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A first-principles investigation of Si 2 core-level shifts at the 801)-SiO, interface is presented. We
introduce several relaxed interface models obtained by attaching different crystalline forms,dd Si®0D).
These model structures contain the minimal transition region required to accommodate the three intermediate
oxidation states of silicon, in accord with photoemission experiments. The bond density mismatch is fixed by
saturating all the bonds, as required by electrical measurements. Calculated core shifts are primarily affected by
the number of nearest-neighbor oxygen atoms, showing a linear dependence. This result confirms the tradi-
tional interpretation of the photoemission spectra based on a charge-transfer model. Core relaxation plays a
significant role accounting for more than 50% of the total shifts. The shifts are found to be essentially
insensitive to second and further neighbors in the structure. Structural deformations, such as those implied by
the distribution of Si-O bond lengths &-SiO,, yield distributions of core-level shifts that are too small to
account for the observed width of the photoemission peaks. In the oxide, we observe a spatial dependence of
the Si** shifts with distance from the interface plane. We relate this behavior to the dielectric discontinuity at
the interface and suggest that this effect explains the shift of tié Gith oxide thickness, observed in
photoemission experiments.

[. INTRODUCTION the presence of a transition region in which three distinct
intermediate oxidation states of Si are obsed@dThese

Despite the use of a large variety of experimentalpartially oxidized silicon atoms appear in roughly compa-
techniques; 3 the combined effect of a few factors, such asrable amounts. Their total number has been estimated to be
the difficulty of accessing a buried interface, the amorphoudetween 0.6 and 1.5 M These results suggest a transition
nature of the SiQ component, and the dependence onwidth of 5-8 A, but a general consensus on this issue has not
sample preparation techniques, have so far prevented a coryet been reached.
plete description of the structural properties at thed@D- The PES results are generally interpreted according to a
SiO, interface. However, the crucial role of this interface in simple picture in which a charge transfer is assumed from the
silicon-based technology, with the present program of devicailicon atoms to the more electronegative oxygen atoms. The
development requiring highly uniform SiOfilms of less  various suboxide peaks are then attributed to Si atoms with a
than 100 A on Si, calls for a better understanding at thedifferent number of nearest-neighbor O atoms. This interpre-
microscopic level. tation has been heavily relied upon, particularly in the con-

Among the various experimental techniqde$core-level  struction of structural models. However, this simple picture
(Si 2p) photoelectron spectroscogPES stands out as one has been challenged by a recent experiniavitich suggests
of the most successful tools of investigation of th€081)-  that second-nearest-neighbor effects might be important.
SiO, interface?=® The binding energy of the Sip2core  These considerations have led to the proposal of more abrupt
states is obtained by measuring the kinetic energy of photanterface models that do not contain all the possible oxida-
excited electrons. This technique therefore acts as a prolion states of Sf. From the theoretical point of view, more
that is mainly sensitive to the local potential, providing ainvolved approaches have attempted to go beyond the
measure of the chemical environment or oxidation state oéharge-transfer modéfi® but until recently a consistent pic-
the silicon atoms. Furthermore, PES has successfully bednre had not emerged.
combined with chemical etching techniques to monitor the In a preliminary report, we have addressed core-level
Si*4 as a function of oxide thickness. In this way, a substanshifts at the S0D01)-SiO, interface using a first-principles
tial body of experimental results has been obtained, whiclapproacht! A prerequisite to this study was the availability
contains valuable, yet indirect, structural information. In or-of interface models with a realistic local microstructure.
der to extract from these results the underlying structuraBuch models had been obtained by attaching tridyMite,
properties, a reliable theoretical interpretation is needed. crystalline form of SiQ, to Si001), and then allowing for

PES experiments at the (801)-SiO, interface indicate full relaxation. Calculation of initial-state core-level shifts at
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the interface showed a linear dependence of the shifts on the TABLE I. Pseudopotential parameters defining the Si pseudo-
number of nearest-neighbor oxygen atoms, supporting theotential with a screenedozhole used in this work. The functional

charge-transfer model. Making use of auxiliary test mol-form used is given in the text. Energies are given in hartree units.
ecules, we showed that core-hole relaxation contributed sig=

nificantly to the shifts. Since also these final-state effects I=0 =1 =2
were linear in the number of nearest-neighbor oxygen atoms, 0.9894
:ir:ﬁq;:jadmonal interpretation given to the shifts was con-aI 1.5044 11613 1.0367
’ - I . a 10.15053 2.85665 —5.11224
Although the principal contributions to the shifts have 597605 193602 1.41009

been recognized, the role of more subtle effects such as the
dependence on image charges or on structural deformations

have not fully been elucidated. These effects together withyqer 1o describe relatively large systems, we make use of
dynamical processes affect the widths of the suboxide peakgg pseudopotentialPP approach in which core electrons
in the PES spectrum. These widths are found to increase Withe not explicitly considered. This difficulty is overcome as
increasing oxidation stafe” A complete understanding of fojiows. Relative initial-state shifts are obtained in first-order
both the sizes of these shifts and of their dependence Ofertyrbation theor§:** We evaluate the expectation value of
oxidation state is still lacking. __the local self-consistent potential on the atomjt @bital.

