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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 effect{Si—O ring size, strain, stoichiometry, and crystallipjtinal state effect¢a

variety of screening mechanisingnd extrinsic effect§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 first30A 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 A, charging of the film occursl97 American
Institute of Physicg.S0021-897@07)04117-0

I. INTRODUCTION growth of the SiQ overlayer may be accompanied by subtle
variations in the relative intensities of peaks A—C, but the
Understanding the structure, reactivity, and physicalgg shifts exhibited by these features remain relatively con-
properties of the Si/SiQinterface has been a goal of chem- giant. peak D is universally assigned to stoichiometric,SiO
ists, engineers, and physicists for over 40 years. The aggregy 5 hydrogen-free film. In contrast to the behavior exhibited
sive scaling of metal oxide semiconductMOS) devices o py the stoichiometric interface peaks, the binding energy
ever smaller dimensions has served to dramatically heighteghtt exhibited by peak D increases rather dramatically as the
the importance of this problem. While in former times the fim pecomes thicker, consistent with the initial observations
properties of MOS gate oxides were dominated by the propyf thjs effect reported by Hollinger in 19§1Peak D also has
erties of bulk amorphous Si{a-SiO,), we are now reach- 5 substantially broader full width at half-maximu@wWHM)
ing the point, as gate dielectric thicknesses shrink to the ofghan the stoichiometric interface peaks A—C. Despite the
der of 30 A, that the entirety of the oxide lies within a gimpiicity of the observations, no consensus concerning the
perturbed interfacial region. X-ray photoemission spectrospnysical origins of the observed evolution of this peak has
copy (XPS) of the Si 2 core levels would appear to offer an peen achieved. This is doubtless the consequence of the
excellent method to characterize the structure and ’eaCtiVit}SIethora of initial state effect§Si—O ring size, strain, sto-
of these gate dielectri¢sHowever, practitioners of the tech- ichiometry, and crystallinity® final state effects(various
nigue have disagreed about even basic assignments of t@%reening mechanism$ and extrinsic effectdcharging®
observed spectra for approximately 20 years. This has begfiat all have the potential to contribute in whole or in part to
highlighted in a series of recent revieds, which discuss  cause the observed BE shift as the overlayer grows. In fact,
the controversy still attending not only to issues of structurey) three types of mechanisms have been invoked over the
and stoichiometry within the interfacial region, but also to past twenty years as sufficient to provide a complete expla-
the basic relationship between photoemission data and theg@tion of the distance dependent shift, and all three explana-
properties. _ tions continue to be championed in the recent literature. In
Typical SiZp core level spectra from a series of this article, we present new experimental data on a model
SiO,/Si(100) structures of various overlayer thicknesses ar&system designed to address the following long-standing
shown in Fig. 1. In addition to the bulk Si substrate featurequestion: What, if anything, does the binding energy evolu-
there are four obvious peaks in the spectra, which we label Ajon, and to a lesser extent the width, of peak D tell us about
through D in order of increasing binding ener@®E) shift.  he nature of the differences between Si® the extended
Features A—C are the result of bonding configurations withinnierfacial region and fully bulklike amorphous oxide? Based
a stoichiometric transition region in which the silicon atomsyp, the data presented, we arrive at the following conclusions:
have not attained the full complement of four oxygen nearesfy) jnitial state effects play a negligible role in the peak shift
neighbors characteristic of stoichiometric $it¥ Once this for the model interfaces and in the shift of peak D for
“stoichiometric interface” region has fully formed, further Si/SiO, interfaces,(2) final state effects play a very impor-
tant role in causing peak shifts for both the model interfaces
3E|ectronic mail: mbanasza@umich.edu and the Si/Si@ interfaces for films between 0 and30 A,
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Spectrum | BE Shift (eV) | Thickness A

1 3.4 0.9 bulk Si
2 3.5 14

3 3.6 1.9

4 8.7 26

5 3.8 4.5
FWHM for peak D constant at 1.1 eV

D

FIG. 2. Ball & stick, space-filling, and crystal packiriBef. 19 represen-
tations of the HSigO;, cluster.

