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Synchrotron x-ray studies of vitreous SiG over Si(001). I. Anisotropic glass contribution
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While numerous investigations of the structure and interface of amorphoysti®@nally grown on Si,
theoretical as well as experimental, have been carried out over the years, a definitive picture of this thin gate
oxide and its interface remains lacking. We have explored this issue using synchrotron x rays in grazing
incidence geometry. In this geometry a fourfold modulation in the first sharp diffraction(p&&X> from thin
vitreous SiQ of 100 and 500 A thickness can be observed. While the FSDP exhibits a modulation throughout
the entire film, this modulation decays away from the interface. Reflectivity measurements were also per-
formed, which reveal an interfacial layer of 3% density increase in thg i@ over the bulk(film) density.
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I. INTRODUCTION 1. AMORPHOUS NATURE OF SiO ,

For the sake of clarity, we have decided to present the Traditionally, amorphous or glassy materials are identified

l- . k - - 4_19 . . .
results and analyses carried out in consecutive papers. T @ frozen liquidi*°and liquids(together with gasgsdo
first (present papercontains an analysis of the amorphous not possess the transl_atlonal symmetry of crystalline materi-
phase of the films, together with reflectivity measurementéals' Although translational symmetry, or long-range order

. (LRO), is absent, it is well known that concepts of medium-
that complement the data discussed. In the second pager, (MRO) and short-range ordé8RO) can still aid in the char-

crystalline component detected by means of crystal truncaécterization of structure within amorphous solids
tion rod analysis, as well as its corresponding modeling, is In vitreous SiQ, tetrahedra of oxyge(O) atoms éurround
included. It is also in the second paper where we attempt Qilicon (Si) atoms, as in Fig. 1, to yield a basic Si@nit.
combine all findings into a plausible paradigm for the SUUCThys the SiQ tetréhedra share ’corners with each other such

ture. _ , , that an O atom is linked to two Si atoms. Moreover, the
Thermally grown amorphous Sjn crystalline Si has g|ative orientation of these tetrahedra vary within wide

served as the gate oxide in complementary metal oxide seMinough limit>25to preclude any crystalline interpretation.
conductor(CMOS) processing due to several key features,we should recall that SRO describes the nearest-neighbor
including stability, high Si@Si interface quality, and elec- honding environment of Si and O, and that MRO involves
trical isolation propertie$.The continuous thinning of the the specification of the dihedfiland intertetrahedra(Si
gate oxide has exhibited features that degrade itsO-Sj (=148°, Refs. 25, 27, and 2&ond angles, along
performancé, and this has driven a series of efforts to with other features such as ring statistiés.

deepen the knowledge of this system. In particular, the inter- A prominent feature of the well-known structure factor in
face between crystalline Si and amorphous,3i@s received amorphous materials is the first sharp diffraction peak
special attention. Studies have used experimental techniquéSSDP, as displayed in Fig. 1, whose interpretation has re-
such as medium-ion-energy spectroscbmectron-energy- ceived a great deal of attenti6h?®>-34In reciprocal space,
loss spectroscop§EELS),* x-ray-photoelectron spectroscopy for amorphous Si@ the FSDP appears &,~1.5 A™.
(XPS),>8 transmission electron microscopy,and ion  From the point of view of Fourier analysis, it can reasonably
scatteringi! among many others, together with various theo-be said that it corresponds to a period given by/ @, Q,
retical investigation&-12 In spite of the extensive research, corresponding to the peak positifthe Debye relation in Eq.
the nature of this SiQlayer requires a detailed understand- (1)]. Its width will be indicative of the correlation range of
ing, not only because of its technological impact, but alsdhe associated Fourier componetfts.

because amorphous Si@ classically understood as a con-  In SiO, we haved(Si-0)=1.62 A,d(0-0)=2.65 A, and
tinuous random networkCRN) glass!? In this case interest d(Si-S)=3.12 A (Refs. 25 and 28 None of these distances
arises regarding the interface morphology and its relation tyields Q= 1.5 A", when using the approximate reciprocal
the degree of order present throughout the expectedly amorelation 2r/Q,~d. Moss$® pointed out thatQ,~1.5 A™
phous film, when it is in contact with its crystalline silicon has large contributions fromu(Si-Skyg), d(Si-O,ng), and
substrate. d(0-0,,9 (Fig. 1, inset, suggesting that this is a feature
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exponential decay of the evanescent waggis the angle corre-
FIG. 1. (Color onling X-ray scattering from vitreous Siat a  sponding to the in-plane position of interest.
laboratory source. Inset: SjGstructural units indicating distances

that contribute to the FSDP, including the intertetrahedral Si-O-SiSKOOl) template, turning into a fourfold featute Q space

distance, which defines the bond-angle. The small dark spheres are_ . . :
oxygen(red; the larger spheres are silicgwhite). and intensity when the sample is rotated about tR&03)

norma), of a rather specific kind in relation to the substrate.