In this work, we extend our study of core-level shifts at ring).state effects are included following the procedure of
the S{001)-SIO;, interface. The general purpose is to clarify Ref. 15 The core-hole binding energy is the difference in
the relationship between the shifts and the underlying microgqig energy between the ionize () and the neutral state
scopic structure. To this end, we construct interface model E,). The relative shift in the binding energy is then the
allowing for a thin transition region. In this way, the distri- yitference with respect to the reference configuration:
bution of oxidation states can be taken consistent with PES
data. The models are derived by attaching a crystalline form AE,=[E, —Eq]-[E™"—EF. 1)
of SiO,, either tridymite orB-cristobalite, to Si001). Ex- _ . . _ .
amination of these models allows us to study the sensitivity’ NS double difference is regrouped to involve only differ-
of the core-level shifts to variations in the local microstruc-€NCes in energy calculated for the ground state and for the

ture around the silicon atoms. By complementing this studyF@S€ With @ core hole present. This allows use of the PP
with the calculation of core-level shifts in test molecules, we@PProach. Two separate calculations are performed. In a first

give an estimate of the dependence of the shifts on structur&f€P the ground state is determined. Then, the PP of a given

deformations. Furthermore, extending our first-principles ap@0m is replaced by another PP, which simulates the pres-

proach, we calculate core-level shifts, including final-state®Nce Of & screenedpzhole in its core. In this work, we did
effects directly at the model interface. This allows us to de0t consider splitting or spm_-orb‘l‘t hybridization of the 2
termine the effect of the dielectric discontinuity across thel®vel induced by the crystal f'eﬂjl-_ _
interface on core-hole relaxation. The results are compared [N our calculations we determined the electronic ground
to those obtained with a classical model. state using a conventional norm-conserving PP for sili€on.

This paper is organized as follows. In Sec. II, the methodVe generated a norm-conserving PP withmtle (thus,
we used to calculate the SpZore-level shifts is described. With a valence charge af,=5) with the method of von
The performance of the technique is then tested on a fe\ﬁ?ath a_nd Cat’ The functional form of the semilocal poten-
small molecules in Sec. Ill. In Sec. IV, we focus on the effectti@l is given by
of structural deformations in test molecules. The central part 7
of this work is given in Sec. V, which is devoted to the Vi(r)=——2 erf(\/a_cr)+(a|+b,r2)e‘“'r2, 2)
Si(00)-SiO,, interface. After introducing the model inter- r
faces, Fhe _Si g shift§ are _calculated within the .initial—state where| specifies the angular momentum component. The
approximation and including core-hole relaxation. The regjyes of the parameters that we used are given in Table |
sults are supported by a classical calculation to evaluate thg,q were obtained by a fitting proceddfeTransferability
effect of image charges. The paper concludes with a discusgasts, given in Table I, show that this PP is as accurate as the
sion in Sec. VI. conventional PP we used for %i.

In Table Ill, we report the result of atomic calculations in
which PP and all-electrofAE) Si 2p shifts are compared.
The AE initial-state shifts correspond to the actual shift of

A recent study within the local density approximation the Si 2 core eigenvalue, and the full shift is obtained by
(LDA) to density functional theoryDF) has shown that cal- considering energy differences between two AE total-energy
culated carbon 2 core-level shifts in a series of molecules calculations. The AE entries are thus the exact results for the
differ by less than 0.5 eV from the corresponding experimenLDA-DF theory and can be used as a reference. The PP
tal values'® In this work we adopt the same theory to calcu- shifts have been obtained as described above. PP full shifts
late Si 2 core-level shifts. In this section, we describe ourare found to be extremely close to the AE ones over a large
approach and test its performance on a few atomic configu-ange of shifts supporting the validity of our approach.
rations. Initial-state AE and PP are less close, indicating the limits of

We calculated core shifts both within the initial-state ap-first-order perturbation theory. Better agreement is expected
proximation and including core-hole relaxation effects. Inwhen the size of the shifts is smalférTable Ill shows that

II. CALCULATION OF Si 2 p CORE-LEVEL SHIFTS
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TABLE II. Transferability tests on a few excited configurations = TABLE IV. Comparison of calculated Sifshifts with experi-

of the Si pseudopotenti@dPP with a screened 2 hole. (Ref. 17. ment for a few molecules. The shifts are measured with respect to

All-electron(AE) and PP total energies are given with respect to theSiH,. Experimental data are from Ref. 25. Shifts are in eV.

ground-state 823p? configuration. Energies are in Rydberg.