0 1 ness, we can essentially remove the myriad of initial state
Binding Energy (V) effects from consideration, and focus on the magnitude of

final state effects and/or oxide film charging.
FIG. 1. Soft x-ray Si P3, core-level spectra of silicon oxide films of vary-
ing thickness on a $100) substrate. Note that the binding energy of peak D,
generally assigned to Si@noieties for hydrogen-free films, shifts as a func- 1ll. EXPERIMENT
tion of film thickness. The calculated thicknesses are for fully formed, SiO . .
only and do not include the thickness of the stoichiometric interface region, 1 ne hydridospherosiloxane clusteg$t0,, was synthe-

variously estimated to be between 2 and 6 A. sized via the method of Agaskar and sublinté&ingle layer
coverage of the clusters on(800-2X1 was achieved by

. . . i -2X i
and(3) charging occurs in the model interfaces employed fordOSIng a clean §100-2x1 crystal with the vapor of

. HgSisO1, in  ultrahigh vacuum (UHV) as previously
thicknesses greater than30 A. described? Multilayer films of condensed §$igO;, clusters

were prepared by cooling the substrates to approximately
—160°C and exposing to the vapor ofg$gO;, (~2
Precise dissection of the contributions of the initial andx 10’ Torr). A manipulator capable of being cooled to
final state effects, and possible extrinsic effects, on the ob- 160 °C using liquid N was fitted to a chamber pumped
served BE shifts as a function of the oxide thickness iswith a turbomolecular pumgbase pressurex10 1° Torr),
greatly complicated by the possible heterogeneities of theeparated from the spectrometer chamber by a gate valve.
oxide (Si—O ring size, strain, stoichiometry, and crystallin- The silicon sample was fixed to the copper manipulator over
ity), as well as the greatly differing dielectric functions of Si a sapphire platéfor electrical insulatiopusing Ta foil. Ul-
and SiQ. The ideal vehicle for disentangling this problem trathin oxide films on silicon were prepared as previously
would be a series of structurally homogeneous, nonchargindescribed, thickness was controlled by varying thg O
oxides of varying thicknesses. This would remove any variapressuré? In all cases, sample cleanliness was verified by
tions in the initial state or extrinsic contributions to the BE checking the Si @ and C & core levels and the valence band
and allow the final state contributions to be studied in isolategion. Of particular concern was the possibility of trace wa-
tion. Unfortunately, this is an impossible demand for ater derived from the UHV chamber coadsorbing on the sub-
sample based on thermal, chemical vapor deposited, @trate over the time period of the experiment. However,
plasma grown oxide on silicon. However, a perfectly homo-monitoring the valence band region indicated no change in
geneous oxide layer may be approximated by condensintpe relative intensity of the O “lone-pair” feature at
preformed, well characterized silicon oxide particles onto a~8 eV versus the cluster derived H-Si and Si—O features in
silicon surface. Ideally, these particles would have all siliconthe 9-18 eV region, ruling out water condensation as a sig-
atoms in identical bonding configurations and exhibit spherinificant problem. Soft x-ray photoemission spectra were ob-
cal symmetry to maximize the uniformity of silicon environ- tained at the National Synchrotron Light Source at
ments after three-dimensional packing of the units into éBrookhaven National Laboratory as previously descrilfed.
solid. To our knowledge, such species do not exist, but th&he photoemission spectra were obtained at 170, 300, and
hydridospherosiloxane family of clusters (HSiQ,* 400 eV incident photon energy. These energies were selected
closely approximate this ideal. In particular, the clusterto maximize surface selectivity and vary the electron escape
HgSigO;, has each silicon atom in a chemically identical sitedepths while at the same time allowing direct integration of
and exhibits full @ symmetry, very near to the ideal test the observed core-level peaks. Core-level Sspectra were
system(Fig. 2). By studying the Si @ core-level shifts of the treated as previously described by Himpsekl* A spin-
HSIiO; fragments of this molecule as a function of film thick- orbit coupling ratio of 0.5 and an energy separation of 0.6 eV

Il. THE EXPERIMENTAL DESIGN
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were employed to remove the Siy¢, component for the
spectra presented. Conventional XPS spectra were obtaine (a)
at the University of Michigan using a PHI 5000C system as
previously describedf For all experiments attempting to de-
tect charging effects using the 5000C system, the x-ray
source was turned on and off simultaneous to the beginning
and ending of data acquisition so that the samples were only
exposed to the x-ray source during the time of data acquisi-
tion.

hv=170eV

—

et ———

52 minutes

—— =

e

——

——

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

!

