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Structural transition layer at SiO ,/Si interfaces
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The valence-band and the G 2ore-level spectra of ultrathi@bout 1 nm SiO, layers[which are formed
at the initial stages of oxidation of hydrogen-terminated @0 substratebwere measured by high-resolution
x-ray photoelectron spectroscopy. The energy difference between the valence band and the core level was
found to be greater than that for the bulk $i@ first-principle molecular-orbital calculation was performed on
Si,0;Hg clusters in order to obtain the energy differerfadnich depends on the structure of Silayers. A
comparison of the experimental data and the molecular-orbital calculations indicates that the intertetrahedral
bond angle,fgi.0.g, is 135° to 140° in the Si@structural transition layers at the Si(3i interfaces.
[S0163-182699)03708-X

|. INTRODUCTION than the bulk Si@. However, by using ultraviolet photoelec-
tron spectroscopy, Hollingeet all® found an anomalous
The thermally-grown SigQYSi interface has been exten- valence-band spectrum for the transition layer of 1.1-nm
sively studied because of its significant role in metal-oxidethick SiO, on a Si substrate. They considered this spectrum
semiconductor field-effect transistofIOSFET’S.*? Since  is due to a change in coordination from 4:2 for the corner
current device technology demands a dramatic shrinkage @haring tetrahedron network instead of a reduction in the
MOSFET size, the structure in the vicinity of the SiSi intertetrahedral Si-O-Si bond angle.
interface has recently become a fundamental issue to be Such a controversial result may come partly from the dif-
clarified. This shrinkage leads to a reduction of gate-oxiddiculty in uniformly preparing ultrathin oxide layers. We
film thickness to as small as 5 nm; namely, 14 layers of thehave recently succeeded in extremely uniform oxidation of
SiO, molecule. There are two kinds of distinct regions nearSi substrates!~*® Using this oxidation method, oxidation
the interface: compositional transition layers and structuraproceeds in layer-by-layer mode at the interfatdt was
transition layers. Compositional transition from Si to §iO found that the lateral size of the atomically flat oxidized
occurs abruptlythrough one Si atomic layer, which consists region (formed during the layer-by-layer oxidatipris as
of intermediate oxidation states such a5"SSP*, and St*. much as 3—6 nm even at an average S#yer thickness of
Contrary to this, structural transition from the bulk Si to the 0.7 nm?2 These observations show that the thickness of the
bulk SiO, takes place to a much greater extent. On the Sthin SiO, layers formed on Si substrates is uniform enough
side of the interface, the transition layers have been revealesb that XPS measurements are able to identify the electronic
to consist of two Si atomic layers that have an atomic arstructures for the vicinity of the SiK3Si interface. Structural
rangement different from that for bulk $iOn the other changes in the transition layer should therefore be directly
hand, on the Si@side of the interface, the structure of the reflected in the changes in electronic structures in ultrathin
transition layer is considered to be as much as 1-nm thickoxide formed on Si substrates by such uniform oxidation.
The existence of the latter structural transition layers haThe purpose of the present work is to reveal differences in
been confirmed by a change in the etching rate of,3i€ar  electronic structure of the transition layer and the bulk.SiO
the interfacd and by a change in the stretching vibration by high-resolution XPS. For the transition layer and the bulk
energy of Si-O bonds near the interfdceMoreover, it has SiO,, we measure the energy differences between the va-
recently also been confirmed by x-ray reflectivity measuredence band and the OsXore level, which is more sensitive
ment suggesting that the density of $i@hanges near to structural distortion than the Op2related leveld* The
SiO,/Si interfaced. Nevertheless, little is known about the experimental study is accompanied by a theoretical study on
structure itself in the Si@transition layers. So far, in a com- the energy difference using a first-principle molecular-orbital
parison with the bulk Si@structure, two kinds of character- (MO) method. Comparisons of the experimental data and the
istic structures have been proposed. First, the structure of th@olecular-orbital calculations will enable us to deduce the
transition layer in the Si@was studied by Grunthanet al®  structural deformation in the SiQransition layers near the
This study was based on a unique spectral reconstructio8iO,/Si interfaces.
procedure for x-ray photoelectron spectroscoidS core-
level spectra of 2.3-nm thick Sion a Si substrate. They II. EXPERIMENT
suggested that the structure of the transition layers has the
corner sharing Si@tetrahedron network as the bulk SiO Extremely uniform oxidation of Si substrates was per-
does but has the intertetrahedral Si-O-Si bond angle smalldermed by the following procedurés$:*3First, 200-nm thick
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SiO, layers were formed on 10—20-cm n-type S{100) sub-
strates in dry @at 1000 °C. Second, after removing the $iO
layers by buffered hydrofluoric acid, nearlyBn-thick un-
doped Si layers were grown epitaxially by the gaseous reac-
tion of SIHCkL at 1100 °C in hydrogen atmosphere. Third, the
Si substrates were cooled down to less than 400 °C in hydro-
gen atmosphere. The (300 surfaces thus prepared were
terminated with hydrogen atoms and their reflection high- FIG. 1. A SkO;Hg cluster with G, point symmetry. The in-
energy electron diffraction pattern exhibited a cleax 2  tratetrahedral bond angléo.sio, and the Si-O interatomic dis-
structure*® The native oxides formed on the Si substrates!@nce.rs.o, were taken to be constant; namely, 109.47° and 0.162
after being kept in nitrogen atmosphere for a long time, werd!™: respectively. The intertetrahedral bond anglge s;, was used
removed by dipping in 0.5% hydrofluoric solution at room as a_p_arameter in order_to re_produce structural deformauo_n in the
temperature, followed by a rinse in deionized water. Theransition layer at the SigJSi interface. We used the O-H inter-
measurement of C<land O I XPS spectra showed that atomic distance of 0.92 nm and the Si-O-H angle of 170°.
contaminations on these surfaces were negligibly small.

