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The observed binding energy shift for silicon oxide films grown on crystalline silicon varies as a
function of film thickness. The physical basis of this shift has previously been ascribed to a variety
of initial state effects~Si–O ring size, strain, stoichiometry, and crystallinity!, final state effects~a
variety of screening mechanisms!, and extrinsic effects~charging!. By constructing a structurally
homogeneous silicon oxide film on silicon, initial state effects have been minimized and the
magnitude of final state stabilization as a function of film thickness has been directly measured. In
addition, questions regarding the charging of thin silicon oxide films on silicon have been addressed.
From these studies, it is concluded that initial state effects play a negligible role in the
thickness-dependent binding energy shift. For the first;30 Å of oxide film, the
thickness-dependent binding energy shift can be attributed to final state effects in the form of image
charge induced stabilization. Beyond about 30 Å, charging of the film occurs. ©1997 American
Institute of Physics.@S0021-8979~97!04117-0#
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I. INTRODUCTION

Understanding the structure, reactivity, and physi
properties of the Si/SiO2 interface has been a goal of chem
ists, engineers, and physicists for over 40 years. The agg
sive scaling of metal oxide semiconductor~MOS! devices to
ever smaller dimensions has served to dramatically heig
the importance of this problem. While in former times t
properties of MOS gate oxides were dominated by the pr
erties of bulk amorphous SiO2 (a-SiO2), we are now reach-
ing the point, as gate dielectric thicknesses shrink to the
der of 30 Å, that the entirety of the oxide lies within
perturbed interfacial region. X-ray photoemission spectr
copy ~XPS! of the Si 2p core levels would appear to offer a
excellent method to characterize the structure and react
of these gate dielectrics.1 However, practitioners of the tech
nique have disagreed about even basic assignments o
observed spectra for approximately 20 years. This has b
highlighted in a series of recent reviews,2–4 which discuss
the controversy still attending not only to issues of struct
and stoichiometry within the interfacial region, but also
the basic relationship between photoemission data and t
properties.

Typical Si 2p core level spectra from a series
SiO2/Si~100! structures of various overlayer thicknesses
shown in Fig. 1. In addition to the bulk Si substrate featu
there are four obvious peaks in the spectra, which we lab
through D in order of increasing binding energy~BE! shift.
Features A–C are the result of bonding configurations wit
a stoichiometric transition region in which the silicon atom
have not attained the full complement of four oxygen nea
neighbors characteristic of stoichiometric SiO2.

5,6 Once this
‘‘stoichiometric interface’’ region has fully formed, furthe

a!Electronic mail: mbanasza@umich.edu
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growth of the SiO2 overlayer may be accompanied by sub
variations in the relative intensities of peaks A–C, but t
BE shifts exhibited by these features remain relatively c
stant. Peak D is universally assigned to stoichiometric S2

in a hydrogen-free film. In contrast to the behavior exhibit
by the stoichiometric interface peaks, the binding ene
shift exhibited by peak D increases rather dramatically as
film becomes thicker, consistent with the initial observatio
of this effect reported by Hollinger in 1981.7 Peak D also has
a substantially broader full width at half-maximum~FWHM!
than the stoichiometric interface peaks A–C. Despite
simplicity of the observations, no consensus concerning
physical origins of the observed evolution of this peak h
been achieved. This is doubtless the consequence of
plethora of initial state effects~Si–O ring size, strain, sto
ichiometry, and crystallinity!,8 final state effects~various
screening mechanisms!,9 and extrinsic effects~charging!10

that all have the potential to contribute in whole or in part
cause the observed BE shift as the overlayer grows. In f
all three types of mechanisms have been invoked over
past twenty years as sufficient to provide a complete ex
nation of the distance dependent shift, and all three expla
tions continue to be championed in the recent literature
this article, we present new experimental data on a mo
system designed to address the following long-stand
question: What, if anything, does the binding energy evo
tion, and to a lesser extent the width, of peak D tell us ab
the nature of the differences between SiO2 in the extended
interfacial region and fully bulklike amorphous oxide? Bas
on the data presented, we arrive at the following conclusio
~1! initial state effects play a negligible role in the peak sh
for the model interfaces and in the shift of peak D f
Si/SiO2 interfaces,~2! final state effects play a very impor
tant role in causing peak shifts for both the model interfa
and the Si/SiO2 interfaces for films between 0 and;30 Å,
7/82(5)/2298/10/$10.00 © 1997 American Institute of Physics
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and~3! charging occurs in the model interfaces employed
thicknesses greater than;30 Å.

