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Characterization of the SiO,/Si interface by positron annihilation spectroscopy
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The densification of Si@on silicon towards the interface, as already concluded in a recent work, is
confirmed to exist in thinner oxides obtained by etching, and in a native oxide too. Furthermore, an annihilation
state is revealed in the thermally grown and etched, as well as a native, oxide which must resemble low quartz
in its structure. A lower limitd=(2.2+0.1) nm of the thickness of the interface layer resembling low quartz
in its structure can be estimated. A variety of the state-of-the-art theoretical calculations to aid the experimental
findings is summarized. It is discussed why the presented results corroborate the model of quasiepitaxial oxide
growth and pseudopolymorphic relaxation of the grown oxide.
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[. INTRODUCTION by using a combination of Doppler broadening line-shape
parameters* SandW. Sis a measure of the electron mo-
Silicon and its oxide are the dominant electronic materialanentum density at low momentum, i.e., represents preferably
of semiconductor technology for several decades up to nowalence electrons, whered¥ is a measure of the electron
The industrial drive toward an ever higher packing density ofmomentum density at high momentum, i.e., represents more
complementary metal-oxide-semiconductor devices requireightly bound electrons of the atom where the annihilation
the need of ever thinner oxides for gate dielectrics, and in théakes placdsee Sec. Il for a full definition of these param-
present standard technology this thickness is already down fterg. From detailed studies of different metal-oxide-
about 2 nm. Nevertheless a physical understanding of theemiconductofMOS) systems under a bias it was con-
SiO, /Si interface is still far from being complete but crucial cluded that the Si¢¥Si interface can be characterized by its
to the future of very-large-scale integration technologies. At-own S and W parameters. However, in the case of low and
tempts to model the SiSi interface, and the search for intermediate electric fields, and even when no bias is applied,
experimental support of any proposal, can be broadly dividethe trapping of positrons also occurs in the oxide layer and
into three categoriegi) the transition is thought to proceed an additional positron trapping layer between the interface
via an ordered, stable bulk phase of Si@aring an epitaxial and bulk oxide was invoked. Again, the structure of this
relationship to the Si substrat@,) the transition is thought to layer could not be specified.
proceed via a “substoichiometric” oxide layer, aitid) an It is well known that thermally grown or deposited SiO
abrupt transition, with no intervening layer, takes place. Afilms on silicon are similar to silica glagsitreous @) SiO,]
comprehensive review of such efforts until 1995 can ben the sense that they are also noncrystal(im®. Therefore,
found in the literaturé. PAS results obtained with-SiO, and with quartz crystals
Positron annihilation spectroscof?AS), mainly in the  (having similar but not exactly identical Si-O bondse rel-
form of slow positron implantation spectrosco(§PI9 us-  evant to PAS studies of Sidilms on silicon. Differences in
ing monoenergetic positrons thereby studying the Doppleany parameters obtained by PAS of such solids are mainly
broadening of annihilation radiation as a function of positrondue to the fact that all these materials differ by the amount of
energy E, has been used to study the $iSi system—a positronium (P9, a bound state between an electron and a
review of work until 1994 was published recentljn order  positron, formed. Ps atoms may exist in a para- or ortho-
to explain our motivations and current problems in this field,state, i.e., with the spins of electron and positron being anti-
a brief overview of relevant experimental facts, not only re-parallel (p-P9 or parallel ©-P9, respectively, and are
lated with PAS, and the current status of floéten inconsis- formed in the ratiop-Ps/o-Ps= 1/3 for probabilistic reasons.
tend understanding of SiQY'Si interfaces are given. Intrinsic properties of Ps formed in bulk samples of crystal-
The interpretation of experimental PAS results has usuallyine and amorphous SiQare reported in the literatursee,
been based on the assumption of an interface region at threeg., Ref. 5, and references thejpein
SiO, /Si interface. The width of this region was considered The line-shape paramet&rrepresents preferably valence
to be 1 nm and it was concluded that positrons are trapped alectrons involved in Si-O bonding in Sji@olymorphs, and
unspecified defects in this region, i.e., the nature of theséhermalp-Ps (if formed). Thus, S and positron lifetime and
defects could not be revealed. An improved approach for thentensity values of Brazilian quartdow quartz structure
analysis of the SPIS Doppler broadening data was introduceith the 2.65 g/cr density(sampleA), v-SiO, prepared by
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melting Brazilian quartZsampleB), and synthetiw-SiO, now in conjunction with unspecified defects in the $iSi
produced from SiGl of 2.205 g/cni density (sampleC)  interface layer. Another study claims tHak high concentra-
have been interpreted by the degree of “crystallinity; ~ tions of divacancies exist in Si domains at the interfaces
i i i case does ot mply loange rder, but n EMTed Wi et oxdes obaned atr icing, 4t
dicates rgedmm-range °.rde“f‘g embedded in thg overall n terfaces, where the oxides are either commercial, thermally
structure” Ideally, synthetia -Si0, produced from SiGlhas — o.qyn " native, or obtained after rapid thermal annealfng.
been considered to be the most disordered polymorph (grom a combined SPIS/Auger electron spectroscopy study of
S|02 eXthItlng the |argest amount of Ps formed. Brazilian S|02 |ayers wet grown on silicon, the existence of an exten-
quartz(sampleA) does not show any Ps formation at all, and sive transition zone of 17—-23 nm thickness has been dis-
thus has been considered to be an ideally crystalline polyeussed and concludéd.