Then, the Si substrates were loaded into an oxidation chanbeen confirmed that the valence band mainly consists of
ber through an introduction chamber. The base pressures tiree peaks: two of them at higher binding energy are from
the introduction and the oxidation chambers wepe1® °  bonding states between the @ 2nd the Si 3, 3p atomic

and 4x10 8Pa, respectively. By heating the hydrogen- orbitals, while one at lower binding energy is from nonbond-
terminated Si surfaces with an infrared ||ght in 4-torr dry |ng states of the O Q atomic Orbita|]_-ov21 Since the valence
oxygen(the dew point of the oxygen gas was bele’d5°C)  phand as well as the Osore level has been revealed to have
at 300 °C for 360 min, preoxide was formed without break-a predominant oxygen character, the local density of states of
ing the H-Si bonds on the surfac8’ up to the thickness of the center oxygen atom in the cluster was calculated using
0.5 nm. Through this preoxide, 0.61- to 1.5-nm thick SiO the Slater transition state proced@fewhich is suitable for
was formed at 600 to 830 °C in 1-torr dry oxygen. Furtherstudying binding energy in XPS spectra. Analysis using such
oxidation up to 10 nm was performed at 800 °C. The SiO |ocal density of states has been found to be effective for
thicknesses were determined by the $i @eak intensity in  studying photoemission, by eliminating boundary effects,
XPS spectra. which may appear on the surrounding oxygen atéins.