II. THE EXPERIMENTAL DESIGN

Precise dissection of the contributions of the initial a
final state effects, and possible extrinsic effects, on the
served BE shifts as a function of the oxide thickness
greatly complicated by the possible heterogeneities of
oxide ~Si–O ring size, strain, stoichiometry, and crystalli
ity!, as well as the greatly differing dielectric functions of
and SiO2. The ideal vehicle for disentangling this proble
would be a series of structurally homogeneous, noncharg
oxides of varying thicknesses. This would remove any va
tions in the initial state or extrinsic contributions to the B
and allow the final state contributions to be studied in iso
tion. Unfortunately, this is an impossible demand for
sample based on thermal, chemical vapor deposited
plasma grown oxide on silicon. However, a perfectly hom
geneous oxide layer may be approximated by conden
preformed, well characterized silicon oxide particles ont
silicon surface. Ideally, these particles would have all silic
atoms in identical bonding configurations and exhibit sph
cal symmetry to maximize the uniformity of silicon environ
ments after three-dimensional packing of the units into
solid. To our knowledge, such species do not exist, but
hydridospherosiloxane family of clusters (HSiO1.5)n

11

closely approximate this ideal. In particular, the clus
H8Si8O12 has each silicon atom in a chemically identical s
and exhibits full Oh symmetry, very near to the ideal te
system~Fig. 2!. By studying the Si 2p core-level shifts of the
HSiO3 fragments of this molecule as a function of film thic

FIG. 1. Soft x-ray Si 2p3/2 core-level spectra of silicon oxide films of vary
ing thickness on a Si~100! substrate. Note that the binding energy of peak
generally assigned to SiO4 moieties for hydrogen-free films, shifts as a fun
tion of film thickness. The calculated thicknesses are for fully formed S2

only and do not include the thickness of the stoichiometric interface reg
variously estimated to be between 2 and 6 Å.
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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ness, we can essentially remove the myriad of initial st
effects from consideration, and focus on the magnitude
final state effects and/or oxide film charging.

III. EXPERIMENT

The hydridospherosiloxane cluster H8Si8O12 was synthe-
sized via the method of Agaskar and sublimed.11 Single layer
coverage of the clusters on Si~100!-231 was achieved by
dosing a clean Si~100!-231 crystal with the vapor of
H8Si8O12 in ultrahigh vacuum ~UHV! as previously
described.12 Multilayer films of condensed H8Si8O12 clusters
were prepared by cooling the substrates to approxima
2160 °C and exposing to the vapor of H8Si8O12 (;2
31027 Torr). A manipulator capable of being cooled
2160 °C using liquid N2 was fitted to a chamber pumpe
with a turbomolecular pump~base pressure 1310210 Torr!,
separated from the spectrometer chamber by a gate va
The silicon sample was fixed to the copper manipulator o
a sapphire plate~for electrical insulation! using Ta foil. Ul-
trathin oxide films on silicon were prepared as previou
described, thickness was controlled by varying the2
pressure.13 In all cases, sample cleanliness was verified
checking the Si 2p and C 1s core levels and the valence ban
region. Of particular concern was the possibility of trace w
ter derived from the UHV chamber coadsorbing on the s
strate over the time period of the experiment. Howev
monitoring the valence band region indicated no change
the relative intensity of the O 2p ‘‘lone-pair’’ feature at
;8 eV versus the cluster derived H–Si and Si–O feature
the 9–18 eV region, ruling out water condensation as a
nificant problem. Soft x-ray photoemission spectra were
tained at the National Synchrotron Light Source
Brookhaven National Laboratory as previously described12

The photoemission spectra were obtained at 170, 300,
400 eV incident photon energy. These energies were sele
to maximize surface selectivity and vary the electron esc
depths while at the same time allowing direct integration
the observed core-level peaks. Core-level Si 2p spectra were
treated as previously described by Himpselet al.14 A spin-
orbit coupling ratio of 0.5 and an energy separation of 0.6

,

n,

FIG. 2. Ball & stick, space-filling, and crystal packing~Ref. 19! represen-
tations of the H8Si8O12 cluster.
2299Zhang et al.
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were employed to remove the Si 2p1/2 component for the
spectra presented. Conventional XPS spectra were obta
at the University of Michigan using a PHI 5000C system
previously described.12 For all experiments attempting to de
tect charging effects using the 5000C system, the x-
source was turned on and off simultaneous to the beginn
and ending of data acquisition so that the samples were
exposed to the x-ray source during the time of data acqu
tion.