morph of SiQ at hand. On the basis ef=1 for sampleA During the past decades repeated observations of various
and =0 for sampleC, for sampleB an a=0.115 was de- features were reported, from which it was concluded that the
termined. More systematic studies within the frame of thisoxide at the Si@/Si interface is similar in a varying degree
concept revealed possible changesrafue to heat treatment 10 that of the crystalline Sippolymorphs: As concluded
above 900°C and manufacturiigielting technology. To ~ from, €.g., transmission electron mmro:scBbYTEM) and

our knowledge, the Ps fraction is the only measurevdh x-ray-diffractiont® studies the transformation from crystalline

v-SiO, as there is no other method to independently verifySiliCon to amorphous SipNa_s sugg_ested to take plf_:lc_e via a
this value very thin ordered crystalline oxide layer consisting of

Subsequently, using a monoenergetic positron beam, tHgidymite, a stable bl_JIk f_orm of Sio More recently, _inter-
positron diffusion length in Brazilian quartdow quartz ~ac€ structures of SiJSi(001) were studied by using the
structure and the Ps diffusion length in syntheticSio,  first-principles molecular-dynamics meth8t.

were determined from the depth dependent variatio8 a$ The macros_,copic density of SiOZ_ films on silicon is_
18 and 37 nm, respectivelylt was also found that in a another experimental fact worth being considered. It is a

synthetic quartz crystal of 2.51 g/éndensity, Ps is formed weII—knpwn observatiqn that the average density of oxides
resulting in=0.75 only, as estimated within the frame of 9r0Wn in dry oxygen increases from 2.21 to 2.31 gicas

the above-mentioned concept. Comparable results regardif§€ ©xidation temperature decreases from 1100°C to

Ps formation and diffusion length in fused quartz and ther-— 200 °C and increases as the oxide thickness decréases.

mal oxide on silicon—uwithout the citation or application of FOr instance, a value g5=2.44 g/ci was reported for a

the above-mentioned concept—have been recently presenté&oz film having 2.4 nm_thicknesjs_'s. Recently, the concept
in the literature of estimating the crystallinityr of SiO, polymorphs via the

Angular correlation of annihilation radiation studies of amount of Ps forme;iz theréir® simply has been replaced by
positrons implanted intdunspecified quartz single crystal @ “density concept™ and thus experimentab values of
and v-SiO, gave important insight into the nature of Si-O SiO, films on silicon could be interpreted by a density gra-
bonds therd®!'The basis of these studies is that thermalizecdient in the oxide without assuming any defective interface
positrons are attracted to negatively charged oxygen ions arf§9ion. In another recent work, theoretical calculations of
are annihilated by their electror$Therefore, the character- positron lifetimes, affinities, and core electron contributions
istics of annihilation depend on the effective negative chargd® Doppler broadening spectra are carried out for several
of the partially ionized oxygen atoms. It was found this wayPhases(polymorphg of SiO, (Ref. 23. Interestingly, for
that the effective charge of the oxygen atom decreases froiffystalline SiQ (with the exception of stishovitehe calcu-
1.02 for quartz to a range (0.47—0.6&2)characteristic of lated positron affinities are very lofor large in magnitude
v-SiO, prepared in various ways This behavior was attrib- and positioned below the Si valGéThis indicates that ther-
uted to an increasing covalency of the Si-O bonds, especiallf@lized positrons, if coming from a crystalline SiSide to

thed-pr bond between the®orbitals of the Si atoms and Sh aré repulsed from the interface. This finding is important
the lone pair D orbital of the oxygen atoms, going from when discussing the diffusivity of positrons which are close
quartz tov-Sio,. to the SiQ/Si interface in connection with the evaluation of

Interestingly, a similar conclusion has been reached indeSP!S data.

pendently from the optical polarizability of SiCpolymor- _ The present work aims at a further, more detgiled inyes-
phs: as the density decreases from 2.87 §/eresite crys- tigation of the structural background of the density gradient

tal) to 2.20 g/cm (v-Si0,), the mole polarizability qbse_rved recently in SiCon Si Without assyming any defec—'
increases from 7.11 to 7.45 éfmole indicating increasing tive interface region. The paper is organized as follows: in

7 bonding and decreasing effective oxygen atom ch¥rge. Sec. Il experimental de_tails are given, and in Se_c. Il the_
Based on these considerations, it is certain that the intef€sults are presented, discussed, and some theoretical consid-
actions of positrons and Ri formed) in SiO, polymorphs e_rations includ_ing the behavior o_f positrons in Si@re
affect not onlyS, as has usually been considered until 199491Ven- Conclusions are presented in Sec. V.
(Ref. 2, but W as well. Indeed, all SPIS work performed
after 1995 on SiQ/Si systems and other materials present
data onSandW and/or make use &-W plots. Ps formation SPIS measurements were carried out with the monoener-
in SiO, films,*~°or the lack of it* has been discussed up to getic positron beam “SPONSOR” at Rossenddt which a

