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Dielectric constant of ultrathin SiO2 film estimated from the Auger parameter
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The dielectric constant« of ultrathin ~0.55–7.96 nm! SiO2 films formed on a Si~001! substrate was charac-
terized in terms of the modified Auger parameter of Si atoms,aSi8 . TheaSi8 was found to be as much as 0.7 eV
higher for an ultrathin~0.68 nm! SiO2 film than for thick SiO2 films. From the observed oxide thickness
dependence ofaSi8 , the « of ultrathin SiO2 films was estimated by calculating the change in the polarization
energy and the change in the electrostatic screening energy originating from dielectric discontinuity at the
SiO2 /Si interface. The« of ultrathin ~0.68–2.13 nm! SiO2 films was identical to that of bulk SiO2 within
61%.
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I. INTRODUCTION

The atomic and/or electronic structures at SiO2 /Si inter-
faces, such as intermediate oxidation states and valence-
offsets, have attracted much interest in both scientific
technological fields.1,2 However, little attention has been pa
to these structures in the ultrathin SiO2 film formed on the Si
substrate. Current device technology demands a dramati
duction in the size of metal-oxide semiconductor field-eff
transistors~MOSFETs!, which requires that we develop
fundamental physical understanding of the atomic and
electronic structures of ultrathin SiO2 films.

Our group has shed light on the atomic structure by sh
ing experimentally that the ultrathin SiO2 film is compres-
sively strained due to the lattice mismatch between the S2

layer and the Si substrate.3 Our high-resolution x-ray photo
electron spectroscopy~XPS! measurements showed that t
energy difference between bonding states in the valence b
and in the O 2s core level is larger in an ultrathin~0.6–1.0
nm: two or three layers of SiO2 molecules! SiO2 film than in
bulk SiO2 . A comparison of the experimental results with t
energy levels calculated for model clusters by a fir
principles molecular orbital~MO! calculation showed tha
the average Si-O-Si bond angle is about 135°; the angl
smaller by about 9° in the ultrathin SiO2 film than in bulk
SiO2 .

We have also shed some light on the electronic struct
Experiments revealed that the valence-band electronic s
of Si substrates penetrate into ultrathin SiO2 films. An energy
barrier sufficiently high to prevent this penetration is form
when the SiO2 film is thicker than 0.61 nm.4 The penetration
of the valence-band states in conjunction with that
conduction-band states, which was revealed by Mu
et al.,5 indicates that the fundamental limit for SiO2 gate
dielectrics usable for MOSFETs is 0.7 nm.

Another aspect of great interest is the dielectric cons
« of a strained ultrathin~0.6–1 nm! SiO2 film. Using the«
of bulk SiO2 is not justified for an ultrathin SiO2 film
formed on Si substrates.6 The use of the« of bulk SiO2 is
0163-1829/2003/67~19!/195313~5!/$20.00 67 1953
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also questionable for a strained SiO2 film. We have estimated
the « of a strained SiO2 film in terms of the modified Auger
parameter,a8,7 which is defined as the sum of the bindin
energy of the photoelectron and the kinetic energy of
Auger electron for the core levels of an atom. A shift in t
modified Auger parameter is twice the shift in the relaxati
energy associated with a core-hole for the atom,8–10 hence
reflecting a change in the« of the material.11–13

II. EXPERIMENT

Device-quality SiO2 films with thicknesses ranging from
0.55 to 7.96 nm were formed on 6-in.n- or p-type Si~100!
wafers~resistivity 10–20V cm! by oxidizing the substrate a
800 °C under dry oxygen at 1 atm. The thicknesses of
oxide films, Tox , were determined by high-resolution XP
~VG Scientific ESCALAB220i-XL!. We used the metrology
proposed by Luet al.14 Briefly, Tox can be precisely deter
mined under certain conditions from the Si 2p core-level
intensity ratio of the oxidized silicon film,I ox and substrate
silicon, I el :

Tox5lox sinu ln@ I ox /~bI el!11#, ~1!

where lox is the effective attenuation length of the phot
electrons in the oxide film, 2.96 nm,u is the take-off angle of
the photoelectrons, 90°, andb is 0.75. Lu found that the
larger the acceptance angle of the analyzer, the lower
scattering effects of the photoelectrons.