IV. RESULTS

A. Extrinsic origins of the binding energy shift:
Evidence demonstrating that model oxides simulating
3 to 4 layers of silicon oxide on silicon do not
charge

A series of experiments testing the effect of time, x-r
flux, photon energy, and apparatus used were carried ou
a sample that had a single layer of chemisorbed H8Si8O12

clusters simulating a thermal oxide of;3 to 4 monolayers
total thickness. In Fig. 3 panel~a!, twenty raw spectra taken
with a photon energy of 170 eV and obtained at 2.5 m
intervals are presented.15 No BE shift of the bulk Si 2p fea-
ture or the HSiO3 Si 2p feature occurs over this time period
This is emphasized by panel~b! where the first and last spec
tra have been directly overlayed and the difference tak
Panel~c! shows that the binding energy shifts do not chan
as a function of photon energy as the peak separation is
constant for spectra taken at 170, 300, and 400 eV incid
photon energies. These spectra are also a good indicato
the peak separation is independent of photon flux as
changes by a factor;3 over the energy range of 170–40
eV on the instrument employed. The flux issue was m
directly addressed using our conventional XPS spectrom
which has a stable, constant photon output, as compare
the constantly decreasing ring current of the synchrot
source. Spectra were collected every three minutes for
min to examine the possibility of a slow build-up of char
@Fig. 4, panel~a!#. No changes are apparent. In Fig. 4 pan
~b!, an overlay of a spectrum taken after three minutes
spectrum taken after 72 min, and the difference betw
them, is shown. The spectra show no change as a functio
time, providing no evidence of charging. However, one c
not strictly rule out the possibility that the samples h
reached their maximum charged state sometime in the
three minutes. The spectra shown in panel~c! were obtained
as quickly as possible, taking advantage of the intensity
conventional MgKa source coupled with the high coun
rates of a multichannel detector. The three scans take
400, 300, and 200 watts were all completed in ten seco
and taken five minutes apart. The x-ray source was autom
cally turned on by computer control when the scan w
started and turned off after each scan was complete. Eve
the ten second time scale, there was no observable cha
or differential charging effect seen as the conditions w
varied. In summary, the H8Si8O12 derived model silicon/
silicon oxide interface that approximates 3 to 4 layers
silicon oxide on silicon shows no evidence of binding ene
shifts as a function of time of x-ray exposure, x-ray flu
2300 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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total x-ray exposure, photon energy ranging from 1253.6
170 eV, or the details~sample holder design, emission angl
sampled, and so forth! of the specific apparatus employed

B. The HSiO 3 binding energy shift and FWHM as a
function of film thickness

Silicon oxide films of varying thickness were formed b
condensing H8Si8O12 clusters onto a Si~100! substrate al-
ready covered with a chemisorbed layer of the clusters
series of spectra obtained at 170, 300, and 400 eV incid

FIG. 3. Soft x-ray Si 2p core-level spectra of a model silicon/silicon oxid
interface derived from H8Si8O12 and Si~100!-231 as function of exposure
time and photon energy. Panel~a!: twenty Si 2p core-level spectra taken a
2.5 min intervals. Panel~b!: An overlay of the spectra taken at 2.5 and 5
min and the difference of these two spectra. Panel~c!: Si 2p3/2 core-level
spectra at 170, 300, and 400 eV. The absolute value of the axis is
correct for the 170 eV data, however the energy scale division is correc
all spectra.
Zhang et al.
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photon energy as a function of cluster dose is shown in F
5 and summarized in Table I. The most striking feature
these three sets of spectra is the shift of peak III by appr
mately 0.5 eV as a function of cluster layer thickness. C
culating the thickness of the physisorbed H8Si8O12 clusters
for each dosing condition requires a quantitative meas
ment of the attenuation factor for the emitted photoelectro
The attenuation effect for one layer of clusters can be
tained for each photon energy employed by measuring
area of the Si 2p core-level peaks for a clean Si~100!-231
sample~the ‘‘bulk’’ and all surface states, defined asI 0

s! and
comparing this to the area of the Si 2p core-level peaks de
rived from the substrate~features labeled bulk andI in Fig.
5, defined asI 1

s! after one layer of clusters has bee
chemisorbed.16 The quotientq5I 1

s/I 0
s provides the mono-

layer attenuation factor for a given photon energy and w
measured to be 0.57~0.02!, 0.71~0.02!, and 0.77~0.06! for
170, 300, and 400 eV, respectively.17 This ratio is related to
the electron escape depth (l cube) at a given photon energ
and the thickness of the film (d) as follows

ln~q!52j52
d

l cube
. ~1!

On top of the silicon substrate,n complete layers are
formed and some fractiona of the final layer is left partially
completed. The attenuation of the substrate core-level p
can then be calculated for a give layer thicknessn1a using
the relation

I n1a
s 5~12a!e2jn1ae2j~n11!. ~2!