Il. EXPERIMENT
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variation of the positron enerdyfrom 30 eV to 36 keV with TABLE I. Thicknessd of SiO, films of SiO,/Si samples stud-

a smallest step width of 50 eV, if required, is possible. Theled: samples 1-5 are thermally grown and etched films, whereas
energy resolution of the Ge detector at 511 keV is 1.0%ample 6 is a native oxide film grown for at least six months.
+0.01 keV, resulting in a high sensitivity to changes in ma- Thickness values given in column 1 are estimated using the refrac-
terial properties from surface to depth. Abousk 1P events tive index of thermally grown SiQ those of column 2 are esti-
per spectrum have been accumulated. mated using that for low quartz. The values of column 3 are mea-

The motion of the electron-positron pair prior to annihi- Sured by TEM.
lation causes the Doppler broadening of the 511-keV annihi-

lation line and can be characterized by the line-shape param- n=1467 n=1.549 TEM
etersS and W. The usefulness of these parameters may bgample d (nm) d (nm) d (nm)
illustrated further by ars-W plot, which allows one to con- 1 84.2

clude whether the changes are due to a change in concentra- 62.7

tion or type of a defect. For a more general discussion of 38.3

these parameters we refer to the literafir€.In brief, the 205

value of Sis defined by the ratio of counts in the central ¢ 1.82 202 1.4
region of the annihilation gamma peak and the total numbeé 2 42 378 1.7

of counts in the peak. It is common to define the central
region for a certain sample to obtain a reference value ofvalues below 5 nm should be taken with cautisee Ref. 4D
Sei~0.5. The value oW s defined as the ratio taken in the

high-momentum region symmetrical to the peak and the totathe depth information was obtained from the correlatio of
number of counts to g&t/~0.03 for the Si reference sample. and W with positron energyE, using the versatile program

The same regions are then used to calculate the valuBs ofpackagéepriT, which takes into account epithermal posi-
andW for every other sample studied. For an easier discustrons.

sion of changes i and W it is, furthermore, common to
normalize the paramete8andW to their bulk valuesS, and
W, , respectively, obtained for a defect-free corresponding

reference sample. In this section we give first a short explanation of both the
A SiO; film of ~80 nm thickness was thermally grown positron- and electron-energy levels at the studied system,
on a Czochralski-grown §i00 substrate wafer r(-type,  which is a useful background to understand experimental
6-10 cm) at 1000 °C. After cutting, several samples hav-results discussed further in detail from the qualitative and
ing a size of about 10 mm10 mm were obtained. Thinner quantitative points of view.
SiO, films were then produced by etching multiples of about
20 nm from a sample having the originally grown film of
~80 nm thickness. The standard etchant consists of 300 ml
H,O, 19 ml HF, and 11 ml §PQ,, and an etching rate of 12 The experimental estimation of positron and electron
nm/min was experimentally determined, in good agreementork functions and affinities of semiconductors, such as
with values known from the literatu An estimation of the  diamond® and silicon carbidé’ may be useful in revealing
remaining SiQ layer thickness after etching was performedchanges in the chemical potential, surface dipole, and band
using standard ellipsometr§Sentech SE 4Q0based on a bending. The surface-state population and surface-electric-
refractive index ofn=1.467, well known for relaxed ther- field formation(band bendingwill alter the fraction of pos-
mally grown SiQ. In addition, for two samples the film itrons diffusing to the surface and eventually being reemitted
thickness was estimated using the refractive index into the vacuum. As an example, an electric field of the order
=1.549, well known for low quartz, and by TEM for com- 25 kV/cm has been shown to exist at a diamond surface at
parison. The Sig/Si samples studied and their characteris-€levated temperatures, by measuring positron reemission
tics are listed in Table I. It must be stressed that thicknes§om the surface as a function of temperature. This electric
values below 5 nm given from standard ellipsometry shouldi€eld is related to a band bending of about 0.7 eV at the
be taken with cautici! and are presented for completenessdiamond surface. A very detailed description and discussion
only. Therefore, the thickness values measured by TEMf the electron- and positron-energy levels at the
seem to be more reliable, but this does not imply any indi-semiconductor-vacuum interface may be found in Ref. 30.
cation of a preferred refractive index of the Sifim when A general idea about the direction of positron diffusion in
compared with the ellipsometric data given. the case of contact between an §i@lymorph and crystal-
The S(E) andW(E) data of all SiQ/Si samples and the line Si may be obtained from a consideration of the positron
reference standard samples of silico®, (and W, of this  affinity. The positron affinity ) is a bulk property of ma-
sample are used for normalization throughout this work terials. It is defined!-*?as a sum of electroni{(_) and pos-
Brazilian quartz, and synthetic silica glass-$i0,) were itron (u.) chemical potentials, i.e.,
determined as mentioned above. The Brazilian quartz refer-
ence sample used here is identical with that used in Ref. 6, Ar=u_+u,, (D)
i.e., it is of the low quartz structure and it does not exhibit
any Ps formationaccording to the lifetime measuremgnt or alternatively as

Ill. RESULTS AND DISCUSSION

A. Electron and positron energies in SiQ and Si
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A=—(Dd_+d,), 2 itrons diffusing back from Si into the SiOfilm do not in-
crease the amount of Ps formed in the Sfitm,*® suggest-

ing that Ps cannot exist in SjOclose to the interface.
However, the reality in our Si©'Si samples can be verified
from experiments only and will be described in the following
sections. It will be concluded and discussed that an interface
layer exists, which has a structure that resembles that of low
quartz.