Initial state Full Expt.
Configuration AERE AEF? S, 0 0 0
s2p? 0 0 (SiH3) ,0 —0.48 —0.94 —-0.53
s'p? 0.6036 0.6034 SiCIH, -0.85 -0.99 -0.83
s?pld! 0.7414 0.7406 sicl, —2.98 —3.44 -3.11
stp?d! 1.3588 1.3575
s?pt 1.3943 1.3932
s'p? 2.0354 2.0331 The convergence was accelerated making use of a precondi-

tioned damped molecular-dynamics techniGtié detailed
description of our method can be found in Ref. 21.
in the isolated Si atom core-hole relaxation contributes about The calculations were performed in a periodically re-
15% of the full shift. However, this result can vary and de-peated cubic cell of varying sizeip to 16 A. The initial-
pends on the bonding environment, as we will see below. state shifts were obtained by calculating the expectation
value of the local self-consistent potential in Fourier space.
The full shifts were obtained by performing a separate cal-
culation as described above in the presence of a negative
In order to estimate the DF-LDA errors in calculating Si background, in order to assure charge neutrality. The effect
2p shifts, we now apply our method to a few molecules, forof the use of this background and of periodic boundary con-
which the shifts are known experimentally. We consideredditions were eliminated by extrapolating the results for infi-
SiH,, (SiH3) ,0, SiCIH3, and SiCl,. In the calculations, nite box size, making use of the correct scaling propeffies.
we took bond lengths of 1.50 and 2.01 A for the-$i and  The resulting shifts have been reported in Table IV.
Si—Cl bonds, respectively. The experimental geometry with The comparison with experiménitin Table IV gives an
a Si-0 bond of 1.63 A and a Si-O-Si angle of 144° was estimate of the accuracy of DF-LDA shifts of the $i 2ore
taken for disiloxané® The calculations were performed us- level. The sizes of the experimental shifts for these mol-
ing a conventional norm-conserving PP for silicon andecules are reproduced within about 0.5 eV. These results
chlorine® the Coulomb potential for hydrogen, and an ultra- suggest that Si2shifts can be calculated as accurately as C
soft PP for oxygert? The valence wave functions were ex- 2p shifts!® In general, inclusion of the final-state effects
panded in a set of plane waves defined by a cutoff energy déads to larger core-level shifts for these molecules where the
16 Ry. Use of a cutoff of 32 Ry yielded shifts differing by bonds are more ionic than in the reference SiMVe remark
less than a tenth of an eV. In particular, we tested the shift ofhat all the calculated shifts systematically overestimate the
the 3s'3p2 configuration with respect to thes38p? one in  experimental ones, particularly for the case of disiloxane.
the isolated Si atom. Using a cutoff of 16 and 32 Ry weThe same trend was observed for carbon-based molecules in
obtained— 1.34 and—1.37 eV, respectively. This compares Ref. 13.
well with the numerically accurate value of 1.41 eV,
known from the atomic calculatiofsee Table IlJ. Exchange
and correlation were included using the parametrization of  IV. EFFECT OF STRUCTURAL DEFORMATIONS
Perdew and Zungéf. In the case of disiloxane, because of L i e fim on 100, Lu et al® measured
the presence of the oxygen atom, we used a cutoff density qf Il widths at half maximum of 0.41. 0.55. 0.68. 0.70. and
150 Ry for the augmented electron dengiyEnergy mini- u P

i+l gjt2 gj+3 4
mization was performed using the Car-Parrinello metffod. 1.13 e\_/ for t_he S, sith, sit, S.' , and S'. peaks,
respectively, in good agreement with the previous measure-

TABLE Il C , ¢ calculated all-el E) and ments by Himpseét al® Several effects are expected to con-
- Comparison of calculated all-electroiE) and i, e 1o these widths: the core-hole lifetime, dynamical

pseu_dopotentla[P_B S 2p core-leyel Sh.'fts for a few excited (phonon broadening, and static disorder. In this section, we
atomic configurations. Shifts are given with respect to the groundinvesti ate the contribution to the shifts arising from struc-
state configuration £3p?. Initial-state shifts and full shifts includ- wral dgf i b : tely d ng d test mol
ing core-hole relaxation are given separately. The shifts are in e lral de orma |_ons 0y L_Jsmg_ appropriately eS|gne_ es mp )

ecules. This gives insight into the role of static disorder in

the observed widths of the peaks.

