^{) h(;) o

163 L7 0.2L

22L 11 0.17

330 I 0.47

45L 6 0.24

L99 5 0.19

247 6 0.20

360 5 0.21

459 7 0.22

Stolchionetry of SlO* c x = 1.25
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hLgh.r ftxcd charge den.l.ty lt|heretrt ttlth thtn ltructural Dodel h!. becn propoied to Elaulate
o:ld.a, tthlch haa bee! corflrlled by htgh tha effect of the tat.rlayer. It 1! fould thet
frequelcy C-Y laaaurcllttt. At atron8 thG rldth of tha l.lterleye! lncrcaaea hveraely
lnver.lolj tb€ coDtrtbutLo! of couloob vith the onlde thl,ckte.s trhtch Day h.v. a vsry
scattcrhg l. veat€ncd due to Clhanced carrlci .LgEl.ftcant llpllcetto! vherr dcalhg etth
acreenhS. O! the codtrltyr thc thlcknGaa aubltcroD davlcea. Dl!€ct correlatlo! l.!
dependence of robtltty l.trclalaea EonotoDlcally observed bettrcen the lntelfacial ltructure eld
vlth the lurfac€ €lectrlc field. It ruggest. the clcctricel propertL.. 0f the rclulttlg l1og

that thc depsldsDce lay arlae fron dlff.relt devLc.., trhich provtdes GvldeBce thrt hterface
degree of roughrlals scattcrhg.lo) tte chandcl roughueEa Day pley rn tuport.lt role h thc
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