The samples were studied using XPS. The Si 2p photo-
electron and SiKLL Auger spectra were measured at au of
30° using the bremsstrahlung from an AlKa x-ray source.15

The modified Auger parameter of Si,aSi8 , in the SiO2 films
was determined by measuring the binding energy of the
2p peak and the kinetic energy of the SiKLL peak originat-
ing from SiO2 films (Siox 2p and Siox KLL!. Although the
modified Auger parameter is independent of the charge
effect and the referencing method, we must pay special
tention to other factors such as the carrier trapping phen
ena, which we recently found to be crucial in determining t
©2003 The American Physical Society13-1
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energy levels of the SiO2 /Si samples during XPS
measurement.16–18 We found that the binding energy of th
Si 2p core level in Si substrates covered with thin SiO2 films
first increases~0–;50 min!, then decreases~;50–;1500
min!, and then increases again~;1500–;10 000 min! dur-
ing XPS measurement or x-ray irradiation, as shown in F
1. A shift toward a higher binding energy indicates that t
amount ofpositivecharge in the SiO2 film is increasing, and
a shift toward a lower binding energy indicates that t
amount ofnegativecharge in the SiO2 film is increasing.
This time dependence, caused by the charge trapping
nomena in a SiO2 film, also changes the peak energies
both the core level and Auger lines from SiO2 films on the Si
substrate. Therefore, we measured the core-level peak
the Auger line for each sample as quickly as possible~within
6 min! at about the same time~;50 min! after x-ray irradia-
tion commenced to minimize errors due to the carri
trapping-induced shift. We obtainedaSi8 from the average of
three measurements. The reproducibility is shown by the
ror bars in Fig. 4. The difference between the electron en
gies for these photoelectrons and the Auger electrons
lead to a difference in escape depth. However, accordin
the electron energy dependence of the escape depth, th
ference in the escape depth is as small as 0.24 nm for19

Therefore, thea8 derived from the energies of the Si 2p
photoelectrons and SiKLL Auger electrons, both of which
come from almost the same escape depth, is a reliable
rameter for representing the characteristics of each S2
thickness.

The aSi8 for the SiO2 films was calculated using a firs
principles MO method—the Hartree-Fock-Slater method
ing the discrete variational (DV)-Xa code.20 Molecular or-
bitals were constructed using a linear combination of ato
orbitals, which were generated numerically; the basis fu
tions of Si, O, and H were 1s– 3d for Si, 1s– 3d for O, and
1s– 2p for H. The Auger and photoemission energy leve
for the core levels were calculated using the Slater transi
state procedure,21 which is suitable for studying the bindin
energy in XPS spectra and the kinetic energy of Auger pe
We used Si5O16H12 clusters, shown in Fig. 2, to represent t
SiO2 structures. The 12 hydrogen atoms were arranged s
to terminate the dangling bonds of the surrounding 12 o
gen atoms and to make the cluster representative of the
SiO2 , without the surface effects. We used constant in
atomic distances of 0.162 nm for Si and O and 0.092 nm
O and H, which are consistent with those used by Edward22

In addition, we used a bond angle of 144°–135° for t

FIG. 1. Dependence of the Si 2p3/2 peak-energy shift on the
measurement time or x-ray irradiation time.
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Si-O-Si angle to investigate the effect of strain onaSi8 . The
validity of the parameter values used in this calculation w
previously confirmed by comparing the energy levels cal
lated for the SiO2 cluster with the experimental XPS spe
trum for bulk SiO2 and an ultrathin SiO2 film.3,23

III. RESULTS AND DISCUSSION

Figure 3 shows the wide-region spectrum of the Si-rela
levels for 0.86-nm-thick SiO2 film formed on a Si substrate
measured using the bremsstrahlung from an AlKa x-ray
source. It shows the Si 2p photoelectron peaks and the S
KLL Auger peaks from the SiO2 film (Siox 2p and Siox KLL!
and from the Si substrate underneath (Siel 2p and Siel KLL!.
The aSi8 values were determined precisely from a much n
rower region spectrum including Siox 2p and Siox KLL. The
peak energy of Siox 2p was determined after the spectru
was decomposed into Siox 2p and Siel 2p peaks taking into
account the intermediate oxidation states, which consiste
Si1, Si21, and Si31, as defined by Hollingeret al.24

Table I shows theaSi8 for the 0.55–7.96-nm-thick SiO2
film. The value for the 7.96-nm-thick SiO2 film was 1711.48
eV, which agrees well with the value reported for bulk SiO2 ,
1711.5 eV.25 This excellent agreement is due to the fact th
the modified Auger parameter is unaffected by changes in
surface Fermi level due to a calibration of the spectrome
and/or to the charge-up effect. The modified Auger param
shift, DaSi8 , was determined with respect to that for 7.96-n

FIG. 2. Si5O16H12 cluster withCs point symmetry.