related to the way in which the SjQetrahedra link together

(Elliott®® attributes the FSDP to correlations involving net- lIl. MATERIALS AND METHODS
work interstitial voids, but this is, by the Babinet principle, '
an essentially identical statemgnThus such a diffraction The thin film samples under investigation were prepared

feature represents the buildup of correlations whose period iat North Carolina State University with an RCA cleaning that
well beyond the first few nearest neighbors. This can probteaves a thin native oxide oprtype S{001)-oriented high-
ably be better appreciated by using the Debye scatteringuality wafers from Okmetic, which showee0.2° miscut at

equation®® ~5° off the (100 (this vicinality cannot, however, induce a
] fourfold modulation in the glagsThe cleaned samples were
Q=33 fmfns'”Qrmn_ (1)  thenloaded into a tube furnace for thermal oxidation at 1123
m o Qrmn K for 30 min and 1223 K for 66 min to produce 100 and 500
A siO, films (determined by ellipsometyyrespectively.
For x rays, sifQrn,,)/Qrn,, are the partial structure factors,  In an experiment performed on beam line X22C at the

andf,, is the atomic form factor for atomic specigs(analo-  National Synchrotron Light SourcéNSLS) we used x-ray
gously forn). Given Eq.(1), the FSDP actually appears at radiation at 11 keMA=1.1271 A, in a bisecting reflectivity
the maximum of the partial structure factor, i.eQ,  mode, to determine the thickness, roughness, and electron
=27(0.715/d. density profile of the 100 A SiOfilm. This sample was

The contribution of the three neutron partial structure fac-mounted within a cylindrical beryllium{Be) dome, which
tors (Si-Si, Si-O, 0-Q to the FSDP was discussed by Rob- was filled with helium(He) gas. The purpose of the He at-
ertson and Mog< using a computer-relaxed Bell and Dean mosphere was to improve the signal-to-background ratio and
(BD) model?* They paid particular attention to the partial to prevent any contamination of the film. It was possible to
structure factors of the Si-@Qwhich is actually negatiye = cover a perpendicular momentum transfer ranQe0
0-0, and Si-Si pair correlations. From those partial structure—0.77 A1 with the detector effectively integrating over the
factors, it appeared that the FSDP was present in all threexit angle, a;, and thus over depth, as we shall describe
partial structure factors, indicating that not only the Si-Sibelow. Additionally, grazing-incidence measuremeffs.
partial (associated with intertetrahedral correlatipng-  2) in radial and azimuthal modes of the(&i2 0) yielded
flected a contribution. The relaxation of the BD model led toinformation about stress in the sample.
a mean angled(Si-O-S)=148.7°, with a much narrower The various experimental sessions at the Advanced Pho-
spread=10°, a value close to that given in a very recentton Source(APS), beamline 4-ID-D, had basically a similar
study of amorphous germania and silf€a. experimental setup. There were, however, variations in the

In a variety of different amorphous materials, the connecsample environment, the thickness of the sample, and the
tivity of the constituent structural units may vary, yet anXx-ray wavelength; those changes will be indicated when we
interference is expected to arise from those units in CRNliscuss the results.
glasses? Of course, one cannot simply infer the structure of  In the first APS experiment an energy of 20 keV was used
amorphous materials from the FSDP; nevertheless, the raiA=0.6199 A. The sample, 100 A SigSi, was placed in-
dom packing of these units can provide a convenient way taside a Be can filled with Héas earlier done at X22CAt the
extract the relationship between MRO and SROworking wavelength, the critical angle for total external re-
correlations®® flection wasa,=0.087°.