Ill. SMALL MOLECULES

Initial state Full )
Configuration pp AE pp AE We chose the mo!ecules in such a way as to reproduce the
local structural environment around silicon atoms at the

s%p? 0 0 0 0 Si(001)-SiO, interface. In order to mimic the environment of
s'p® -1.31 -1.57 -1.41 -1.39 an atom in the Si substrate, distant from the interface, we
s?ptd? —4.93 —-5.15 —4.24 —4.20 considered the tetrahedral moleculéS#H3) ,. The Si-Si
stp?d! -5.85 —6.39 —5.37 —5.36 bond length was taken as in bulk Si. To compensate for the
s2pt —941 ~952 —-1113 —11.15 slightly higher electronegativity of H atoni8, we have

stp? ~1063 —11.03 —1245 —12.43 added a localized Gaussian potential to the H Coulomb po-

tential:
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whereo was fixed to 1 Bohr radius anil could be chosen in
such a way as to depolarize the-S8i bonds. The Si Si
bonds were monitored by calculating the integrated charge
density in two touching spheres centered at one-quarter and
three-quarters of the SiSi bond. Ensuring that these
charges were equal minimized the bond polarization. When a
cutoff of 16 Ry was used for the wave functions, this gave
A=0.15 Ry. A comparison with calculations without the po-
tential Vqq proved that the shifts were negligibly affected,

relative shift (eV)

showing differences of about 0.1 eV. We took as a reference 03 © 7
the core level of the central Si atom. . | . | . ! )

In order to study the different oxidation states, we then 100 120 140 160 180
considered the molecules Si@iH3) 4, where O atoms are Si-O-5i angle (degrees)
inserted inn of the Si-Si bondgwith n varying between 1
and 4. Then=1 case is shown in Fig. 1. The -SD bond FIG. 2. Initial-state(dotted and full (solid) shifts of central Si

length and the Si-O-Si bond angle are fixed to 1.6 A andatom in SiQ,(SiH;) 4 for distortions of the(a) Si—O bond length,
180°, respectively. Application of the same techniques as i) the O-Si-O angles, an@) Si-O-Si anglegsee description in the
the previous section gave the S 8hifts reported in Table t€xV. Shifts are given with respect to the shift given in Table V. In
V. The shifts show a linear dependence on the oxidation state) the larger relative shifts correspond to a deformation in which a
n and stress the quantitative importance of core-hole relax= SiHs group is displacedowardsanother one.

ation. Indeed the initial-state approximation severely underbonfirmed by Auger parameter measurements in,Siftom

estimates the shifts. Such large contributions due to COM& hich a core-hole relaxation energy of 2.0 eV is derivet?

hole refla;;iat!onl atre drast_hetr Unex_pl)_e(étledl IWhehn co;npallretd tto the We also reproduce in Table V the experimental values for
case of the isolated Si ato(aee Table I}, where final-state the interface obtained by Lat al® A direct comparison is

effects account only_ for 10-20% of the total shift. The en'complicated by the fact that the effect of long-range relax-
hancement of the final state effects can be understood ag;, ;i expected to be poorly reproduced in the test mol-
causeq b_y_a reduced.valgnce screening in oxidized S'. aloM3eles. On one hand the calculated shifts do not reflect the
The significant contribution due to core-hole relaxation 'Spresence of an interface. On the other hand the experimental
shifts were measured on an extremely thin film of 5 A. Nev-
ertheless, the interpretation that attributes the equally spaced
uboxide peaks to the presence of silicon atoms with a dif-
erent number of nearest-neighbor oxygen atoms is strongly

TABLE V. Si 2p core-level shifts of central Si in the
SiO,(SiH3) 4 test moleculegwith n=0,1, .. .4, with and without
final-state effects. For comparison, we also give the experiment
shifts measured at the (8D01)-SiO, interface by Luet al. (Ref. 6.

supported!?°
Initial state Full Expt. In Fig. 2(a) we give calculated shifts in SigSiH3) 4, for
varying Si- O bond lengths. The shifts are found to depend
Si(SiH3) 4 0.00 0.00 0.00 linearly on the bond length in the range considered here. In
SiO(SiH3) 4 —-0.52 -1.27 -0.97 the calculation, only the distances between the central Si
Si0,(SiH3) 4 —0.90 —2.40 -1.80 atom and its neighbor oxygen atoms were allowed to vary.
SiO3(SiH3) 4 -1.22 —3.49 —2.60 The full width at half maximum{FWHM) in the bond-length
Si04(SiH3) 4 ~1.66 —4.77 -3.82 distribution in amorphous SiQis about 0.08 A° The de-

pendence on bond length in FigaRimplies a distribution in




10 946 PASQUARELLO, HYBERTSEN, AND CAR 53

core-level shifts of about 0.5 eV, FWHM. Though not neg-
ligible, this is insufficient to explain the width observed in
PES experiments® Shifts corresponding to other oxidation
states also show a linear, but weaker, dependence on the
Si—O bond length.