FIG. 3. Wide-region spectrum of Si-related levels of t
0.86-nm-thick SiO2 film formed on the Si substrate, measured usi
bremsstrahlung from an AlKa x-ray source.
3-2
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thick SiO2 film or to that for bulk SiO2 . It was 0.34 eV for a
1.72-nm thick SiO2 film and as high as 0.7 eV for a 0.68
nm-thick SiO2 film.

The dependence ofDaSi8 on film thickness is plotted in
Fig. 4. It increased monotonically with decreasing thickne
This observed shift is in contrast with previous reports. W
ner et al. did not observe any shift in the modified Aug
parameter for oxide thicknesses ranging from 2 to 7 nm e

TABLE I. Modified Auger parameteraSi8 in thermal SiO2

formed on a Si~001! substrate, and the shift inaSi8 with respect to
that of 7.96-nm-thick SiO2 film or of the bulk value,DaSi8 .

Substrate
type

SiO2 film thickness
~nm!

Modified Auger parameter~eV!

aSi8 DaSi8

p 0.55 1712.02 0.64
p 0.68 1712.04 0.70
n 0.86 1711.94 0.51
p 0.95 1711.93 0.52
p 1.04 1711.99 0.55
p 1.60 1711.72 0.24
p 1.72 1711.81 0.34
p 2.13 1711.77 0.29
n 4.10 1711.55 0.07
n 6.26 1711.50 0.02
n 7.96 1711.48 0.00

FIG. 4. Shift in the Auger parameterDaSi8 in SiO2 with respect
to that in bulk SiO2 for SiO2 film thicknesses of~a! 0–10 nm and
~b! 0–2.5 nm. Solid curves are theoretical curves for«SiO2

52.1«0 , the dotted curve is for«SiO2
52.1«011%, and the broken

curve is for«SiO2
52.1«021%.
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though they expected one near the SiO2 /Si interface.26 Iqbal
et al. measured the Auger parameter for Si and found tha
does not differ between thin SiO2 film ~0.8 to 20 nm! formed
on a Si substrate and bulk SiO2 .27 However, a careful analy-
sis of their data reveals a shift of about 0.3 eV for a 1.2–1
nm-thick film, but not for a 0.8-nm-thick film. This exceptio
is probably due to the carrier trapping effect, which was n
taken into account in their measurement. Note that in
studies, we used device-quality SiO2 /Si samples and paid
special attention to the carrier trapping effect to obtain m
preciseaSi8 values.

Now we consider the reason for the observed shift in
modified Auger parameter. To a first order approximatio
DaSi8 is given as twice the shift in the relaxation energyR
associated with a core-hole accompanying the photoion
tion of the SiO2 film.8,9

DaSi8 52DR, ~2!

whereDR is determined with respect to theR for bulk SiO2 .
R of the SiO2 film formed on the Si substrate is in tur

determined by the bulk polarization energyEpol , and by the
effect of the boundaries,Ez , such as the SiO2 surface and the
SiO2 /Si interface,6

R5Epol1Ez . ~3!

We can thus estimateDaSi8 ,

DaSi8 52~DEpol1DEz!, ~4!

where DEpol and DEz are the shifts inEpol and Ez with
respect to that in bulk SiO2 . The strong spatial variation in
the relaxation energy caused byDEz is limited to an inter-
face layer with a thickness of the order of the characteri
screening length,;0.1 nm for the SiO2 /Si system.28 Beyond
the interface layer, i.e., film thickness.;0.2 nm, DEz is
expressed as the electrostatic screening energy, or the c
cal image potential of a core hole or point charge.29,30

Therefore, we estimatedDaSi8 by calculatingDEpol and
DEz . First,

DEpol52
e2

2
~4pr !21S 1

«SiO2

2
1

«SiO2

b D , ~5!

where«SiO2
and «SiO2

b are the dielectric constants for ultra

thin SiO2 film and bulk SiO2 , respectively, and wheree is
the electronic charge. We used 0.14 nm, which is the Sip
orbital radius for the cavity radius,r.6,12 Next, DEz can be
calculated using the image charge caused by dielectric
continuity at the vacuum/SiO2 /Si interface using the metho
proposed by Pasquarelloet al.30 The image charge atZ in
SiO2 film with a thickness ofd is calculated using

DEz52
e2

2
~4p«SiO2

!21(
n50

`

~hj!nF h

2Z22nd

1
j

~2n12!d22Z
1

2hj

~2n12!dG , ~6!
3-3
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where

h5
«SiO2

2«Si

«SiO2
1«Si

and j5
«SiO2

2«0

«SiO2
1«0

,

and where«Si and «0 are the dielectric constants of Si an
vacuum, respectively.