In this paper we show how the typical isotropy of the The 100 A sample was vertically aligned, and a slit ori-
FSDP, present in amorphous bulk $jds altered by the ented normal to its surface was vertically open, to allow all
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FIG. 3. (Color onling 100 A SiG, film: (a) HKO map in the Si FIG. 4. (Color online Contour plot of a PSD data set. Dashed

crystal notation. The FSDP modulation can be observed to peak ilines indicate the position of the cross sections. Top projection:
the S[1 1 Q] directions.(b) ¢ scan of the FSDP position, roughly critical angle «, and surface and film ROI are indicated. Right-

corresponding to the & 1 0 position. No thermal diffuse streaks hand side projection: §20), and FSDP positions. The FSDP as a

were observed in this region. function of ¢ was obtained for each radial scan.

scattered photons into a scintillation detector. With this confor. A slit is also set perpendicular to the samffég. 2) to
figuration a; was not restricted and the entire Si®Im define the resolution in 2 This geometry gave the 1Q0n
thickness could be probed. With the x-ray beam at an inciPSD resolution an angular step size of 0.004° in the final
dent angleq; (see Fig. 2, of 0.05° i.e., below the critical angle, a;. a; was recorded between between 0.176° below
angle, anHKO map in reciprocal spadd-ig. 3@] was ob- and 0.848° above the critical angle,=0.174°. Two differ-
tained[H=-1.5—1.5 reciprocal lattice unitér.l.u.), K=0.5  ent incident anglesy;, were used: 0.15° and 0.25°.

—1.6 r.l.u.,, and_=0 r.l.uJ. This reciprocal space map cov-  Series of PSD data sets were collected. Each PSD set was
ers the Sil 1 0 and Si1 1 0) positions(1.636 A1), which ~ separated into two regions of interé&OI): one below the

are Bragg reflections forbidden by symmetry in the bulk Si.cfitical angle(where the intensity versus; peaks, and an-

. N ; iti . The ROI below then, is
Also the bulk glass FSDP positidil.5 AY) is enclosed in  Other above the critical angley, . c
this area. Thus we were are able to explore the azimuthd['0SUY surface sensitivesurface RO, while the ROI above

dependence of the amorphous scattering factor. a. includes information down to the bulilm ROI), i.e.,

An independent measurement that consisted solely in rQ1:rom the entire film; this is indicated in Fig. 4. In the par-
: ; . i ig. he @20 reflecti d th
tating the sample about its normal, FigbB traced only the icular PSD scan of Fig. 4 the @20 reflection an ©

. . i - FSDP position can be observed.
radius corresponding to @i 1 0. It shows the FSDP ampli- g ,cesgive radial scans, using the PSD detector, with the

tude modulation as observed in thiKO map. Investigation  s3mpje rotated about its normal at intervals of 10°, collected
of \/2 contamination using attenuators showed no contribugrface and bulk information within a 180° range. Scattering
tion to the enhanced intensity observed in thELSi 0] di-  gepths between 40 and 130 A can be explored with
rections. =0.15°, while the scattering depths fay=0.25° range from

To investigate the depth dependence and to understand tis@ to 8000 A(Refs. 38 and 39
nature of the transition layer in more detail, a sample of 500 Our last experiment on thin SiOwvas carried out at the
A SiO, was analyzed, using 10 keV x rays=1.239 A.  ESRF, beamline ID1. The scattering was done horizontally,
The sample was placed inside a cryostat at 10 K to suppreshie to technical constraints. The scattered photons of energy
any bulk Si crystal thermal diffuse scatterifgDS) contri- 7.2 keV (\=1.722 A) were collected by a PSD vertically
bution. The use of the cryostat restricted us to mounting th@riented respect to the sample surféery. 2). At this energy
sample in the horizontal positicithe vertical polarization of ~the critical angle wasg,=0.2421°. The 500 A Si©film
the x-ray beam iP=1, while horizontallyP=co¢ ¢: 6 is sample was placed inside a kapton cone filled with helium to
the scattering anglg.which entailed polarization corrections reduce air scattering.
during the data reduction. Prior to placing the sample inside We registered data at two different incident angles
the cryostat, it was cleaned with acetone for 5 min, followed=0.15°, 0.30}, through a series ap scans, at different radii
by ethanol for 5 min; the ethanol was then rinsed with deion{Q,) in reciprocal space; this scan was achieved by moving
ized water. A last step of the cleaning process included flowthe diffractometer detector arm to the appropriate angular
ing nitrogen to dry the sample surface. This cleaning procesgosition (in a 45+ 2D diffractometey. Q; was thus scanned
has the overall intention of removing possible organicbetween 0.4455 & and 3.0840 Al, while ¢ covered a
contaminatiors’ observed in the 100 A filnfa contamina- range of 180°.
tion that, as noted later in the discussion, did not affect our As was done in the APS experiments while using the
principal results The scattered photons were collected withPSD, a surface ROl and a film ROI were identified, in order
a position-sensitive detect@PSD), oriented perpendicular to to extract the FSDP depthdependence. With the available
the sample surface, as in Fig. 2. This detector is capable afetup the final angle varied 0.17=4 mrad below «, and
simultaneously registering photons along a 50 mm windowl.125° (=22 mrad abovea,. Scattering depths between 35
and thus recording intensity as function@f Photons scat- and 80 A were explored with;=0.15° and between 60 and
tering from different sample depths can thereby be accountesl000 A with «;=0.30°.
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FIG. 5. (Color onling 100 A SiO, reflectivity curve, Fresnel h
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IV. RESULTS AND DISCUSSION

