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R. A. B. Devine
France Téecom/CNET, BP 98, 38243 Meylan, France

(Received 4 January 1996; accepted for publication 20 March)1996

The spatial variations of the transverse-optic and longitudinal-optic mode vibrations of the bridging
oxygen asymmetric stretch have been studied in the region of thgSiDterface in thermally

grown oxides. Comparing the behavior of the two modes it is concluded that vibrational frequency
shifts are due primarily to stoichiometry changes and not stress or densification. Fitting to and
deconvolution of the measured peak lineshifts as a function of oxide thickness enables us to deduce
that the region of stoichiometry variation #1.6 nm. © 1996 American Institute of Physics.
[S0003-695(196)01522-1

The structure and “width” of the interface between ther- with normal incidencefor the study of the TO modeor at
mally grown, amorphousai) SiO, films on Si substrates an angle of incidence of 65° in order to study the LO mbde.
have been the subject of controversy for a considerable timBackground reference samples were obtained by etching off
in part due to their technological importance. Many differentthe a-SiO, film in a commercially available solution of HF
methods have been used in an attempt to gain some insightid and NHF (Enerlec BE 7:1 In order to study the varia-
into this problemt but its exact nature remains controversial. tion of the position of the LO and TO peaks as a function of
X-ray photoelectron spectroscopy measurenfemese been oxide thickness, the thermally grown films were systemati-
interpreted as suggesting that various Si oxidation states exally etched in increasingly dilute solutions of BE Triaxi-
ist at the Sia-SiO, interface corresponding to Si atoms mum dilution one part by volume BE 7:1 to seven parts of
bonded to 1, 2, 3,04 O atoms. Such a model is clearly not de-ionized watet Infrared spectra were obtained using a
unreasonable physically, since a transition from the,3#®  resolution of 4 cm* and 250 scans to improve the signal-
rahedron to the Sigitetrahedror(corresponding to pure Bi to-noise ratio. In all cases film thicknesses were ascertained
must occur somewhere in the so-called interfacial regionusing a single-wavelengit632.8 nm ellipsometer assuming
The fundamental question is what the width of this transitionthe index of the oxide fixed at 1.462. This is an approxima-
region is. Infrared absorption associated with O vibrationakion which cannot be circumvented.
modes in thea-SiO, and Si networks is clearly sensitive to In Fig. 1 we show the variation of the position of the
the environment of the oxygen and hence the bonding ameak of the TO and LO vibrational modes associated with
rangement. For example, O interstitials in Si, which corre-the asymmetric stretch of the O in the intertetrahedral Si—
spond to bridging oxygens between two Si's, have an abO-Si bridge as a function of oxide thickness. We include
sorption mode at 1106 cit while in thermally grown previously published data on the TO mode variatiamea-
a-Si0,, depending upon film thicknedsthe strongest ab- sured on samples produced by oxidation of Si substrates at
sorption appears between 1070 and 1090 tifalso a func- 850 °C. The small shift of the TO mode to lower frequencies
tion of growth temperatuje The most extensive measure- observed clearly for film thicknesses20 nm may be attrib-
ments performed to dateconcern the variation of the uted to the increased density of the film resulting from the
frequency of the transverse-optic mode associated with thiewer oxidation temperature® Our measurements confirm
asymmetric stretch mode of the O in the-8—Siintertetra-  the previous results on the TO mdda@emonstrating a de-
hedral bridging bond. It was found that the frequency of thiscrease in mode frequency with decreasing film thickness and
mode decreased as the thicknessaaBiO, layer decreased show that the same behavior is observed for the LO mode,
and it was concluded that this was not due to variation irthe overall mode frequency change observed beirRy
stoichiometry (oxygen deficiency but rather to interfacial cm™* for the TO mode and 45 cit for the LO mode within
strain, which would result from the difference in molar den-the limits of experimental error. Note that the LO and TO
sities of the two networksa-SiO, and the underlying Si mode absorption frequencies were measured on the same
substrate. In the present work we revisit the problem of insamples.
frared absorption in the interfacial region with particular ref- The frequencies of the TOuw(g) and LO (w o) modes
erence to the behavior of both the transverse-optic, TO, andf the asymmetric O stretch are given, in the central and
the longitudinal-optic, LO, vibrational modes of the bridging noncentral force approximatiéy
O atoms. -