i.e., as the negative of the sum of the electrdn_§ and
positron @ ,) work functions. When two materials are in
contact, the difference between their positron affinities dete
mines the step of the positron potential at the interfice.
Recently, the positron affinity was calculated for(Rief.
24) and several polymorphs of SjQRef. 23. The calcu-

lated values oA, for Si and low quartz are-6.7 eV (see On the other hand | trend ob di all
Table V in Ref. 24 and —11.0 eV, respectively. As for a n the other hand, a general trend observed in crystailine

general trend, the positron affinity decreagemgnitude in-  Polymorphs of SiQ is that the positron affinity decreases
creases with increasing volume @) per SiG molecule, —(Magnitude increasgwith increasing volumeQo) per SiG
i.e., A, decreases with decreasing density. Among the studnolecule, i.e., A, decreases with decreasing denSty.
ied polymorphs, stishovite exhibits the lowe3t with A, Therefore, it should be expected to have the lowestalue
=—7.0 eV, whereas high cristobalite shows the largegt ©Of all SiO, polymorphs in nc Si@ This would imply that
volume andA, =—14.2 eV. These values were calculatednot only Ps atoms but free positrons as well do not diffuse
using the gradient correction scheme of Barbieltnial>®>  from nc SiG into the interface layer having a structure
for positrons, and we further refer to Ref. 23 for details ofwhich resembles that of low quartz. The energetic situation
calculations. In the case of noncrystalline Sithe situation ~ finally obtained is sketched in Fig(d).
is more difficult. First, nc Si@is not periodic and standard ~ For completeness we should also examine electron-energy
electronic structure techniques, such as the linear-muffin-tinlevels. In the case of SigSi interfaces, up to now informa-
orbital method* used in Ref. 23, are not well suited for such tion about the electronic band structure is mainly available
systems. A possible means to calculate the positron affinitffom  photoemission ~ measuremefts® A typical
could be perhaps to consider several perioffiodeled  Situation”**is shown in Fig. 1c). An important feature of
boxes of nc Si@ and calculateA, for them. The positron this band diagram is that there is some band bending at the Si
affinity of nc SiQ, then should be identified with the lowest part of the SiQ/Si interface. Indeed, it has to be realized
calculated value; in nc SiOthe interstitial space—where that in the case of a typical Sj@Si structure(usually posi-
positrons mostly reside before they annihilate—is not unitive) fixed oxide charges of aboutx10'*cm 2 and 2
form, in contrast to crystalline Si) and each modeled box *10** cm™? exist at SiQ/Si(001) and Si@/Si(111), re-
would have a somewhat different interstitial space morpholSpectively. To generate th@egative compensating charges
ogy. As, in some sensd\, represents the positron energy, in the Si substrate, the crystal bends its electronic bands such
and positrons occupy the lowest energy level, the lowesthat additional electrons flow towards the interface, or holes
value of A, should be taken as the positron affinity of nc move away from it. This charge can be partially localized on
SiO,. interface states within the energy gap of Si and on surface
The above-mentioned. values were obtained by iden- states of the oxide. Other possible charges may arise from
tifying the Fermi level with the maximum of the valence defects(broken Si-O bonds, e.g., due to ionizing radiation or
band Eygy) in the corresponding SiOpolymorph (or S. high _current}s or mobile ions(Na or K, due to unclean pro-
However, in the case that Sj@nd Si have a common inter- C€SSing. S .
face, the actual positions of the Fermi levels should be con- Band bending in Si depends on the sample and its prepa-
sidered(see also beloyin order to determine the step of the ration and we cannot give any particular value here. Band
positron potential at the Si@Si interface. In particular, one Pending does not influence positron affinitigeither their
should add the differences( — Eygy) to the already calcu- dlfference_because band benqlm_gs for el_ect_rons and_ posi-
lated A, values. Modeling SiQ as an intrinsiqwide band  trons are just opposite. But this is a qqaptatwe description
gap semiconductor g — Eygy=4.45 eV) and considering only. _When looking close_r at the SQQB_I interface, bgnd
that Si is ofn-type (4 —Eygy=1.1 eV) the corresponding bending affects the behavior of_the positron bafske Fig.
A, values change to-6.6 eV (low quartd and —5.6 eV 1(b), dashed curveand the positron potential close to the

(Si). Then, the difference of affinities amounts tal.0 eV interface, which may influence positron diffusion at the in-
indicating,that positrons at the SiGside of the interfaée terface. Though such effects should be examined further both

have a lower potential compared to the Si part. It should b&*Perimentally and theoretically, the above conclusion about
mentioned, however, that the position of the Fermi level inthe d|rect_|on of pos_|tror_1 diffusion at the interface can hardly
Sio, is not completely driven by electron-hole statistics P€ duestioned, which is further supported by our measure-
and the position of the Fermi level may somewhat differMeNts discussed in the following sections.

from that supposed above.