From reflectivity measurements at&1.1271 A that cov- "o ¢?Seg]47 e (b)
ered a range ofQ=0—0.77 AL, Fig. 5, we observed a
series of oscillations that were enhanced by Fresnel FIG. 6. (Color onling 100 A grazing incidence profiles at,
norma”zatiorﬁo The Fresnel reﬂectivity has @_4 depen- =0.2° (above the critical angleuC:0.15°) andA=1.1271 A. The
dence, which is a factor included in the actual measure®i(2 2 0 position is highlighted with an arrow@ Radial scan
reflectivity, the other factor being that part of the reflectivity through Si2 2 0; the inset is a close-up of this(@i2 0, where a
that departs from a system with perfectly flat interfaces begjllatl_on of the Si Iattlce_parameter is obser_ved in the stroqger peak,
tween the media composing the sample. By multiplying byleadlng to a compression normal to the film; two Gayssmns were
Q*, we are more sensitivéthe fit can be more accuratep ~ 2dded to guide the eyéb) azimuthal scan through @ 2 0. In
the second factor and thus to properties of the sample. both profiles, neglecting the inset, there is a broad feature perhaps

- . . . due to the oxygen incorporation into the silicon, althoughanit
Figure 5 includes as well the fited line), the experimen- 5 . :
. ! . d t foll I t | fi t defectgRef. 4. Th
tal data  (open circley and the inset oo hot Torow 2Q" law, typical for point defectsRef. 49. The

. : full width at half maximum of the broad feature4s0.034r.1.u. in
contains  the ~model, "Ff" theﬁ(:)\erOZ/Zﬂ-) and the radial scan~0.008r.l.u. awayfrom the S{2 2 0 (b), and
B(=\Nao/4m) parameters) is the wavelengthN the elec-  _5 450 in the azimuthal scafa), this last breadth translates into a
tron density,ro the Thompson scattering length, anglthe  correlation range o&250 A.

absorption coefficient § and 8 are associated with the com-

plex refractive indexn=1-8i8. The sample is modeled to is a clear broad. peak with a_maximum slightly displaced toa
be composed of strata and a substrate. The three strata ifwer angle which we tentatively associate with a crystalline
cluded in the model have different electron densities, absorgzomponent discussed in the following papepaper I). The
tions, thicknesses, and roughnesses, values that were caldgset of Fig. &a) shows solely the & 2 0 (giving a 1/

lated applying the Parrétformalism, using a least-squares Penetration of~80 A at the incident angle uskdwith a
minimization method. shoulder extending toward a higher angle26~0.035°).

An uppermost |ayer, of 12 A’ was |dent|f|ed, and Consid_Because of the evanescent nature of the wave field, we at-