. . . . 2,5 minutes
A series of experiments testing the effect of time, x-ray 60 61 62 63 64 65 66 67 68 69 70

flux, photon energy, and apparatus used were carried out ol Kinetic Energy (eV)
a sample that had a single layer of chemisorbe&i¢D, (b) x10*
clusters simulating a thermal oxide ef3 to 4 monolayers ° '
total thickness. In Fig. 3 panéd), twenty raw spectra taken 52 minutes
with a photon energy of 170 eV and obtained at 2.5 min 4 25 minutes
intervals are presentéd.No BE shift of the bulk Si p fea-
ture or the HSIQ Si 2p feature occurs over this time period.
This is emphasized by pandd) where the first and last spec-
tra have been directly overlayed and the difference taken.| 400 . , . S
Panel(c) shows that the binding energy shifts do not change 2000MM~\M-\WV*WWWW
as a function of photon energy as the peak separation is als o AT AN R
constant for spectra taken at 170, 300, and 400 eV inciden A E‘;’;’;{gy (6:\/) &7 & & 1
photon energies. These spectra are also a good indicator thi
the peak separation is independent of photon flux as this (c)
changes by a factor3 over the energy range of 170—-400
eV on the instrument employed. The flux issue was more
directly addressed using our conventional XPS spectromete
which has a stable, constant photon output, as compared t
the constantly decreasing ring current of the synchrotron
source. Spectra were collected every three minutes for 7: o o1 &2 & 8 & & & & o Jo
min to examine the possibility of a slow build-up of charge Kinetic Energy (V)
[Fig. 4, panel(@]. No changes are apparent. In Fig. 4 panel
(b), an overlay of a spectrum taken after 'Fhree minutes anlqu. 3. Soft x-ray Si P core-level spectra of a model silicon/silicon oxide
SpeCtmm taken after 72 min, and the difference betv_vee%terface derived from E8igO;, and S{100-2X1 as function of exposure
them, is shown. The spectra show no change as a function @fne and photon energy. Pariel: twenty Si 2 core-level specira taken at
time, providing no evidence of charging. However, one can2.5 min intervals. Pangb): An overlay of the spectra taken at 2.5 and 50
not strictly rule out the possibility that the samples hadmin and the difference of these two spectra. PdnplSi 2p;, core—lgvgl
reached their maximum charged state sometime in the ﬁrgpectra at 170, 300, and 400 eV. The absolute value.o.f .thelaX|s is only
. . . correct for the 170 eV data, however the energy scale division is correct for
three minutes. The spectra shown in paeglwere obtained g spectra.
as quickly as possible, taking advantage of the intensity of a
conventional Mgk« source coupled with the high count
rates of a multichannel detector. The three scans taken &tal x-ray exposure, photon energy ranging from 1253.6 to
400, 300, and 200 watts were all completed in ten seconds70 eV, or the detailésample holder design, emission angles

and taken five minutes apart. The x-ray source was automat'gamp|ed, and so forthof the specific apparatus employed.
cally turned on by computer control when the scan was

started and turned off after each scan was complete. Even for ) o )

the ten second time scale, there was no observable chargiﬁgnTh_e HSIO 4 binding energy shift and FWHM as a

or differential charging effect seen as the conditions wer ction of film thickness

varied. In summary, the §$igO;, derived model silicon/ Silicon oxide films of varying thickness were formed by
silicon oxide interface that approximates 3 to 4 layers ofcondensing BSigO,, clusters onto a $100) substrate al-
silicon oxide on silicon shows no evidence of binding energyready covered with a chemisorbed layer of the clusters. A
shifts as a function of time of x-ray exposure, x-ray flux, series of spectra obtained at 170, 300, and 400 eV incident