As for positronium diffusion, if a positron may become
bound as Ps in a given structure, its diffusion as Ps into a
neighboring structure needs to be considered only if Ps may For the sake of interpretation and comparison of SPIS
exist there too. In the opposite case of diffusion, a positrorresults obtained on thermally grown SiCFig. 2), the SW
might generally contribute to Ps formation in a structureplot of data measured at reference samples of silicon, Brazil-
where it may exist. There is experimental evidence that posian quartz, and synthetic silica glass-§i0O,) is shown in

B. Qualitative analysis
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: ! 1.4 nm SiO, 1 kN
2 3.15 eV f i e
> 8.9eV 1 5 1
Q, 1 1 T 1 1 1 T T T T T T
> 41 116V 0 5 10 15 20 25 30 0 5 10 15 20 25 30
@ energy E (keV) energy E (keV)
& -
c FIG. 2. SIS, and W/W, for different SiG /Si samples as a
g function of incident positron enerdy. An untreated $IL00) sample
§ 8 served as a referenc&f, W,) for normalization.
©
-10 A . . .. . .
VEM c) itself. In Figs. 3 and 4 some distinct characteristics of ,SiO

polymorphs and Si are given. If no interface state would
FIG. 1. Sketches of the positron and electron energetic situationgxist, we should observe a straight transition, as indicated by
in a SiG,/Si structure.(d) Structure layout(b) Positron affinites  a dashed line in Fig. 4, between tBeN values characteriz-
(full curve) and positron band bendin@lashed curve possible
(forbidden directions of positron and Ps diffusion are indicated by

arrows (crossed arrows diffusion lengths are also indicate¢t) 205 o iz bulk VS0, / surface
Electron-energy levels and expected band bendi@BM, 3 e ‘
conduction-band minimum; VBM, valence-band maximum 5‘” 200 4 .
z L4
Fig. 3. TheS-W plots of data measured at thermally grown £ 15 | 27° o o - v-8i0,/ bulk
SiO, and etched afterwards samples are presented in Fig. 45 O iz
. . . ©

The data presented in Fig. 2 differ from any correspond- & 150 &y surface
ing SPIS data presented at earlier studies in the literature bg o with native oxide / ‘AAA
the fact that the lowest positron energy chosenBEs g a

. . = 1.25 4 ® lowquartz A
=30 eV. In addition, theS-W plots (Figs. 3 and 4 shed g o v-Sio, a Si/ surface
more light on their understanding. Taking all data together, & o puweSi @f‘ si/
o . X . 1.00 4 S! wn_h native oxide . divacancy
the densification of the SiQtowards the interface, as already = Si/divacancy Si/bulk .
8

concluded in a recent woé is confirmed to exist in thinner
oxides obtained by etching too.

When only two distinct annihilation characteristics, de-
scribed by §,, W;) and (S,, W,), contribute to a set of FIG. 3. W/W, vs SIS, plot for different standard samples and a
experimental data, a straight line is obtained in$A¥/ rep-  defect state in Si. An untreated($00) sample served as a reference
resentation, where the end points represent the two statés,,W,) for normalization.

.84 0.8 092 0.96 1.00 1.04 1.08

normalized S - parameter S/Sg;,,,
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and Si should exhibit a curvature towards t8aVN value
representing the Si divacan¢see Fig. 3, which is evidently

not the case. Therefore, the present results certainly rule out
such an interpretation of the experimental data.

From the results shown in Fig. 4 the influence of surface
processes can be noticed at very low positron eneigies
(<1 keV) down to an oxide thickness of 20 nm directly, but
not anymore at 1.4 nm Sihickness. However, it is obvi-
ous that these surface processes are not relevant to our con-

qu?tz s clusion about the interface structure being close to that of
7 bukk bulk low quartz.
2 % Further support of the conclusion that a very thin SiO
.. layer having the structure of low quartz does exist at the
. SiO, /Si interface may be taken from independent PAS/SPIS
A Si/bulk"® results available in the literature as follows.
T T T T T (1) In Ref. 36 it is reported that the positron lifetime spec-
2.4 trum characterizing the SidSi interface consists of two
2.2 - qugz componentdrelative intensity, i.e., 215+ 10 ps(62%) and
2.0 o buk v-Sio, 478+ 20 ps(38%). The longer lifetime component is thereby
1.8 1 0 b“ interpreted as evidence of larger vacancy clusters at the in
terface but not divacancié§which should exhibit a lifetime
., of ~300 ps only. Furthermore, it is reported that positrons
i Si,bu.k'-@ diffusing back from Si into the Si©film do not increase the

T T T T T amount of Ps formed in the Sjdilm. However, no further

interpretation could be given by these authors. In our opinion

@ these experimental findings clearly support our interpretation
| quartz S0 of the interface as having the structure of low quartz: The
1 .. bulk lifetime spectrum deducétlis almost identical to the life-

. time spectrum experimentally observed in Brazilian quértz,
_ . ie., 234 ps (76.7%2.4%) and 45+ 13 ps (23.3

_ "~ +2.4%). No Ps is formed in this Brazilian quartz samble,

] Si/ bulk @ i.e., positrons reaching this interfacial layer from the Si side
are trapped and annihilated there without Ps formation. It
should be mentioned that first theoretical calculattdrsf

W - parameter

Jd ® positron lifetimes in several polymorphs of Si@ere able to

| ez v-8i0, model the shorter lifetime found in a low quartz structure.
- "'-; bulk Any clear identification of the origin of the longer lifetime
- requires further theoretical studies.