FIG. 4. Conventional Si 2p core-level spectra of a model silicon/silico
oxide derived from H8Si8O12 and Si~100!-231 as function of exposure time
and x-ray flux. Panel~a!: twenty four spectra taken at 3 min intervals. Pan
~b!: an overlay of the spectra taken at 3 and 72 min and the differenc
these two spectra. Panel~c!: three spectra taken with a 10 s scan time us
x-ray powers of 200, 300, and 400 watts to vary photon flux.
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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The intensity of the oxide HSiO3 peak for a single layer of
clusters is determined by measuring the peak intensity fo
single chemisorbed layer and defined asI 1

c . The measured
intensity of the cluster derived oxide features for a layer
thicknessn1a will be a function of the intensity of the
uppermost layer, the possibility that it is only partially fille
and the attenuation of the intensity of any HSiO3 layers un-
derneath the top-most cluster layer. The HSiO3 peak inten-
sity for film of arbitrary thicknessn1a will be defined as
I n1a

c and can be calculated using Eqs.~3! and ~4!

I n1a
c 5~12a!I ~n!

c 1aI ~n11!
c . ~3!

I ~n!
c 5I ~1!

c (
i 50

n21

e2j i . ~4!

Combining these relations, the ratio of Si 2p substrate de-
rived core-level intensity to Si 2p cluster derived core-leve
intensity for any given thickness is

R~n1a!5
I n1a

s

I n1a
c

5F ~12a!e2jn1ae2j~n11!

~12a!( i 50
n21e2j i1a( i 50

n e2j i G I ~0!
s

I ~1!
c . ~5!

R(n1a) is the experimentally measured ratio of silicon su
strate peaks divided by silicon cluster peaks at e
thickness.18

of

FIG. 5. Soft x-ray Si 2p3/2 core-level spectra of varying thickness H8Si8O12

films on a Si~100! substrate. Panel~a!: 170 eV. Panel~b!: 300 eV. Panel~c!:
400 eV.
2301Zhang et al.
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The ratioR(n1a)5I n1a
s /I n1a

c is plotted versus expo
sure time in Fig. 6 for the data acquired at 170, 300, and
eV. The expected exponential attenuation of the Si 2p bulk
peak is observed as a function of increasing cluster overla
thickness. From these ratios, the layer coverage of H8Si8O12

clusters is calculated using Eq.~5! and plotted. The numbe
of layers varies in a linear fashion with increasing dose. T
thickness of each layer can be estimated as;6.1 Å by ex-
amining the interlayer distance in crystalline H8Si8O12.

19

Thus, the layer thicknesses for the spectra in Fig. 5 vary fr
about 6 Å to about 30 Å. These spectra were measured o
the largest practical range in thicknesses where compari
could be made between the 170, 300, and 400 eV data.

A wider range of cluster layer thickness was studied
ing a 170 eV incident photon energy. This photon ene
was employed because it gives directly integrable Sip
core-level spectra of high signal to noise with optimum re
lution, and allows the collection of high quality valence ba
spectra at 170 eV for comparison purposes. The data f
one such experiment is shown in Fig. 7 and summarize
Table II. A distinct shift in peak III as a function of laye
thickness is observed in panel~b!. Note that the same shift i
also observed for the cluster derived valence band feat
between 7 and 16 eV in panel~a!. This is most easily fol-
lowed by examining the prominent feature at approximat
8 eV assigned to the O 2p lone pairs. Once again, there is n
shift observed for the Si 2p bulk feature and the absolute B
measured for this feature were within 0.05 eV from spectr
to spectrum. Figure 8 shows a plot of the number of lay
(n1a) versus exposure time for three runs, demonstra
good reproducibility and linearity in layer growth as a fun
tion of dosing time.20 As this plot makes clear, considerab
greater layer thicknesses were employed in run 3 and at
ues overn55 the FWHM of the HSiO3 derived core level

TABLE I. Data for multiphoton energy experiment of physisorbtion
H8Si8O12 on chemisorbed layer corresponding to Fig. 5.

Dose
~Torr s!

Photon
energy

Ratio
~Is/Ic!

No. of layers
(n1a)~average!a

Shift of HSiO3

feature~eV!

170 1.24 3.6
••• 300 2.13 1 3.5

400 3.07 3.6
170 0.64 3.7

1.231025 300 1.18 1.6~2! 3.7
400 1.72 3.8
170 0.26 3.9

3.931025 300 0.53 2.8~2! 3.9
400 0.80 4.0
170 0.098 4.0

2.731023 300 0.24 4.3~3! 4.1
400 0.44 4.1
170 0.049 4.1

1.031024 300 0.16 5.6~1! 4.2
400 0.23 4.1

aThe number of layers is the average of the values derived from the inte
ratios observed in the 170, 300, and 400 eV spectra. The standard dev
in the last digit is given in parentheses. The 1.031024 dose is omitted from
Fig. 5 because the absolute intensity of this data set was affected by sa
manipulator placement. Note that this does not effect the measured rat
these peaks or the BE position, the only information used in subseq
data analysis.
2302 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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feature~III ! broadened precipitously, increasing by 0.4 eV
33%. The valence band spectrum shows a similar p
nounced broadening of the peaks. The change in this ca
first noticeable between spectra 6 and 7 of Fig. 7 panel~a!.
Broadening of peaks in this fashion is generally associa
with the onset of charging. It is instructive to note that a p
of the number of layers versus binding energy shift for the
runs shows a distinct, but more subtle change in slope in
vicinity of 5 layers, making it difficult to ascertain on th
basis of binding energy shift alone, where the onset of cha
ing occurs~Fig. 9!.