Angular deformations yield substantially smaller shifts.
We first considered distortions of the O-Si-O angles. To il-
lustrate their effect on the shifts, we studied deformations in
SiO4(SiH3) 4 in which one —O*SiH; group is kept fixed
whereas the other three groups are displaced symmetrically
in an “umbrella” fashion. The results obtained for the shifts
on the central Si atom are given in Figbpas a function of
the O-Si-O" angle. Considerations of other types of O-Si-O
distortions or of other partial oxidation states of the central
Si atom yield similar variations of the shifts. Then we also
considered distortions of the Si-O-Si angles. We displaced
one — SiH3 group in a given plane either towards or away
from another one. As can be seen from Fi¢c)2the shifts
are rather insensitive to this type of deformation, contrary to
an early proposat* Since the distribution of bond angles of
both types ina-SiO, has a FWHM of 20° or les® the
contribution of angular variations to the distribution of core-
level shifts is seen to be negligibly smakQ.1 eV). The
absence of an important dependence on the Si-O-Si angle is
confirmed by a recent PES measurement in which spherosi-
loxane clusters were deposited ori0Bi1).3?

We note that for all distortions in Fig. 2 the deviations
calculated in the initial-state approximation overestimated
those obtained including core-hole relaxation effects.

V. THE Si(00D)-SiO, INTERFACE
A. Model interfaces FIG. 3. Ball and stick models showing the relaxed positions of

The interface models we considered in this work are aIIthe.‘ i_nter_face structures introduced in. this worlg) Si-Si bond
. - . pointing into the oxidgmodel lll), (b) O in the backbond connect-

based on mter_faces between two periodic structuré®0%i ing an interface Si atom to the substraimodel V), and (c)
and a crystalline form of Si@. Although the long-range s cistopaiite with the Ohdomari construction at the interface
disorder is not taken into account, such models are sufficiennogel v). The formal Si partial oxidation states are indicated.
for our purpose, since the electronic properties in which we
are interested mainly reflect the local microstructure. Fig. 3(@)] was obtained by eliminating some of the interface

We previously introduced two abrupt model interfaces inoxygen atoms. This gave rise to a-S8i bond pointing into
which tridymite, a crystalline form of Si®, had been at- the oxide. A second new modgiodel IV, Fig. 3b)] re-
tached to i001).* The presence of an intralayer of tridym- sulted from the introduction of oxygen atoms in the back
ite had first been propos&tto account for a metastable in- bonds connecting silicon interface atoms to the silicon sub-
terface structure observed by x-ray scatteingand  strate. Models Ill and IV do not present any unsaturated
transmission electron microscopyAlthough this interpreta-  dangling bonds. In these models the transition region is
tion has been controversi&>® we adopted this model be- about 5 A thick. This choice corresponds to the minimal
cause it was a likely candidate for a structure without unsatwidth required to meet the conditions imposed by PES ex-
urated dangling bonds. This property is suggested byeriments.
measurements of the interface trap densities, which show We also added to our set of interface models, a structure
that not more than one electronic state in the fundamentdimodel V, Fig. 3c)] obtained by attaching-cristobalite to
gap of Si is found for every 1Dinterface atomé’ In these  Si(001).3°*° The different crystalline form of SiQ used in
interface models, the bond density mismatch was accommahis model allowed us to discard any specific consequence of
dated either by allowing the interface Si atoms to dimerizethe choice of tridymite in the other model structures. In order
(model ) or by introducing oxygen bridgegnodel 11).1? to fix the bond density mismatch in this model we adopted a

In this work we extended the set of models under consideonstruction proposed by Ohdomagi al** Model V also
eration. In particular, we considered model interfaces thameets the conditions required by electrical and PES experi-
present a transition region containing suboxide. In this wayments.
the distribution of partial oxidation states of silicon atoms After choosing the topological bond pattern according to
could be taken to be consistent with PES experimefisle  the description given above, the atomic coordinates in all of
derived two new model structures from model Il using sug-the models were relaxed. We minimized the total energy
gestions from Ref. 38. One of the new modfisodel Ill,  using the Car-Parrinello methd4?? which provides the
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electronic structure as well as the forces that act on the ions.

T T

We treated the electronic structure in the same way as de- _ = 0 —v—v»—#a—% 0
scribed in Sec. lll. 2 af e 1 .