Thin films (<30 nm of nominally dry a-SiO, were w10=\[2(a sin* 0/2+ B cos’ 6/2)/m] @)
grown thermally on $iL00) Czochralski 4 or 8 in. substrates and
using standard technological methods. Samples 20 and 27 -
nm thick were grown in dry oxygen at 950 °C while 5-nm- ~ “L0~ V[2(a sir? 012+ B cos® 62+ y*9/m, &
thick films were grown at 900 °C using nitrogen dilution of where@is the Si—O-Sbridging bond anglem the O atomic
the dry oxygen ambiento make the oxidation time “con- mass, the central force constant, athe noncentral force
trollable™). Infrared absorption measurements were made ussonstant.y®*is an electrostatic term which can be expressed
ing a Fourier transform spectromei@ruker IFS 66 either  asy*={Z?%/[e..e;(2m+M)]}p. €., is the relative permittiv-
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FIG. 1. The measured infrared absorption peak position as a function ofIG. 2. (o) variation of the(a) TO and(b) LO mode peak frequencies with
oxide thickness in thermally growarSiO, on Si.(a) (@ AM) the TO mode  oxide thickness obtained from calculations and fitting to the experimental
associated with the bridging oxygen asymmetric stref®).TO mode data  data shown in Figs. (& and Xb). The solid lines indicate the actual spatial
from Ref. 1. (b) (@AM) LO mode data. The symbols correspond to distribution of mode frequencies required to generate the observed peak
oxides grown to different initial thicknessé®) 27 nm,(A) 20 nm, andl) shift variation resulting from convolution. The oxide thickness is measured
5 nm. In both(a) and (b) the (0) points result from calculations. from the Si/SiQ interface.

ity at infinite frequency and, the absolute permittivity of
free spaceM is the atomic mass of Si, arflis an electrical
charge related to the movement of the Qsis the mass
density of thea-SiO, network. From experimental infrared
measurements of the TO mode frequencwiBiO, samples
densified plasticalf/in the bulk form and in thin films den- also induce density variations.
sified as a result of growth at different temperatiréshas In order to proceed further with the analysis of the data
been ascertained that the frequency decreases with increasiafjFigs. 1@ and Xb) must be deconvoluted to take account
mass densitydwro/dp=—93 cnf g . To our knowledge of the fact that the infrared absorption is occurring in an
there have been no measurements of the variatiom,@f inhomogeneous medium. We assume that the absorbance
with density. However, comparison of Eq$) and(2) yields  (A) which is measured experimentally can be written in the
form:

1(a) and Xb) we see clearly that the measured variations near
the a-SiO,/Si interface are approximately equal so that they
cannot, in fact, be attributed to changes in the density of the
oxide structure. This further negates any argument that
changes may be induced by interfacial strain since this would

Za)Lodeoldp: Zw-rodw-ro/dp

+2{Z%[ €xe0(2m+M)]}/m. (3)

A=log .