V. DISCUSSION

In Sec. IV, results on a model silicon/silicon oxide sy
tem relating the BE shift and FWHM of silicon oxide fea
tures to oxide thickness have been presented. We know
our attention to the consequences of these observation
the three primary hypotheses regarding the physical orig
of the BE shifts and FWHM:~1! initial state effects,8 ~2!
final state effects,9 and ~3! extrinsic effects~charging!.10

A. The thickness dependent charging of silicon oxide
films on silicon substrates

The issue of charging, and its effect on the observ
Si 2p core-level BE shifts and peak FWHM in silicon/silico
oxide interfaces, has been the subject of considerable de
Recently, Iwata and Ishizaka reiterated a position they h
held for nearly twenty years by presenting data for a 17
thick silicon oxide film for which both the bulk and the oxid
Si 2p features shift in BE as a function of irradiation time.21

FIG. 6. A plot of exposure time vs the experimentally measured ra
R(n1a)5I n1a

s /I n1a
c and the calculated layer coverage (n1a).
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FIG. 7. Soft x-ray photoemission spectra of H8Si8O12 derived films varying in thickness from 6 to 70 Å. Panel~a!: Valence band spectra. Panel~b!: Si 2p3/2

core-level spectra.
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Based on these data, and other studies,22 they concluded tha
all silicon oxide films on silicon undergo charging and t
‘‘true’’ binding energy shift for SiO4 fragments is 3.0
60.2 eV. They counter other worker’s claims that charg
does not occur in,20-Å-thick oxides by suggesting mech
nisms that might cause sample neutralization and by q
tioning the ability of workers in the field to accurately me
sure the thickness of their oxide films. The chemisorb
model systems presented in this article avoid controver
regarding thickness because a controlled amount of sili
oxide, the H8Si8O12 cluster, forms a single layer on the cry
talline silicon surface.12

The experimental data presented in Fig. 4 is the m
similar to the data of Iwata and Ishizaka, and panel~a! rep-
licates their experiment using our model interface.21 Over a
72 min irradiation period at 300 watts, no shift in the Si bu
or oxide core levels was observed. Although it is possi

TABLE II. Data for physisorbtion of H8Si8O12 on chemisorbed layer.~170
eV corresponding to Fig. 7.!

Spectrum
No.

Dose
~Torr/s!

Ratio

SIn1a
s

In1a
c D No. of layers

(n1a)

Shift of
HSiO3

feature

FWHM
HSiO3

feature
(60.1 eV)

1 ••• 1.2 1.0 3.5 1.1
2 7.931026 0.74 1.6 3.6 1.2
3 2.031025 0.52 2.0 3.7 1.2
4 4.031025 0.30 2.7 3.9 1.2
5 7.331025 0.11 4.2 4.0 1.1
6 1.231024 0.055 5.1 4.1 1.1
7 1.831024 ••• 7.4a 4.2 1.2
8 2.831024 ••• 10.8a 4.5 1.3
9 4.031024 ••• 15.0a 4.9 1.6

aThese values are based on a linear extrapolation of data because the
sity of the substrate peak was too small to measure.
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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that the films charged quickly enough so that the first sp
trum taken at 3 min is that of a fully charged layer, note th
for the 17 Å oxide of Iwata and Ishizaka, charging was o
served to build up over a;7 min period. The rate that charg
ing would have to occur can be further specified by exam
ing the data in panel~c! which shows three scans taking 10
each at three different x-ray fluxes. No shift is seen a
function of x-ray flux and the shift observed for the 10
spectrum is identical to that seen for the 3–52 min spect

Iwata and Ishizaka have suggested that the chargin
silicon oxide films may be neutralized by electrons given

FIG. 8. Exposure time vs number of cluster layers (n1a) for three runs at
170 eV. Note that the data extrapolates to;1 layer at exposure time50 s
due to the presence of the prechemisorbed monolayer.