The samples were studied by high-resolution XPS, Sci- Deformation of the Si@structure in the transition layer
enta ESCA-300? The XPS chambemwith a base pressure of was investigated by referring to the following two reports.
4x107%Pg is connected by a gate valve to the oxidationFirst, by using the photoemission-extended fine-structure
chamber. The valence band and the ©c@re-level spectra measurement, Siegest al?* clarified that the Si-O bond
were measured by using a monochromatic Ali-ray |ength near a 1-nm thick SigSi interface is identical to that
source at a photoeleCtron take-off angle of 15° with an acin bulk S|()2 Therefore, the Si-O interatomic diStﬂani,o,
ceptance angle of 3.3°. We measured differences betwe%s taken to be constant; name|y, 0.162 qurﬁ_’ Second,
valence-band spectra for SiQayers with two different  ysing Monte Carlo simulations, Stixrude and BukowiR8ki
thicknesses in order to subtract the valence-band spectrum gfvealed that amorphous Si@nder a large stress does not
the Si substrate. The subtraction was performed by normathange its intratetrahedral geometries substantially but de-
izing the Si valence-band intensity without making an energytreases the intertetrahedral bond angleo. ;. The intratet-
correction. From this analysis the valence-band spectrum camhedral bond angléo. g0, Was therefore set to 109.47° as
be obtained for Si@layers, which exist between two certain for a S|O4 tetrahedron in the bulk Slp—’S On the other hand,
distances from the Si surface. The other experimental detail§,e intertetrahedral bond anglés. o.si, was used as a pa-
are described elsewhet®. rameter in order to reproduce structural deformation in the

The electronic structures for the valence band and the Gansition layer under a large stress at the interface. We used
2s core level of SiQ were calculated using a first-principles fsi.0.si Of 144° for the bulk model and 130°, 135°, and 140°
MO method. In the present study, we used the Hartree-Fockyy the transition-layer model. The former angle is an aver-
Slater method using the discrete variatiofV/)-X o code®® age fs,.0.5 value in the bulk Sig?’ while the latter angles
MO’s were constructed by linear combination of atomic or-yere chosen to cover the possible raiige decreased bond
bitals, which were numerically generated. Basis functions ofngles under a large stress. In addition, we used the constant

Si, O, and H were §-3d for Si, 1s-3d for O, and 5-2p  O-H interatomic distance of 0.92 nm and the Si-O-H angle of
for H. In this method, the exchange and correlation energieg7qg°25

were taken into account by using thexXotential given by

- /
Via(r)=—3a[(3/8m)p(r)]*", lll. RESULTS AND DISCUSSION

wherep(r) is the local charge density. The parametewas Figure 2 compares the valence-band spectra between the

fixed at 0.7 for Si and O atonfS. bulk (10 nm thick SiO, and the transition layer. The two

The SpO;Hg cluster as depicted in Fig. 1 was taken in this spectra are shown by normalizing the highest peak in each
study to represent the structure of thermally grown.Sithe  spectrum without making an energy correction. The spec-
six hydrogen atoms were put so as to terminate the danglingum for the 10-nm thick Si@was directly obtained without
bonds of the surrounding six oxygen atoms. It has alreadgubtraction of two spectra for different thicknesses. This is
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FIG. 2. A comparison of the XPS valence-band spectra from
bulk SiO, and the transition layeta) Valence-band spectrum of the FIG. 3. A comparison between the bulk Sié@nd the transition
bulk SiG, (Si0, with film thicknesses of 10 nmThe spectrum was layer in terms of the energy difference between thes@re level
directly obtained without subtraction, since the Si substrate and thend the lower binding-energy peak of the bonding states in the
SiQ, interface components are not detected due to the small inelag@lence band. Both spectra are shown by normalizing the lower
tic mean-free paths of 3.4 nm for photoelectrons with this energybinding-energy peak of the bonding states.
(b) Valence-band spectrum of the transition layer. The spectrum for

the transition layer was obtained by subtracting the spectrum foghe energy difference is found to increases by as much as
0.61-nm thick SiQ from that for 0.83-nm thick Sig) 0.20+0.01 eV as shown in Fig. 3. Likewise, we determined

; . the energy differences in other differential spectra for,SiO
because the Si substrate and Silerface components were layers, which exist at different distances from the Si surface.