Our system contained ax2 interface unit of side = 2 “ ]
L=7.65 A (based on the theoretical equilibrium lattice con- —F'I: By - : ]
stant of Sj. The dimension of the cell in the direction or- £ 4 L . +3 ]
thogonal to the interface was 31.75 A, containing 10 layers © 5[ +4 . e \N
of Si (13 A). In the models in which the oxide was derived L L : ' . ' ]
from tridymite (models 1-1\) we considered 7 monolayers 15 20 25
of oxide (9 A), whereas we retained 8 monolayers of z (A)

B-cristobalite in model M7 A). The extremities were satu-

rated with hydrogen atoms. In the minimization process, all FIG. 4. Composite of the calculated $ 2ore-level shifts at the

the atoms of the oxide as well as the first 6 Si layers weréi(001)-SiO, interface along the direction, orthogonal to the in-

allowed to relax. The Brillouin zone of our simulation cell terface plane, for the five models considered in the present work.

was sampled using only tHe point. Core-hole relaxation is included as an additive correction. The dif-
At the end of the relaxation process, we found that in all®re"t ©xidation states of silicon are indicated.

the models the initial topological bond structure had bee%ufﬁciently distant(sixth to eighth monolayerfrom the in-

preserved. The relaxed positions of the atoms close to thfaerface, but far enough from the hydrogen terminated sur-
interface are shown in Fig. 3 for models Ill, IV, and V. t50a

Analogous figures for models | and Il had already been given |, the substrate and in the oxide, away from the interface,
in Ref. 11. A detailed study of the structural properties inthe shifts do not depend on their position along thaxis,
these models, such as bond-length and bond-angle distribgefining the S? and Si** oxidation states, respectively. In
tions, is given in Refs. 42 and 43. In the oxide, these distrithe transition region at the interface, the shifts cluster in three
butions are found to resemble those of amorphous, SO groups, which correspond to intermediate oxidation states of
The bond-length and O-Si-O angle distributions are peakedilicon, as indicated in Fig. 3 and in Ref. 11. In order to
at 1.62 A and at the tetrahedral angle, respectively. The Siemphasize the dependence on oxygen coordination, the same
O-Si bond angle distribution is rather broad and reflects thehifts are displayed in Fig. 5 as a function of the number of
flexibility of this angle. The structural distributions for atoms nearest-neighbor oxygen atoms, showing a linear relation-
in the suboxide transition region were found to be broadership_ For comparison we also reported in Fig. 5 experimental
We attributed this effect to the presence of a locally strainedjalues from Ref. 6. The calculated shifts overestimate the
region at the interfac® The structural similarities found in  PES values by about 20%, but the overall behavior is well
the different models support our assumption that the locafeproduced.
microstructure is adequately reproduced. The widths in the distribution of the shifts in Fig. 5 reflect
By analyzing the electronic wave functions, we found thatthe dependence of initial-state shifts on the structural envi-
in all the models the highest occupied state as well as theonment. The typical size of these shifts compares well with
lowest unoccupied state are both Si related and do nahose obtained for the test molecules in Sec. IV. According
present any significant weight at the interface. Despite Oufo the latter results this type of broadening is expected to be
modestk-point sampling, we were able to conclude that in smaller when core-hole relaxation is properly included.
none of our model structures are there states in the funda- AJl the n=4 shifts fall relatively close to each other in
mental gap of St! spite of the broad Si-O-Si bond angle distribution in our
models. This confirms that the SpZore-level shift is rather
insensitive to the Si-O-Si bond angle. Our results in Fig. 4
B. Core-level shifts at the interface show that then=4 shift is rather constant for distances very
We calculated core shifts for the five model structures
introduced in the previous section. In this section, the shifts
are obtained by adding to the initial-state shifts a correction ol [|] ‘ -
to account for core-hole relaxation effects. The correction for _ I 1
each oxidation state was taken from the shifts in the corre-
sponding test molecule given in Table V. The shifts calcu-
lated within this approximation reproduced within a few
tenths of an eV the full shifts obtained for the various dis-
tortions in Sec. IV. This approximation is expected to be
accurate also at the interface because core-hole relaxation - | | | |
depends primarily on the local structure. We go beyond this 0 1 2 3
approximation in the next section. oxidation state
In Fig. 4 we collected the Sif2core-level shifts for our
five model interface structures. The shifts are plotted as a
function of the position of the Si atoms along the direction FIG. 5. Si 2 core-level shifts at the §101)-SiO, interface as a
orthogonal to the interface planeg éxis. We took as a function of oxidation state: modelsolid circles and experiment
reference value the average shift of atoms in the Si slaliopen squaresrom Ref. 6.
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FIG. 7. Correction to the core-hole relaxation energy in the Si-
SiO,-vacuum dielectric system as found with classical electrostat-

ﬁllong the; d"fCt'O”’ grrt]!;tog(;]na[ toltr:je |nterfz;1]cT plalne, fpr model ics. The correction is calculated as a function of the position of the
» shown in Fig. 3a). Shifts that include core-hole relaxation as an excited silicon atom both in the silicon substrate and in the oxide.

additive correction(solid circleg are compared to shifts directly The solid(dashedlline refers to a 50-A{10-A-) thick oxide
evaluated at the interfac@pen circleg The different oxidation ’

states of silicon are indicated.