ered to be due to organic mater\’f’éhenatured by the X-ray tribute the Stronger peak to the interfacial Si and the shoulder
radiation, but otherwise of no interest in this study. The most0 the bulk. This indicates an interfacial compression normal
prominent oscillation period corresponds to 74 A and repreto the film surface. The asymmetry of the profile gives a
sents amorphous SpAt the interface' a |ayer of=20 A strain e=1X 10_3, Comparable with an estimation of the
was found, with a rms roughness &5 A between interface thermal mismatch straine~1.7x 107 [calculated from
and substrate. The inset in Fig. 5 shows the thickness varig= (r(sio, ~ @rs)AT; arsioy=2.6X10° K™ (Ref. 42,
tion of 5 and 8. The film surface is located on the left-hand ar(g)=0.5X 108 K™ (Ref. 43, and AT is the temperature
side (z=0). In the profile, a lower electron densitthe ab-  variation between oxide formation and room temperdture
sorption decays more abruptly; red cirglés located at the Some distortion in the Si close to the interf&céollows
surface, and a 3%compared to the 74 A laypenhanced from the previous discussion, which will carry a densifica-
electron density layer is observed at the interface. The sultion of Si, normal to the film, and thus account for part of the
strate is on the extreme right of the inset. The rapid decreas?0 A interfacial layer, noted in the reflectivity curve of Fig.
of the absorption facto, indicates that it is composed of a 5. The broad component in Fig(l§ is related to the shape
material with low absorption—hence the contamination—transform of the crystalline phase discussed in the following
while § decays more gradually as it is due to scattering.  papep? (paper 1). This rather unusual line shape is observed
Figure 6 shows the results of our grazing-incidence dif-transverse to the radial scan, which, when plotted on a linear
fraction (GID) scan through the & 2 0), at «;=0.2°. There  scale shows a correlation length-s250 A. The expectation
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g FIG. 8. FSDP values for the 500 A film at their corresponding
o positions:(a) down to the interface with bulk Si, film ROI, ar(t)
E, within the topmost 100 A, surface ROI. Clearly the surface ROI
"O shows essentially no anisotropy, while the film ROI does.
[J
= FSDP. The peak abowt=110°, Fig. &a), corresponds to the
' ' ' ' Si(1 1 0) direction, while aboutp=20° the S{1 1 0) is lo-
00 02 0. 4 06 08 cated. Although the scan along(Sil 0) was not completed,
Q [A ] due to technical limitations of the diffractometer, the trend of

) o o ) the intensity increase is still present, similar to the 100 A

FIG. 7. (Color onling Reflectivity of 100 A SiQ film. Fit (two fiim in Fig. 3. Here, however, the peak is determined using

layers and a substrate, red diamondand experiment(blue  radja| scans in 10° intervals and then plotting its maximum at
crosses (a fit with only two layers, (b) best fit with two layers.  Q_ |n this case, the FSDP shifts to 1485t the position
Clearly, the interface in Fig. 5 is required for the best fit. of maximum intensity and to 1.455 -Aat the minimum: the

difference between these two values is smaller than in the
is that this corresponds to the form factor of the crystallites niLOO A film, but the positions are consistently different, in

revealing a structure with a larger cross section near the i )

terface and smaller towards the thin film surfdsee paper 'cciProcal space, from the 1.5AFSDP value typical of the

II). The shapdsemitriangular on a logarithmic scalis cur- bulk. On the other hand, the profile corresponding to the

rently being analyzed in a manner similar to the work of SUrface region, Fig.®), has a statistically null FSDP modu-

Kegel et al445hut without their consideration of concentra- |aton. Fore;=0.15° the data yielded qualitatively analogous

o o Sl 0, e e
Figures Ta) and 7b) are included for a clearer under- s !

standing of the reflectivity fitting process. The two fits cor- 9312 ?{thi FSDP for;=0.3° film ROI and surface ROI at

respond to a model witbnly two layers: a very superficial 1722 A- There are again two prominent pegkig. a)] at

one followed, towards the substrate, by an S#yer(and of ~ about$=-75° and 15°, which correspond to thgSL 0)

course a substrate, crystalline siligorFigure 1a) corre- and S{1 1 O) directions, respectively. The counting statistics

sponds to a relatively “bad” representation of the experimenof the surface-ROW scan in Fig. ®b) exhibits essentially no

tal findings. Our best attempts to improve the fit, usimly = FSDP modulation.

?NOI Iaylers yielﬁled the cr:Jrvehin Fig(1y). |E both ﬁ?ses itis Figure 10 represents another view of the collected data.

t%;ZbTyeg;ttZeter%e%eoé :;(;Qerg '235?&8 (?rshee ‘;r:;séngﬁltﬂnoHKO maps indicate the &i 1 0) and S{1 1 0 directions. In

is the strongest indicator of the need to include a third layer

in the model, as shown in Fig. 5. (a)
Another portion of the analysis here presented consists of

quantifying the FSDP intensity and position variations. In

Fig. 3(@ a semiring can be observed. The semiring corre-

sponds to the FSDP position in the reciprocal speié€)

map, its maximum expanding to 1.636at the S{1 1 0

positions. Not only a radial expansion occurs, but also the

intensity varies, gradually decaying by 200 counts along the

semiring and away from the @i 1 0 positions. As the in-

tensity decays, the semiring reduces its radius, relative to the

origin, to 1.4 K. This leaves some ambiguity resulting Rl '3°¢ [dgg]

from the variation in Fig. &), which is due to both the

varying intensity and the radial position. FIG. 9. ESRF¢ scans on the 500 A film about the FSDP posi-
The integrated PSD data obtained from the 500 A film intion for «;=0.3°; (a) surface ROI(b) film ROI. Clearly the modu-

Fig. 8@ clearly display the fourfold modulation of the lation in the surface ROI is statistically absent.