. ‘ (2) Positrons in a MOS structure driven by a bias towards
. S”bm; ‘© the SiQ/Si interface are always stopped and annihilated at

, ' ' . ' the interface—this is an experimental fawthich could not
0.84 0.88 0.92 0.96 1.00 be explained by these authors in terms of the structure of the
interface. If our interpretation of the interface as having the
structure of low quartz is taken in combination with recent

FIG. 4. W/W, vs SIS, plot for different SiQ/Si samples, with theoretical resulfs indipating that thermalized positrons if
SiO, thickness values as given in Fig. 2, in relation to the bulk stateOMNg from a crystallme Sipside to Si are repulsed from
of different standard samples. An untreated180) sample served the interface, the experimental facts from Ref. 3 can now be
as a reference, ,W,) for normalization. understood completely.

S - parameter

ing the bulk ofy-SiO, and Si, respectively. Indeed we ob- C. Quantitative analysis

serve from the data measured for the etched saniplgs4) Any quantitative analysis of the experimental datavisy

that an annihilation state is revealed in the oxide which mUSﬁHT (Ref 29 is based on the fact that usua”y each measured
resemble low quartz in its structure. |ntereSting|y, the COM~/glue ofSat a given energE is represented as

parison with native oxides does reveal the same features, i.e.,

allows to draw the same qualitative conclusion about its

structure being close to that of low quartz. In case of Si

divacancies supposed to exist in Si domains at the, 0 S(E):SSFs(E)+SeFe(E)+E SaF a(E) + SoFu(E),
interface’® the transition between the bulk valueseSiO, ©)
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0.508 where they are completely annihilated—as otherwise they
® daa would contribute to Ps formation in the Si@Im, which has
0504 4 — ft not been observed from experiméht.
(i) The fact that Ps formed in the SjGilm may not
Ly =(241 £17) nm diffuse into the crystalline interface layéwvhere no Ps for-

0500 4 mation takes plagebut free positrons, i.e., a certain branch-

ing ratio for diffusion towards the interface compared to an
undisturbed positron and Ps diffusion towards the surface
needs to be obeyed. For a more detailed discussion see Sec.
I A.

Interestingly, in earlier SPIS studies when fittiSgE)
data, difficulty (i) was overcome by artificially fixing the
0.488 , ‘ , , thickness of the interface layer te1-2 nm and assuming

0 10 20 30 40 the presence of an internal electrical field at the interface,

E (keV) which does prevent positron diffusion from the interface into

the Si bulk—without having any basis for the reason of such
an artificial assumptiorisee, e.g., Refs. 2 and JLand not
explaining how such a field could physically build up in the
material. However, it is stated that the value of the electric
field obtained does strongly depend on (fieed) parameters
when usingvePFIT and the Si value assumed to describe the
whereSs, Sy, andS, are theS parameters associated with SiO,/Si interface!® In our opinion this shows that the elec-
annihilation of positrons with electrons at the surface, in lay-tric field has to be introduced in order to enable a reasonable
ers containing a typical defect structure, and in the unimfit if the true structure of the SiQ'Si interface is unknown.
planted bulk material, respectively, aSgis associated with ~ Although VEPFIT, in principle, is not suited to perform a cor-
the annihilation of epithermal positroris's are the fractions rect fit in the present case, we have successfully tried to do
of positrons annihilated in each state; thif,(E)=1 at so as described below.
eachE. Equation(3) holds for theW parameter correspond- To avoid difficulty (ii), a fit of theS(E) data from sample
ingly. VEPFIT does consider the positron diffusion lendth 5, where the SiQ layer (corresponding to layer 1 in the
in each layer too, i.e., does account for a possible positrothree-layer model to be assumed, see comments above
diffusion between neighboring layers and from the top layershould be missing, was performed. According to our under-
to the surface. standing and conclusions, this way only annihilation at the

To be specific regarding the analysis of data shown in Figsurface, from epithermal positrons, laye(iaving the struc-

2, it is reasonable to assume a three-layer model for any fiture of low quartz, and layer 3(Si substrate need to be
where layer 1 represents the thermal Si@ its relaxed and considered, i.e., in fact a two-layer model has to be fitted.
not densified staje layer 2 represents the SiC5i interface  Difficulty (i) was taken into account by fixing, =2.2 nm
(with the structure of low quarizand layer 3 the Si bulk. for the transition layer. Furthermore, the valBewas fixed

For each material the characteristic parame$eW, andL to the S value measured at a positron implantation energy
can be estimated from independent experim&ribicker E=230 eV. All other parameters were allowed to vary freely
layers of thermally grown Si9(~200 nm) are found to in the fit. The result of the fit is shown in Fig. 6. Although it
have typically L, ~21 nm, in good agreement with , does appear to be less than perfect, it was obtained without
~20 nm given in the recent literatufdt has to be noted that the use of any electric field. The fitted transition layer thick-
this L, value does include both positron and Ps diffusion.ness isd=(2.2+0.1) nm and has to be regarded as a lower
Thermally grown SiQ is found to be identical tw-SiO,, limit of this thickness because a possible diffusion of posi-
where a Ps diffusion length, =37 nm was estimateétiThe  trons to the surface is maybe underestimated due to the fixed
low quartz structure is represented by Brazilian quéirez,  diffusion length of this layer. In spite of the very few sim-
we assume no Ps formatipand is characterized by a posi- plifying assumptions made to make a reasonable fiviby

tron diffusion length ol . =18 nm(Ref. §. Data for Si are  PFIT possible at all, the obtained transition layer thickness of
known from numerous studies of ion implanted samples, and=2.2 nm is in very good agreement with the valuedof

S - parameter

0.4986 4

0.492 4

FIG. 5. Sfor a Si sample without native oxid&ue to HF
etching as a function of incident positron ener@y The positron
diffusion lengthL , was derived from the best fit to the correspond-
ing data.