FIG. 6. Si D core-level shifts at the §01)-SiO, interface

image charge® Elucidation of this point is particularly im-
) , portant because it directly yields implications on the width of
close to the interface. This suggests that the structural progne transition region, an issue under constant debate. An

erties of the oxide do not undergo any change as a functiogna\ysis of the structural properties did not support the pres-
of distance to the interface. This is indeed confirmed by thgnce of a strained oxide region close to the interfdcas

structural analysis in Ref. 43, where a local strain field coulda|SO confirmed by the rather constant4 initial-state shifts.

only be detected in the suboxide region. In order to estimate the effect due to the dielectric discon-
tinuity across the interface, we turn to a simple classical
C. Core-hole relaxation at the interface model. We consider a system of three dielectrics, separated

In thi . b d th imation in whi hby abrupt interfaces: a semi-infinite silicon substréfer
n this section we go beyond thé approximation in wWhich, - 54 ith €1), an oxide slab of thickness$ (0<z<d,

the core-hole relaxation is included as an additive correcuoné ), and the vacuumz>d, e3). We calculate the correction

We qalculated the core shifts directly at the interface by CaI'AE to the core-hole relaxation energy due to the presence of
culating total-energy differences. We used the same proc

. . . . PrOCRRe dielectrics. In order to satisfy Maxwell boundary condi-
dure described in Sec. Il to obtain the full shift. The shift attions, an infinite series of image charges is required. For an

a given Si site is obtained by replacing the Si PP at that site .| . : : .
with the Si PP with a screened core hole and performing Excnatlon aiz in the oxide (G<z<d) we obtain

separate electronic minimization. Since this procedure is nu- 12 2 £
merically more costly, we limited our study to the case of AE=—=—"— > (5&" U +
: : : i i 2 757 [2z—2nd] " [(2n+1)d— 27|
model I, which contains all the intermediate oxidation €2 n=0 Z—en (2n Z
states. 2 e
In Fig. 6 we compare the shifts obtained in this way to L} (4
those given in Fig. 5 for the same structural model. The (2n+2)d

figur.e shoyvs that the simple appro_ach used in the preViou\ﬁlheree is the electronic charge and where

section to include core-hole relaxation effects closely repro-

duces the shifts calculated directly at the interface. Two dif- €€ €)— €3

ferences appear. First, in the transition region, the shifts U and ¢= " (5)
evaluated at the interface are smaller, bringing theory closer 1 =2 273

to experiment. Second, in the oxide, the" $ishifts increase  For an excitation az in the silicon substratez 0)

as a function of the distance from the silicon substrate.

In order to check the dependence of these results on tech- 1 e?
nical aspects such as the use of a negative background aftE=— 5 —
the interaction with periodic images, we considered a larger
interface unit in the plane of the interface. We doubled the 6)
size of our system by taking a supercell with\@x /8
interface unit of side.=10.82 A and with the same size in The energyAE contributes to the shifts as an additive cor-
the z direction (31.75 A). The shifts obtained in this way rection provided the sign convention is chosen in which
differed by at most 0.1 eV from those reported in Fig. 6. shifts in the oxide are negative with respect to those in the

An increase of the Si# shifts with oxide thickness has substrate.
also been observed experimentally? The interpretation of In Fig. 7, we displayed these corrections as a function of
this behavior is still controversial. This effect has alterna-z coordinate of the excited atom for two different values of
tively been attributed to the presence of an interfacial oxidghe oxide thicknesd. We usede;=12,¢€,=2.1, ande;=1to
region with modified structural propertiésto the effect re- describe the Si-Si@vacuum system. The curves in Fig. 7
lated to the charging of the substrdfé? or to the role of are interrupted at a distance of 1.6 &bout a Si-O bond

_—+ 1+ 1_ i Llr]n
27 T M= 2 B a2z
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04— . . : We have investigated the dependence of the shifts on
| structural properties such as the-%) bond length. We ar-
714 gued on the basis of the distribution of local structural pa-
. A=26A rameters im-SiO, that the contribution of static disorder to
] the width for the Si* PES peak was of order 0.5 eV, sub-
stantially smaller than the observed width. The order of mag-
nitude for the lifetime broadenin(physically dominated by
. | . | . | Auger decay of the core holés less than 0.1 eV’ There
‘0‘20 25 0 75 100 remains to investigate the role of phonon-induced broaden-
oxide thickness (A) ing. A detailed study of this effect, particularly for the
interface-related suboxide peaks, is nontrivial and beyond