Intensity [arb. units]
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(@) (o (b) oy The experiments at 7.2 keV, at the ESRF, basically con-
= : 1 firm those obtained with a higher energy, 10 keV at the APS.
1°’§ il Measurements in both cases were carried out on 500 A
o I3 ﬁﬂmﬁ samples. Although preferential orientation alond1Si O]
0 — has been stressed, as being responsible for the structure fac-
a=03k (aRot) i 0 [103rad] tor modulation, we have to note as well that this is strongest

close to the substrate. Judging by the low counting statistics
(Fig. 9 in the surface sensitive depth-dependence investiga-
tions (within 80 and 35 A depth, depending ar), there is a
vanishingly small preferential orientation along[ il O]
close to the surface.

In summary, since we are interested in discussing the

FIG. 10. (Color onliné HKO maps of 500 A film(a), (c), and structure of these amorphous Sifiims, it is convenient to

- ; o - consider the variations in the type of connections between

(d). (b) Scattering depths for the working angles=0.3" and 0.15°. coordination polyhedra in the glass. Those variations in the
Fig. 10(a) the fourfold modulation is clear. A modulation can packing connectivity, which occur anisotropically in the thin
barely be observed in Fig. (d); this figure basically has the film, aided by the SD01) symmetry, are responsible for the
same appearance for baih=0.3° and 0.15°, in their respec- enhanced electron density observed in the reflectivity mea-
tive surface- and bulk-ROI representations. This last is nosurements, Fig. 5, together with the FSDP enhanced intensity
entirely surprising judging by the scattering depth curvesand its positional variation along the[$i1 0]. We note here
shown in Fig. 1(b). In Fig. 10d) the FSDP modulation is tnat that Reicheret al,5! studying liquid Pb over $001),
absent. _ found both a fourfold modulatiortas did we, as well as

A p;ggg”gﬁg fea“%re of the amorphoqs .5-_@5 the strong evidence for fivefold icosahedral fragments of the lig-
FSDP?7:29.30.32-3%g which we have devoted significant atten- uid layers captured by the Si crystal.

clude distances well beyond the first-nearest Si-O neighborvsvork’ crystal truncation rod data along(Sil L) disclose the

in the Fig. 1 inset. The FSDP is thus clearly related to the resSence of a grystalline peak accompanieq by Lque OSCi.”a'
degree of order among the interconnected Srahedra in tions. The significance of those results, their relation to Fig.
the film. 6, and a model proposed to explain them, will be discussed
Coincidence of the FSDP with the (3i1 0) positions N more detail in the following paper, paper*f. _
assisted us in scaling the degree of structural compression of 1h€ present results help to complement the understanding
the tetrahedral units. There is a compression variation off the oxidation process in silicon. Subsequent models must
about 8% alond1 1 0] in the 100 A film while the 500 A include a mechanism that permits ordered regions to coexist
film registers a smaller variation, about 2%. Both variationsVithin the amorphous matrix, without causing cracks or de-

are compared to the standard vitreous silica FSDP. EarlidECts that destroy the gate oxide. The modulated glass results
measurements of the refractive index of Si®efs. 47 and ToM this requirement.

48) showed a negative slope as a function of growth tem-
perature, which should be attributed to relaxation in the
structural components of the glass. Thinner films are grown We would like to acknowledge the assistance of H.
at lower temperatures, at which higher compression woul&ajonz (X22C, NSLS and J. C. Lang4-ID-D, APS). This
induce higher electron density, that being the reason for avork was supported by the Department of Ene(@OE)
larger compression variation in the 100 A film. Pressureunder Contract No. DE-FG03-01ER45880. Use of the APS
changes in the glass have been considered in thé>3&8%  was supported by the U.S. DOE, Office of Science, Office of
as responsible for FSDP intensity variations. The differenc&asic Energy Sciences, under Contract No. W-31-109-Eng-
in the interfacial strain found in the reflectivity and in the 38. Research carried at the NSLS, BNL, was supported by
variation in the FSDP is due to the fact that the reflectivitythe U.S. DOE, Division of Materials Sciences and Division
normal to the surface averages the lateral compressive amd Chemical Sciences, under Contract No. DE-ACO02-

(d) (110

@;=0.3° (surface-ROI), 0.15° (film-ROT) @;=0.15° (surface-ROI)
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