ten-
2303Zhang et al.
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by the thin aluminum films used as filters in convention
UHV x-ray sources.23 This source of stray electrons can b
avoided, and surface sensitivity greatly enhanced, by usi
synchrotron light source. The data for the H8Si8O12 derived
interface presented in Fig. 3 also shows no Si 2p core-level
shifts for the bulk or the oxide features as a function of tim
or photon energy.24 In summary, for two different spectrom
eters utilizing very different sources and analyzers, no
shifts or changes in FWHM are seen as a function of irrad
tion time ~10 s to 72 min! or x-ray flux for the H8Si8O12

interface modeling;3 layers of silicon oxide.
Upon the formation of thicker films of H8Si8O12 clusters,

clear evidence of charging can be observed.25 The onset of
the charging occurs at a thickness of approximately 5 clu
layers or about 30 Å. Below this threshold thickness~which
may be somewhat different for thermal oxide!, there is no
evidence for measurable charging. A key difference betw
the data presented in Figs. 5 and 7 and that presente
Iwata and Ishizaka is the behavior of the bulk silicon pe
Iwata and Ishizaka observed the simultaneous shift of b
bulk silicon and silicon oxide derived core levels.21 Note that
in Figs. 5 and 7 only the oxide core levels are observed
shift while the bulk silicon core levels remain fixed to with
0.05 eV. The approximately 0.4 eV shift for both the oxi
and bulk features is curious,21 as noted by Iwata and Ish
izaka, because it corresponds to the shift typically seen u
hydrogen annealing a Si/SiO2 interface containing a Ferm
level pinned byPb centers.13,26 Thus, they conclude that th
experimental conditions they are employing induce char
centers causing band bending. Perhaps they are correc

FIG. 9. Binding energy shift vs number of cluster layers (n1a) for three
runs at 170 eV.
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the sense that for whatever specific mechanism is resp
sible, the Fermi level of their samples has indeed shift
However, the data presented in this article, in our ot
publications,4,12 and in the publications of many other work
ers in the field shows no evidence of Fermi level pinning a
depinning under the experimental conditions employed
XPS studies. When Fermi level shifts have been observ
typically in relation to effects of hydrogen in the interfac
region, it has been explicitly discussed.13,14,27

The best way to reconcile the data presented in this
ticle with the work of Tao, Lu, Graham, and Tay~TLGT! is
not clear.28 Both this work and that of TLGT strongly sup
port the idea that initial state effects are not responsible
the observed BE shifts. In both sets of data, the oxygen
silicon derived photoemission features are observed to s
in concert by equal amounts. However, the similarity ends
this point, although experimental differences may acco
for some or all of the variation. For thicknesses under 20
TLGT employed samples prepared by HF etching wher
we usedin situ UHV oxidation, chemisorbtion, or physisorb
tion of clusters. In addition, TLGT employed a low energ
electron gun to study the effects on the BE shift whereas
focused on two independent, measurable indications
charging, BE shift and FWHM. Comparison to any stud
involving electron flood guns are fraught with pitfalls and w
can do no more than enumerate the potential problems.
sible complications leading to peak shifts induced by el
tron flood guns include small amounts of sample dam
leading to Fermi level shifts and over-compensation lead
to a net negative charge buildup. The difference in cond
tivity between the silicon oxide and the silicon makes it po
sible to create a net negative charge on the oxide, shifting
oxide derived features to lower binding energies, with t
bulk silicon feature remaining fixed. In this case, an appar
neutralization of charging would be observed when, in fac
charging problem was being created.

Finster, Schulze, Bechstedt, and Meisel reported
charging for oxide films as thick as 1500 Å.29 In light of the
experiments reported since that time, including the data
ported in this article, it appears they should have obser
charging for films over;30 Å thick. This apparent discrep
ancy probably arises from the fact that they referenced t
spectra to adventitious carbon. If the magnitude of the cha
induced shift was similar for the carbon and the silicon o
ide, they would have had a difficult time separating these t
effects. The work of Iqbal, Bates, and Allen~IBA ! is also
difficult to assess with respect to the charging issue.30 Al-
though some samples would certainly have charged, no
cussion of this effect is given. However, all parameters u
are ones that should be independent of charging. Altho
their data seem to support charging as a conclusion,31 they
themselves did not make this interpretation, favoring
initial-state type argument. Note that the error attributed
random scatter for the Auger parameter by IBA is 0.4 e
2/3 of the magnitude of the entire final state stabilizati
observed in this work. Thus, the effect observed
Hollinger,7 our data shown in Fig. 1, or that presented
Figs. 5 and 7 may be simply lost in the error associated w
assigning a peak position to the broad Auger feature.
Zhang et al.
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To summarize, no indications of charging are observ
for the structurally homogeneous cluster-derived films
thicknesses under 30 Å. Although the binding energy of f
ture III changes for the first 30 Å as a function of film thic
ness, no concomitant change in the FWHM of the peak
observed. For thicknesses greater than 30 Å, the FWHM
creases dramatically, consistent with charging of the fi
However, the charging process does not simultaneo
change the Fermi level position of the silicon substrate. T
data in this study do not support the conclusion that all s
con oxide films on become charged during XPS experime