FIG. 8. Correction to the position of the Si peak as a function the Scope of this paper. I-_|owever,_|t IS ge”era"y known that
of oxide thickness. The shift is obtained taking into considerationPhonon-induced broadening dominates the width of x-ray
thez dependence of the shifts caused by the dielectric discontinuitphotoemission spectroscop§XPS) peaks in other ionic
across the interface and an exponential weighting function charadnaterials® Although we are not aware of a detailed study of
terized by an escape depth of 7.1(8olid) or 26 A (dotted. the temperature dependence of the XPS peaks-$i0,,

soft x-ray absorption has been studied recetth.Gaussian

from the interfaces, because of the artificial divergences odine shape is found with a FWHM of order 0.6 eV. This is
curring in classical electrostatics. In the oxide slab, Afe  consistent with estimates that can be made based on a simple
decreases with distance to the substrate yielding increasirgrohlich interaction of the core hole with the LO type
absolute shifts. The size of the variation of the calculatethhonons in the oxid& Since the interaction of the core-hole
correction compares well with the dependence of the shifts iRxciton studied by soft x-ray absorption is probably screened
Fig. 6. The effect due to image charges is smaller in thqg some extent, it is plausible that the transitions into con-
substrate, because of the enhanced screening in silicon. inyum states would have an even larger Gaussian width.

Thez dependfpce of the shifts is expected to affect thernjs is consistent with results for Mg#3. Taken together,
position of the ST peak in PES spectra. A precise determi-yiq ¢\ qqests that the observed $peak width is consistent
nation of the PES peak position depends on the oxide thlclwth the expected degree of static disorderaiBiO, con-

ness and on the escape _depth. To |Ilustr_ate th's point, W, \ved with a Gaussian line shape attributable to phonon-
calculated the average shift for varying oxide thickness. We : . )

: . i . induced broadening. Details of the peak width for the subox-
used two ingredients: the dependence resulting from the

electrostatic model and a weighting function characterizedde contributions depend on the core-hole—phonon coupling

by an escape depmsioz. In order to avoid the unphysical hear the interface.

di did not ider in thi lculati trib The above results lead to the following considerations re-
llvergences, we did not consider in this caicu’ation contri u'garding the microscopic structure at the interface. The main
tions coming from regions closer than 1.6 A to the inter-

faces. The results from such calculations for two differentPES features reflect the short-range order around the silicon

escape depths are given in Fig. 8. We ch =71 atoms. The principal structural information conveyed by

A ‘ q 26 A ¢ hich q these experiments is the amount of each distinct formal oxi-
(Ref. § an Asio, =26 (Ref. 48, which correspond to dation state of silicon at the interface. Since the core-level

photon energies of 130 and 1487 eV, respectively. Despitghits are insensitive to second nearest neighbors, this tech-
the simplicity of the model, the size of the effect as well aspjque cannot provide a characterization of the bonding topol-
its dependence on oxide thickness compares well with thggy at the interface. This aspect is confirmed by the small

@
o
T

0.0

core-shift (eV)

" a4 . 44
position of the Si* peak in PES spectrd: dependence of the shifts on structural deformations.
The experimentally observed shift of the 'Si peak in
V1. DISCUSSION AND CONCLUSION PES spectra with oxide thickness had been attributed to the

Our work shows that the major factor that determines theexstenge ofa strqlngd region in the. oxflthough at vari-
magnitude of the core-level shifts at th@1-SiO, inter-  a1C€ with transmission electron microscopy measurements,
face is the number of nearest-neighbor oxygen atoms. As S interpretation has led to the assumption that a rather
consequence the traditional interpretation that attributes thgxtended30 _A) interfacial region existed in which the struc-
suboxide peaks to differently coordinated Si atoms istural properties were different from amorphous $iQOur
confirmed' We have investigated separately the effect ofstudy shows that this dependence on oxide thickness can be
different contributions to the shifts. A crucial contribution to attributed to the dielectric discontinuity at the interfage,
the calculated shifts was core-hole relaxation. With final-without invoking the presence of any extended strained ox-
state effects included, the calculated core-level shifts are ifle regiori* or of any charging of the substret&This inter-
good guantitative agreement with experiment. Our studypretation is further supported by a structural analysis in
shows that final-state effects are sensitive to the dielectrigvhich the strain field was found to be localized in the sub-
discontinuity across the interface, giving rise in the oxide tooxide regiorf®®> Hence, we conclude that PES spectra are
a dependence of the shifts on distance to the interface. Weonsistent with interface models with a minimal transition
suggest that this effect is a plausible explanation of the shiftegion (about 5 A as studied in this work. This minimal
of the Si** peak with oxide thickness, observed in PES ex-transition is required to accommodate the intermediate oxi-
periments. dation states of silicon.
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