not detected because of the small effective escape depths P . . :
; ese differences were obtained with respect to the ener
0.8 nm for photoelectrons of this enerfyThe valence band difference of the bulk Si@and are listed [i)n Table 1. Al- 9y

is found to be almost identical to that measured for bulk,SiO : :
e . 30-33 though the energy difference for the layers that exist between
with film thicknesses larger than 10 nfii.™ Apparently, the 0.61 to 0.83 nm from the Si surface is 0:20.01 eV larger

valence band mainly consists of three peaks for which th?han that for the bulk Sig the energy differences for the

original electronic structures were already identified; two Oflayers that exist over 1.01 nm in thickness are the same

them at higher binding energy are bonding states between the’. - : .
O 2p and the Si 3, 3p atomic orbitals, and one at lower QW'thm 0.03 eV as that for the bulk Sip These facts

binding energy is nonbonding states of the @ atomic clearly show that the larger energy difference is intrinsic to
aing 9y 9 ... _the transition layer that exists between 0.61 to 0.83 nm from
orbital. On the other hand, the spectrum for the transmon[he interface
Iayer was obtained by subiraciing t_he spectrum for Q.61-nm To investiéate deformation of SiGstructure in the tran-
th'Ck S'QZ from that for 0.83-nm thick Si@) The obtained sjtion layer, we calculated the energy difference between the
differential spectrum therefore represents the valence band 2s core level and the lower binding-energy peak of the
the SiQ layers existing between 0.61 and 0.83 nm from thebonding states in the valence band for theoSi, clusters as
Si surface, which means the obtained spectrum does not i 6

: . depicted in Fig. 1. First, the energy levels for the cluster
volve not only the valence bands of Si but also ,S&box- e o )
ide, which exists within 0.5 nm from the interfatdlthough were calculated usings.o.si Of 144°. The calculated effec

X . . .. _tive charges on the center O atom ar@.73e, which are in
the spectrum is acquired only for the very thin layers with a . .
glood agreement with previously reported value$).67 to

thickness of 0.22 nm, the obtained spectrum is clear enough 0.81, obtained byab initio calculations for amorphous

to be compared with that for the bulk SiOlt should be . 2534
noted that the overall shape and the relative intensities f0§|02- Furthermore, we found a very good agreement be-

these three peaks in the valence band are almost the same %/reen the XPS spectra and the calculated energy levels for
the two spectra. This fact strongly suggests that the structural

change of Si@is only in the 4:2 coordination framework  TABLE I. Energy differences between the @ 2ore level and
because a drastic change in relative intensities for the maif® lower binding-energy peak of the bonding states in the valence

three peaks in the valence-band spectra should be expect@ﬂnd for the SiQlayers that exist at different distances from the Si
for different coordination&® surface. These are obtained by subtraction of two spectrum for dif-

Next, we will compare the bulk SiOand the transition ferent SiQ thicknesses. The differences are obtained with respect to

layer in terms of the energy difference between the © 2 the energy difference of the bulk SiO
core level and the lower binding-energy peak of the bonding

states in the valence band. The energy differences were com- SIO, thicknessegnm) Experiment(eV)
pared by normalizing the lower binding-energy peak of the 0.83-0.61 0.26:0.01
bonding states in the valence band; that is, a change of the 1.50-1.30 0.00-0.01
energy difference was obtained by measuring the energy dif- 1.30-1.01 0.03:0.01