B. Binding energy shifts as a function of oxide
thickness

Having eliminated charging from consideration, we co
sider the possible physical origins of the 0.6 eV cumulat
shift of the HSiO3 peak in H8Si8O12 films over the 6–30 Å
range. The H8Si8O12 clusters have full Oh symmetry and
each HSiO3 fragment has an identical environment in t
free molecule. In condensed films, this symmetry will
broken, but only by way of weak nonbonding intermolecu
interactions between HSiO3 moieties. A first-order picture o
the packing in the condensed films can be obtained by c
sidering the crystal structure of H8Si8O12 obtained at
2178 °C ~Fig. 2!.19 The closest point of approach betwe
packed clusters is 3.62 Å, quite a large distance compare
the Si–O bond length of 1.62 Å. This indicates that inter
tions between clusters are weak and should have a neglig
effect on the XPS spectra. Those workers in the field us
the formal oxidation state based assignment scheme w
ignore even bond-mediated interactions between sec
nearest neighbors.3,31,32Thus they would certainly concur in
the insignificance of any through space interactions of
sort. We ourselves have no experimental evidence for
servable initial state effects going beyond the second ne
bor in any covalently bonded network. Consequently,
must conclude that this system is far too homogeneous
there to be any measurable initial state contribution to the
eV cumulative binding energy shift. Instead this shift mu
be ascribed, in its entirety, to a decrease in core-hole st
lization by the substrate. As the film thickness increases,
emitters contributing to the spectrum will on average be s
ated a greater distance from the substrate, experienci
lessened degree of extra-atomic relaxation, resulting i
shift of the HSiO3 peak to higher binding energy.

The total magnitude of the shifting we observe for t
H8Si8O12 films, 0.6 eV over 30 Å, is in reasonable qualitativ
agreement with two theoretical calculations of the magnitu
of this screening effect for thermal Si/SiO2 interfaces.
Browning, Sobolewski, and Helms,33 as well as Pasquarello
Hybertson, and Car,32 have used purely classical imag
charge calculations to arrive at values of approximately
and 0.5 eV, respectively. Their calculations indicate that t
effect arises from a systematic decrease of substrate m
ated core hole screening. In the classical picture, our res
should be very close to theirs, as the dielectric constan
H8Si8O12 films closely approximates that of the thermal o
ide. Of course, the model films do not allow a directly me
sure of the magnitude of the stabilization over the first 6
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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as the final state effects are convoluted with initial state
fects in giving the observed peak at 3.6 eV in the chem
sorbed layer. It is interesting to note that the 0.4 eV stab
zation observed in the 0–5 Å range for the Si/SiO2 interface
~Fig. 1!, and the 0.6 eV stabilization observed in the 6–30
range ~Fig. 7! for the model studies, sums to 1 eV tot
stabilization.

C. The evolution of the FWHM in H 8Si8O12 films

Although we have demonstrated that the binding ene
of the HSiO3 moieties shifts continuously as a function
distance from the interface in the 6–30 Å range, we ha
also demonstrated that the FWHM of this peak remains
fectively constant until the onset of sample charging. Up
first consideration, these phenomena might appear to be
compatible with one another. This, however, is not the c
owing to two circumstances, the large inherent width of t
HSiO3 peak and the extreme surface sensitivity of the p
toemission experiments at these photon energies. The sm
est FWHM of the HSiO3 peak, which may be obtained from
chemisorption or from physisorption of a monolayer~or
smaller! coverage, is 1.1 eV. The maximum possible pe
broadening due to the thickness dependent shift would oc
if the photoelectron escape lengths were infinite. In that ca
the centroid of the distribution of peaks would roughly co
respond to the binding energy of species at the midpoin
the film. This peak would be homogeneously broadened
the contributions of other emitters at greater and les
depths, giving contributions at60.3 eV from this value. Ap-
proximating this peak as a Gaussian, the resultant w
should be given by FWHM ~total!5$~1.1!21(0.6)2%1/2

51.25eV. Thus, even in this hypothetical case, this diffe
ence would just barely be measurable. In the actual situat
the short electron escape depth serves to suppress the c
bution from the deeper emitters, and to reduce the effec
the measured FWHM to completely negligible levels. This
explicitly illustrated in Fig. 10. Here we plot a layer of thick
ness (n1a)52.7 and the monolayer of chemisorbe
H8Si8O12 normalized to constant substrate Si intensity. T
FWHM of the HSiO3 peak in the thicker spectrum is 1.1
eV. Subtraction of these scaled spectra yields the resu
difference spectrum in panel~b!, which corresponds to the
photoemission spectrum of the (n1a)52.7 film without the
contribution of the initial chemisorbed monolayer. This spe
trum, naturally, consists of the HSiO3 peak alone, which has
a FWHM of 1.12, a value negligibly different from the orig
nal spectrum, even though the two components to the
film of (n1a)52.7, the monolayer spectrum and the resu
ant spectrum in panel~b!, differ in average binding energy
by 0.4 eV.