h=170eV

&
T

Counts

60 61 62 63 64 6 6 & 68 69 710
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(a) hv=12536eV | (b) 1o hv = 1253.6 eV (a) oI hv=170 eV
2 X
-6 -5 -4 -3 2 -1 0 1 2
-?06 -104 -102 -100 -98 Binding Energy (eV)
=72 min Binding Energy (eV)
4000 hv =300eV
(b) bulk
2000
1= 48 min 0
-106 -104 -102 -100 -98
C |
1«24 min hv=1253.6 eV
total scan -6 -5 -4 -3 2 -1 0 1
time=10s Binding Energy (eV)
teSmin I '
hvu=400eV
-106  -104 -102 100 -88
Binding Energy (eV) (c) bulk
400 watts
300 watts
200 walts
-106 -104  -102 100 -98
Binding Energy (eV)
FIG. 4. Conventional Sif2 core-level spectra of a model silicon/silicon
oxide derived from iSigO,, and S{100-2X1 as function of exposure time " = ) 3 ) 7 5 3
and x-ray flux. Panela): twenty four spectra taken at 3 min intervals. Panel Binding Energy (V)
(b): an overlay of the spectra taken at 3 and 72 min and the difference of

these two spectra. Pang): three spectra taken with a 10 s scan time using

x-ray powers of 200, 300, and 400 watts to vary photon flux. FIG. 5. Soft x-ray Si P, core-level spectra of varying thicknesg3#0;,

films on a S{100 substrate. Pan¢h): 170 eV. Pane{b): 300 eV. Pane(c):
400 eV.

photon energy as a function of cluster dose is shown in Fig.

5 and summarized in Table I. The most striking feature of

these three sets of spectra is the shift of peak Il by approxiThe intensity of the oxide HSipDpeak for a single layer of
mately 0.5 eV as a function of cluster layer thickness. Cal-clusters is determined by measuring the peak intensity for a
culating the thickness of the physisorbegSiO;, clusters  single chemisorbed layer and definedl&s The measured
for each dosing condition requires a quantitative measurentensity of the cluster derived oxide features for a layer of
ment of the attenuation factor for the emitted photoelectronsthicknessn+ a will be a function of the intensity of the
The attenuation effect for one layer of clusters can be obuppermost layer, the possibility that it is only partially filled,
tained for each photon energy employed by measuring thand the attenuation of the intensity of any Hgi@yers un-
area of the Si@ core-level peaks for a clean($00-2X1  derneath the top-most cluster layer. The HSE@ak inten-
sample(the “bulk” and all surface states, defined B and  sity for film of arbitrary thickness 1+ « will be defined as
comparing this to the area of the $ 2ore-level peaks de- 1}, , and can be calculated using E¢3) and (4)

rived from the substratfeatures labeled bulk andin Fig.

cC  _q/1_ c c
5, defined aslj) after one layer of clusters has been lnroa=(=a)lm+alpy. &)
chemisorbed® The quotientq=13/15 provides the mono- n-1
layer attenuation factor for a given photon energy and was |(Cn):|(cl)z i (4)
1=0

measured to be 0.57.02, 0.710.02, and 0.770.06 for

170, 300, and 400 eV, respectivélyThis ratio is related to Combining these relations, the ratio of $i Bubstrate de-

the electron escape depthfg at a given photon energy jyeq core-level intensity to Sif cluster derived core-level
and the thickness of the filndj as follows intensity for any given thickness is