L,=(241+17) nm is estimated for our Si substrakgg. 5). ~1.4 nm estimated by TEM on the same sam(glee Table
The surface values, (and W, correspondingly was esti- 1). The positron diffusion length of the Si substrate is given
mated at a positron implantation energy of 30 eV. by the fit asL | =(295=5) nm. This value is very reason-

Difficulties to usevepPFIT for an estimation of the thick- able, too, compared to the valle =(241+17) nm found
ness of the interface layer arise from the fact that the profor the untreated bulksee Fig. 5, because it is of the same
gram does not allow to suppress a certain type of diffusiororder of magnitude.
solely, i.e., in particular, to account for the following. Another quite simple evaluation can be used to illustrate

(i) The fact that positrons do not diffuse from the crystal-the validity of our conclusion regarding the interface layer to
line interface layer into the Si buf but are allowed to have the structure of low quartz. In Fig. 7 the implantation
diffuse from the Si bulk into the crystalline interface layer profile P(E,z) of monoenergetic positrons in SiC5i is
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0.50 weight factorsB=0.41 andC=0.32, respectively. Now, Eq.
(4) may be written for thaV parameters correspondingly. If
then the same weight factors are taken, andth@arameters
for SiO, and Si as estimated from experiment, the value
Winterface= 0.063 is obtained, which is almost exactly the
value experimentally observed for the low quartz structure
(0.0612).

W(E) data measured for SYdSi samples do not exhibit a
pronounced curvature similar to tf%E) data(Fig. 2) and
could be used, in principle, for a direct analysis \®PFIT
too if Eq. (3) is modified correspondingly. However, difficul-
ties similar to those mentioned above when fittl(d) data
should be overcome—to our knowledge no such fit has ever

0.49

0.48

0.47

0.46

S - parameter

0.45

0.44 4

0.43

0 5 10 5 20 25 s been published in the literature regarding the Si6 sys-
E (keV) tem.
FIG. 6. Sfor SiO,/Si (sample % as a function of incident pos-
itron energyE. The best fit to the corresponding data is shown—for D. General remarks
derived results from the fit see text. Some fundamental problems concerned with the under-

N o standing of the transition between the electronic structure of
shown forE=2.88 keV, the position of the “dip” in the 3 sj substrate and bulk SjGat the atomic scale have been
correspondindS(E) curve of sample Zsee Fig. 2 For the  discussed in another recent papelhe authors argue in
sake of simplicity of the figure, a uniform density f  terms of the “suboxide model” for the interface layer, based
=2.33 g/eni (silicon) at all depths was assumed. Further-on the determination by electron-energy-loss spectroscopy of
more, any diffusion between the SiGand the Si is ne- the electronic states that directly determine the electrical
glected. Thus we can define the value of S measured at 2.8foperties(density of states, DOSf the interface. Further-

keV as follows: more, they mention difficulties to estimate the true thickness
_ . of their very thin gate oxides by ellipsometry—a topic which
Sz sskev=ASoxidet BSnterfacet CSsi with  A+B+C is especially important for films with thicknesses below 5 nm
=1. (4)  as has been extensively commented in the literdflure-

) _ nally, it is stated that “even if the interface structure were
The Svalues are all known from experiment, i.e., we assumgnown, the connection between the physical arrangement of
the interface to have the structure of low quartz. The weighktoms at the interface and their electrical properties is neither
factor A=0.27 is then determined from integration of the girect nor obvious.” However, in a recent modelfig con-
positron implantation profile from the surface to a depth ofnection between the physical structure and local DOS could
60.5 nm, as the interface thickness was estimated to be 2p demonstrated, but there the band gap of quartz is men-
nm, and the total film thicknessample 2 was measured t0 tjoned to be 5.8 eV instead of the well-known vali® eV,
be 62.7 nm(see Table)l This way it is easy to determine the gng a range of O-Si-O bond angles-efl05° to ~115° as
opposed to 108.9°-110.5° from an earlier literattiris
given. In particular, three crystalline phases of the Si.,
0.010 cristobalite, quartz, and tridymite, are stacked on tHe®)
SiO Si substrate and are fully relaxed. It is found that when the,SiO
0.008 2 layer is very thin (-0.7 nm), the lowest-energy structure is
tridymite, followed by the quartz phase. As the gitayer
0.006 1 becomes thicker+ 1.5 nm), the quartz phase has lower en-
ergy than the tridymite phase. The cristobalite phase on
Si(00)) is found to be unstable due to large lattice mismatch,
and transforms into a different crystal structure. No defects
27% | 73% appear at the interface after the successive bond breaking and

(+} (8] . . .