The Z dependence ofDEpol and DEz should affect the
position of the Siox 2p and Siox KLL peaks. Precise determ
nation by XPS of these peak positions depends ond and the
electron escape depth. To take into account these effects
calculated the average shift for various SiO2 film thicknesses
by taking into account two factors: theZ-dependentDEpol
andDEz , and a weighting function characterized by an ele
tron escape length,lSiO2

, of 2.6 nm.
Next, we compare the double shift of the image cha

with the measuredDaSi8 . The theoretical curve in Fig. 4~a!,
the solid line, was obtained using Eqs.~4!–~6! for «SiO2

5«SiO2

b 52.1«0 , and «Si512«0 . We assumed that«SiO2
is

constant, i.e.,DEpol is zero, throughout the SiO2 film thick-
ness. The present data fit surprisingly well on the theoret
curve. Figure 4~b! shows the enlarged figure for SiO2 film
thicknesses from 0 to 2.5 nm. It clearly shows that« for the
ultrathin ~0.68–2.13 nm! SiO2 films is virtually identical to
that of the bulk SiO2 ~61% accuracy!. In other words, the
oxide-thickness dependence ofDaSi8 can be used to estimat
« for ultrathin SiO2 films to within 61% accuracy. The sligh
disagreement at an oxide thickness of 0.55 nm might be
to the limit of the image charge approximation, as mention
above. It should be noted that the oxide-thickness dep
dence ofDaSi8 varied for SiO2 films with a different«SiO2

due to different screening lengths. This suggests that, in g
eral, the oxide-thickness dependence ofDa8 can be used to
estimate the« for other oxides, including so-called high-k
materials, which have a dielectric constant larger than tha
SiO2 and show great potential for advanced large-sca
integrated technology.31,32

From this discussion, we conclude that even an ultrat
~0.6–1 nm! SiO2 film has the same« as bulk SiO2 , i.e., a
DEpol of zero. To reconcile this conclusion with a previo
study that found that the ultrathin~0.6–1 nm! SiO2 film
is compressively strained,3 we investigated the effect o
strain on theDaSi8 for a SiO2 film. We calculated theaSi8
value for the SiO2 cluster ~Fig. 2! as a function of the Si-
O-Si bond angle and obtained theDaSi8 values from the shifts
with respect to theDaSi8 for a Si-O-Si bond angle of 144°
which is the most probable average value for bulk SiO2 .33

Since the cluster represents bulk SiO2 , the calculatedDaSi8
does not include the contribution ofDEz ; it includes only

*Corresponding author: Tel:181-427-59-8326. Fax:181-427-59-
8463. Email address: hirose@pub.isas.ac.jp
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the contribution ofDEpol in Eq. ~4!. The calculated values
are shown in Table II. TheDaSi8 or DEpol value is clearly
less than 50 meV for an Si-O-Si bond angle of 135°, wh
is assumed for a strained ultrathin SiO2 film on Si
substrates.3 These results are quantitatively consistent with
previous study using a first principles calculation, which
vealed the absence of a substantial shift~.50 meV! in the
relaxation energy for the Si 2p core-level energy with a
change in the Si-O-Si bond angle.30 Thus, the strained struc
ture assumed for an ultrathin SiO2 film does not substantially
affect theDEpol value. This is consistent with the experime
tal results.

IV. SUMMARY

In summary, we measured the modified Auger parame
aSi8 for SiO2 /Si(001) interfaces by using x-ray photoelectro
spectroscopy and Auger electron spectroscopy. We fo
that it differs by as much as 0.7 eV between thick SiO2 films
and ultrathin~0.68 nm! SiO2 films. From the observed oxide
film-thickness dependence ofaSi8 , we estimated the dielec
tric constant of an ultrathin SiO2 film by calculating the
change in the polarization energy and the change in the e
trostatic screening energy originating from dielectric disco
tinuity at the SiO2 /Si interface. We found that the dielectri
constant for an ultrathin~0.68–2.13 nm! SiO2 film is identi-
cal to that of bulk SiO2 within 61%. Since the oxide-film-
thickness dependence ofa8 varies among oxides with differ
ent dielectric constants, this analysis can also be used
estimating the dielectric constant for other oxides, includ
those of high-k materials.
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