D. Implications for structural assignments in the
interface region

The effects of final state stabilization have been sho
to contribute 0.6 eV to the observed binding energy shift
H8Si8O12 films as the HSiO3 fragment’s location in the inter-
face region is changed over the range from 6 to 30 Å~Figs.
5 and 7!. The magnitude of this effect is in rough quantit
2305Zhang et al.
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the
tive agreement with that seen for Si/SiO2 interfaces such as
the data presented as far back as 1981 by Hollinger.7 In
addition, it is important to note that the theoretical found
tions provided to date for understanding this extra-atom
relaxation are solely dependent on the bulk dielectric c
stants of the materials, which are roughly similar, and do
depend on the details of structure or even composition.32,33

Therefore, the experimental data obtained on the magni
of the effects of extra-atomic relaxation from the H8Si8O12

films is directly applicable to Si/SiO2 thermal oxide films of
comparable thickness. To within the limits of the classi
analysis, all of the shifting of the SiO2 peak for the first
;30 Å of film thickness can be ascribed to the position d
pendent image charge stabilization mechanism. In the c
struction of structural models for thin thermal oxide film
based upon XPS data, it is important to take account of
fact that this position dependent final-state-induced bind
energy shifting will be operative for all possible fragme
types present in the Si/SiO2 interface ~SiSiO3, Si2SiO2,
Si3SiO, and SiO4!. A basic assumption of classical electr
static theory is that all atoms, regardless of element or co
dination sphere, will gain the same degree of stabilizat
energy. Experimentally, this is supported by the identi
shifts observed for the Si 2p and O 2p levels ~Fig. 7!. The
conclusion that all possible Si moieties are subject to a m
mum of a 0.6 eV BE shift~and probably as large as 1 eV! as
a function of position within the interface is quite disturbin
because the apparent average peak separation in the p
emission spectra of Si/SiO2 interfaces is only 0.9 eV.1,3,6,7,14

Unless this differential in extra-atomic relaxation is expl
itly considered, application of models biased towards ini
state effects, such as approaches based upon formal o
tion states, group electronegativity, or evenab initio quan-
tum mechanical methods, will yield misleading results. R
cent work applying assignments based upon model syst

FIG. 10. Overlay of Si 2p3/2 core-level spectra Nos. 1 (n1a51.0) and 4
(n1a52.7) from Fig. 7 and Table II. The effects of electron attenuat
upon the oxide feature are highlighted to indicate why the FWHM of
oxide feature does not increase as layer thickness increases.
2306 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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and group electronegativity,34 as well as those applying th
local density approximation to density function theory,31,32

have explicitly addressed this issue.

VI. CONCLUSIONS

In this article, we have described a series of experime
for a model system that very closely approximates a t
thermal Si/SiO2 interface, but is free of any significant struc
tural inhomogeneities. We have shown that for thicknes
under about;30 Å, core level photoemission spectra ma
without undertaking any special precautions, be routinely
tained from these films without inducing sample chargin
Under these charging-free conditions, the binding energy
the HSiO3 peak shifts continuously a total of 0.6 eV in th
6–30 Å thickness regime, entirely because of the film thic
ness dependence of the image charge induced stabilizatio
the core hole state. This final state stabilization mechanis
a simple one which can be accurately described in pu
classical electrostatic terms. In this regard, the model sys
and thin films of SiO2 on Si~100! substrates are virtually
identical. The consequences for the interpretation of the
havior of the binding energy of the SiO2 peak in thin Si/SiO2
systems are clear. As illustrated in Fig. 1, and measured
many other workers, the variation of the binding energy
the SiO2 peak in the sub 30 Å regime is virtually indistin
guishable from that exhibited by the model H8Si8O12 films.
We must therefore conclude that within experimental unc
tainties, the observed BE shift of the SiO2 peak in thin ther-
mal oxide films (,30 Å) is also due in its entirety to the
image charge induced final state stabilization mechanism
discussed in the introduction, the shift of this peak has p
viously been ascribed to sample charging, strain, and to v
ous other sorts of initial state mechanisms invoking evo
tions of the bonding geometry as a function of film thickne
In light of the experimental evidence presented in this wo
all such attributions must be rejected. Once the substr
mediated image charge screening contribution to the p
motion has been properly subtracted out, there simply is
within our ability to measure it, any additional peak shiftin
which requires explanation.
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