ference between the two GsZore-level peaks. As a result,
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interface. Later, however, such an assignment was reexam-
ined by Ching* using the first-principles effective-charge
calculation. He found that such a decrease in bond angle
bulk SiO2 0si.0.si would not produce a large core-level shift as shown
by the deconvolution procedures. Therefore, the deconvolu-
tion procedures themselves are now in question. Recently,
Miyazaki et al. proposed a smallefs;.q.s;bond angle for the
transition layer by considering their Fourier-transform in-
8 s0s=144° fared (FT-IR) measurement€. They subtracted the FT-IR
spectra for about 0.5-nm thick Sjdrom the spectra for
thicker SiQ layers in order to eliminate the influence of both
a0 25 20 15 10 5 0 the microroughness and suboxides on the LO phonon mode,
Binding Energy (V) and then they determined the LO phonon peak frequency.
) The results for Si@ grown at 1000 °C on $111) indicates
_FIG. 4. A comparison between the XPS spectrum for the bulky, o 5 gistinct redshift of about 30 crhstill remains be-
Sle and the cglculated energy levels. The oenergy levels are Obt_ween 2- and 0.6-nm thick SiO This result strongly indi-
tained for the SO7Hs cluster with fsi.o.=144°. cates that a bond angi.o.g; smaller than the bulk value
o . (1449 exists in the interface region. According to a simple
the O 2 core level and for the lower binding-energy peak in central force model’ the redshift of 30 cm® corresponds to
the bonding states as shown in Fig. 4. This agreement indi5 requction of the Si-O-Si average bond angle by 7.7°, e.g.,
cates that the present cluster size is large enough to invest&Si_o_SiI 136.3°, which is in very good agreement with the
gate these energy levels that are mostly localized within the -ccant results. We therefore, conclude that tlgo.g; is
nearest-neighbor atoms. Besides, we confirmed that the caly, ;i 135° to 140°. !
culated energy Ievels_, did not vary over a few tens of e_:V it sucha change in bond angle,.<;, in turn, would affect
we changed the configuration of the second nearest-neighbgg,era| kinds of important characters for device designing,
(oxygen and the third nearest-neighblnydrogen atoms i,qy,ding the dielectric constant, the band gap, and the hole
with respect to the center oxygen atom n the cluster. Weand electron barriers at the Si@@i interface. Recently, one
therefore, believe that the present cluster is a reasonable regr iese kinds of changes in electronic structures for the tran-
resentative for discussing the observed energy change.  gjiion Jayer has been actually found by a valence-band study
Next, we calculated the changes in the energy dlfferencﬁsing high-resolution XP& We have found that the energy
between the O € core level and the lower binding-energy |eye| of the top of the valence band, within about 1 nm from
peak of the bonding bands when the bond an@leosi  the present SiQSi interface, is different from that of the
changes from the bulk SiOvalue (1449 to smaller values 1, sio,. Further analysis of this energy difference will

including 130°', 135_°, and 140°. These calculated energy difVerify the bond-angle reduction in the transition layer.
ferences are listed in Table Il. Consequently, we find that the

increases in the energy difference are 0.12, 0.27, and 0.33 eV

Photoelectron Intensity
(arb.units)

for 6g.0.=140°, 135°, and 130°, respectively. This result V. SUMMARY

shows that the transition layer of the 0.83-nm thick St&)

interface has a smallefis;.o.gi bond angle(about 135° to Ultrathin SiO, was formed on Si substrates in a quite
1409 than that(144° observed in the bulk Si9 uniform oxidation process. High-resolution XPS measure-

Such a smalledg;.o.s; bond angle was first suggested by ments revealed that the energy difference between the va-
Grunthaneret al® They measured the Sip2and the O 3  lence band and the OsZore level is larger in the transition
core level in 2.3-nm thick SiQby high-resolution XPS and layer within 1 nm from the Sig¥Si interface than in the bulk
deconvoluted each measured core-level spectrum into tw8iO,. A comparison of these experimental results with the
peaks separated by 0.6 eV using a unique reconstruction préalculated energy levels for £),Hg clusters by the DV-¥
cedure. Based on a tight-binding calculation, the obtainednethod showed that the intertetrahedral bond amijigs.s;,
peaks in each core-level spectrum were assigned to the boriglabout 135° to 140° in the structural transition layer.
angles @s.o.s) of 144° or 125°% They concluded a

smaller bond angle of 125° exists within 3 nm of the i€
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