0.000 4 rebonding, but the energy of the resulting structure is found
to be the highest irrespective of the thickness. Furthermore,
. S AV A calculat_ions of t_he I_ocal DOS_sho_W that the pand-gap change
d (m) occurs in thg SiQside, resulting in an effective decrease of
the oxide thickness by 0.2—0.5 nm.

FIG. 7. Positron implantation profil®(E,z) in SiO,/Si for E Although our conclusion from SPIS about the interface
=2.88 keV calculated for a uniform densiy=2.33 g/cni. The  having the structure of low quartz is based on solid experi-
boundary(vertical line between Si@ and Si shown is located at a mental evidence, it has to be pointed out that this does not
depth of 60.5 nm, and the percentage of the area under the profilkecessarily mean that indeed a crystalline quartz layer must
P(E,z) with respect to this boundary is given. exist at the Si@/Si interface, where exclusively a fixed Si-

0.012

2.88keV,d)

0.004 +

PE

0.002 +
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O-Si bond angle of 144°, like in low quartz, is present. This In this context, we should also comment on a possible
is connected with the fact that an oxide does grow inwarddifference between the positron affinities of a crystalline
i.e., toward the Si substrate, so that a crystalline layer—if itSiO, polymorph and nc Si@having the same densityor
is present at all at the beginning of the oxidation—would be{2o). As mentioned above . for crystalline SiQ decreases
permanently pushed toward the outer surface, or becomes n&ith decreasing density. Then, crystalline and nc Sould
during growth, which eventually has to result in this fixed have the same positron affinity. But the morphology of the
bond angle. interstitial space will also play a role. Therefore, even in the
Furthermore, it is known that both the effective negativec@se of a successful modeling of nc $i@e expect to see
oxygen charge and mole polarizability are mean values, an@nyway a small difference iA, between crystalline and nc
a significant spread may be presenturSiO,, where the IOz having the same density.
Si-O-Si bond angles vary from 110° to~ 180° resulting in
a local variation of various properties, including the ionicity
of the Si-O bondé4? This point is very important regarding Oxides grown in dry oxygen and etched afterwards to
SiQ, films on silicon, as there are many observations whichreduce their thickness, and a native oxide, have been studied
are incompatible with the presence of a crystalline oxiddy SPIS and are compared to results from a low quartz
layer as a separate phase at the interface but are compatiti@mple, synthetic silica glass, and silicon. A detailed struc-
with a densified nc oxide whose average properties are pragural background of a density gradient in Sifims on Si
tically identical with those of a crystalline polymorph with- Without assuming any defective interface region is discussed
out being a separate phads®** The explanation of an in- @nd presented here. _
creased density of the oxide at the Si/Siterface then can AN annihilation state is revealed in the thermally grown
be imagined to be the result from a combination of compres@nd €tched, as well as a native, oxide which must resemble
sive elastic stress and nonelastic densification resulting frodP" duariz in its structure. This finding is extensively dis-

the quasiepitaxial adjustment of the oxide structure to that ofussed aTd 'ft Is shr(])wlr_l to be compatible with all earlier pos-
the Si substrat&® The density gradually decreases toward the!lron results from the literature. .
It is debated why a straightforward analysis of SPIS data

outer surface of the oxide as the oxide there reaches a fuII% th isting fitt f ic al . ible. N
relaxed statéif it is relatively thick and/or annealed at rela- y the existing |tt_|ng software Is almost IMpOossIbie. TNever-
theless, a lower limid=(2.2+0.1) nm of the thickness of

tively high temperatune The reason is that during oxidation he interf | bling | s
the O, molecules diffuse through the oxide almost without{)eeé?\}gaace ayer resembling low quartz in its structure can

any interaction with the oxid@particularly in case of rela- A variety of the state-of-th t th tical calculati i
tively thick oxides &30 nm)]; therefore the outer part of _ ~ Var€ty of the state-oi-ihe-art tneoretical caiculations to
aid the experimental findings is summarized.

the oxide is bei led duri ide grotttrhi ;
e 0xide 15 being anneaied even during oxide gro 'S Finally, it is discussed why the SPIS results corroborate

effect will be reduced when hydrogen is present in the oxi—th del of epitaxial oxid th and doool
dation ambient as it interacts with the oxide, so that the ¢ rr;](_) € Io qtl.JaS|efp;haX|a oxide %row and pseudopoly-
quasiepitaxial effect of the Si substrate on the oxide is remorphic refaxation of the grown oxide.

IV. CONCLUSIONS

duced. Hence, in case of wet ox@atlon, the average density, ACKNOWLEDGMENTS
and the refractive index, at the interface will be closer to
those values for relaxetundensified silica glass. Indeed, The contribution of G.B. was supported by thécBsis-

such a conclusion of having a less densified wet oxide, ashes Staatsministerium rfiwvissenschaft und Kunst, Grant
compared to thermally grown oxides of comparable thick-No. 7531.50-02-844-01/3. We are thankful to colleagues
ness, was reported recently from SPIS investigatfdrs. from Forschungszentrum Rossendorf for their help with ox-
should be noted thatepPFIT in its present version cannot be ide sample preparatiofil. Gebe}, and thickness measure-
used for the evaluation of such a density gradient. ments by ellipsometryl. Beatus and TEM (A. Mucklich).
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