exp( 2 KAXH{1+[2(w— wi)/Aw]z})
Assuming the initial values 1255 cm for w o and 1090 '
cm ! for wro (corrected for the forementioned effects of Here, the sample is divided infoslices of thicknesax. A
film thickness), we can rewrite Eq(3) in the form: Lorentzian infrared absorption peak centered upon a fre-
_ 1 quency w; with a peak full width at half height oAw is
doio/dp=(w10/wio)dwro/dp+70.3 cnig .  (4) associated with each of theslices. Both the experimental
Using the measured value fdiw1o/dp of —93 cnf g"*we  absorption linewidths for the TO and LO modes and the
conclude thatlw o/dp~—10 cm?g1, i.e., approximately ~absorption peak frequency shifts as a function of oxide thick-
1/9 of the variation of the TO mode with density. From Figs. nes$Figs. X&) and Xb)] are very much smaller than the peak
R. A. B. Devine
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frequencies @, o Or wrg). OnN this basis we make the ap- approximately SiO. A consequence of substoichiometry
proximation that the peaks associated with each ofithe (€quivalent to oxygen depletipris that given the different
slices have the same extinction coefficiekfsand the same polarisability of the Si—Si and Si—O bonds, the refractive
widths Aw (taken to be the thick oxide value of 75 c¢h index in the substoichiometric region would be larger than
throughout. We have used E(5) to fit the data of Figs. (b) the value of 1.462 assumed when using ellipsometry to de-
and 1b) and thus deduced a profile of the peak frequencyiermine the oxide film thickness. The presence of regions
shifts, the fits are shown in Figs(al and 1b) as the open With larger indices, however, leads us to conclude that we
circles. The spatial profiles of frequencies used to obtain th&ave probably overestimated the thickness associated with
fits to the measured infrared peak shift as function of sampl@ny given point(since we essentially measure the product
thickness are shown in Figs(e2 and 2b) by the solid lines. refractive index times thicknessConsequently the “real”
One observes that although the “interfacial” region as de-interfacial region would in fact be narrower than we have
termined by the infrared peak shift appears to extend ovegstimated<1.6 nm.
~5 nm, the actual spatial distribution of frequencies gener- We have measured the oxide film thickness dependence
ating this extends only over1.6 nm. We reiterate at this Of the LO and TO mode frequencies associated with the
point that some uncertainty may arise because of the assumbtidging oxygen asymmetric stretch and demonstrated that in
tion of a fixed refractive index in estimating the thickness ofthe near-interfacial region the oxide is substoichiometric
the oxide film at each stage, given this limitation, the valuerather than simply denser than in the bulk of the film. De-
of 1.6 nm must certainly be taken as an upper limit. convolution of the infrared spectra suggests the region over
Finally, we discuss the physical origin of the spatial pro-Which the stoichiometry varies is1.6 nm, a value approxi-
file of infrared frequencies that gives rise to the experimenmately 1/3 of the apparent distance which one estimates if
tally observed curve shifts. For reasons discussed previousBpectral deconvolution is not performed. The exact nature of
[Eq. (4)] comparison of the behavior of the TO and LO the substoichiometry and bonding in this region requires fur-
peaks eliminates the possibility that interfacial strain or denther investigation.
sity variations in thea-Si0, net\{vor_k are respon_sible. Thi§ 1See, for example, 1. W. Boyd and J. I. B. Wilson, J. Vac. Sci. Tect®)l.
leads us to conclude that stoichiometry/bonding variation 3195(1987.
must be relevant though we have no independent way tGF. J. Himpsel, F. R. McFeely, A. Taleb-lbrahimi, J. A. Yarmoff, and G.
assess this in our samples. Infrared absorption associatedollinger, in The Physics and Chemistry of $i@nd the Si-SiQ Inter-
with the TO mode ira-SiO, have been maden deposited face edited by C. R. Helms and B. E. De@lenum, New York 1988 p.
films as a function oik. The authors observed that for the sc wartinet and R. A. B. Devine, J. Appl. Phy&7, 4343(1995.
TO mode, dwro/dx~67.5 cmt. Unfortunately, the LO  “D. W. Berreman, Phys. Re30, 2193(1963.
mode variation was not measured. From Fi@) We see that  °A. G. Revesz, B. J. Mrstik, and H. L. Hughes, Tihe Physics and Tech-
the maximum variation(close to the Si substratés —37 ?(O'cl’(gi'ggf Amgg’?hous Sip edited by R. A. B. DevingPlenum, New
cm ~ ! suggestinglx=0.55. The stoichiometry of the oxide eR(.)rA. B 395;%, Trans. Mater. Res. Soc. IBN165(1992.
in the immediate vicinity of the Si substrate would then be 7A. Lehman, L. Schuman, and K. Hoer, Phys. Status Solidi B17, 689
SiO; 45. Such a value is not surprising if one takes account8(1983- o _ _
of the fact that at the interface O’s are bonded on the oxide G. Lucovsky, M. J. Manitini, J. K. Srivastava, and E. A. Irene, J. Vac. Sci.
. . L. i . . Technol. B5, 530(1987.
side to—SiO; and on the Si side te-SiSk. On this basis @  9p G paj, s. S. Chao, Y. Takagi, and G. Lucovsky, J. Vac. Sci. Technol.
simplistic formula for the “oxide” in this region would be A 4, 689(1986.
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