d s
== I
in(a) ¢ | cube @ R(n+a)= |2+a
On top of the silicon substrate, complete layers are e
formed and some fractioa of the final layer is left partially | (1-a)e” Nt ge €D ) 5
completed. The attenuation of the substrate core-level peak (1-a)="ge f+az e d % ®
can then be calculated for a give layer thicknessa using ) ) . -
the relation R(n+ «) is the experimentally measured ratio of silicon sub-
. - - strate peaks divided by silicon cluster peaks at each
Ihia=(1—a)e” M+ ae €0, (2 thickness'®
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TABLE |. Data for multiphoton energy experiment of physisorbtion of 4 6
HgSigO,, on chemisorbed layer corresponding to Fig. 5.
Dose Photon  Ratio No. of layers Shift of HSIO, S
(Torrs energy  (Is/lc) (n+ ) (averag$® feature(eV) [ 5
170 1.24 3.6 o
300 213 1 35 3 31 8
400 3.07 3.6 ¥ 5
170 0.64 3.7 & . -4+
1.2<10°5 300  1.18 1.6 3.7 2 <
400 1.72 3.8 & O  Ratio(170) 2
170 0.26 3.9 B [ . 4
39x10°° 300 053 2.8) 3.9 g 2+ ®  RaoGOO)f |, 3
400 0.80 4.0 g ° o Ratio (400) fg
170 0.098 4.0 A 3
2.7x107% 300 0.24 4.83) 4.1 2 A n+a(70 3
400  0.44 41 g -2 =
170 0.049 4.1 g 8 ® n+aGO 3
1.0x10°* 300 0.16 5.61) 4.2 g 11 o ®  n+o0(400 o
400 0.23 4.1 3
53]
B O -1
&The number of layers is the average of the values derived from the intensity o
ratios observed in the 170, 300, and 400 eV spectra. The standard deviation
in the last digit is given in parentheses. TheX 10 * dose is omitted from o © 8
Fig. 5 because the absolute intensity of this data set was affected by sample 0 o) o 0
manipulator placement. Note that this does not effect the measured ratios of IS .'n - .}., > M
o ~ b o

these peaks or the BE position, the only information used in subsequent

data analysis.
Exposure (torr sec x 105)

. s c . FIG. 6. A plot of exposure time vs the experimentally measured ratio
The ratioR(n+a) =1, /1, is plotted versus expo- Rr(n+aq)=I5, /IS, and the calculated layer coverage(«).

sure time in Fig. 6 for the data acquired at 170, 300, and 400 e
eV. The expected exponential attenuation of the [Bblk
peak is observed as a function of increasing cluster overlaygeature(lll ) broadened precipitously, increasing by 0.4 eV or
thickness. From these ratios, the layer coverageg¥igd;,  33%. The valence band spectrum shows a similar pro-
clusters is calculated using E¢p) and plotted. The number nounced broadening of the peaks. The change in this case is
of layers varies in a linear fashion with increasing dose. Théirst noticeable between spectra 6 and 7 of Fig. 7 péael
thickness of each layer can be estimated~#&1 A by ex-  Broadening of peaks in this fashion is generally associated
amining the interlayer distance in crystalling;3#01,.">  with the onset of charging. It is instructive to note that a plot
Thus, the layer thicknesses for the spectra in Fig. 5 vary fronyf the number of layers versus binding energy shift for the 3
about 6 A to about 30 A. These spectra were measured ovefuns shows a distinct, but more subtle change in slope in the
the largest practical range in thicknesses where comparisoRgcinity of 5 layers, making it difficult to ascertain on the
could be made between the 170, 300, and 400 eV data. basis of binding energy shift alone, where the onset of charg-
A wider range of cluster layer thickness was studied using occurs(Fig. 9).
ing a 170 eV incident photon energy. This photon energy
was employed because it gives directly integrable [5i 2
core-level spectra of high signal to noise with optimum reso-/- DISCUSSION
lution, and allows the collection of hlgh quality valence band In Sec. IV, results on a model silicon/silicon oxide sys-
spectra at 170 eV for comparison purposes. The data fronem relating the BE shift and FWHM of silicon oxide fea-
one such experiment is shown in Fig. 7 and summarized ifyres to oxide thickness have been presented. We know turn
Table II. A distinct shift in peak Il as a function of layer our attention to the consequences of these observations for
thickness is observed in par(®). Note that the same shiftis the three primary hypotheses regarding the physical origins
also observed for the cluster derived valence band feature§ the BE shifts and FWHM{(1) initial state effect$, (2)
between 7 and 16 eV in pané). This is most easily fol-  final state effects,and(3) extrinsic effectscharging.*
lowed by examining the prominent feature at approximately , i . ,
8 eV assigned to the Op2one pairs. Once again, there is no ;‘Ai\lhzhsnﬂgi(ljilégiszu%?tjgt]gsnt charging of silicon oxide
shift observed for the Si2bulk feature and the absolute BE
measured for this feature were within 0.05 eV from spectrum  The issue of charging, and its effect on the observed
to spectrum. Figure 8 shows a plot of the number of layersSi 2p core-level BE shifts and peak FWHM in silicon/silicon
(n+ a) versus exposure time for three runs, demonstratingxide interfaces, has been the subject of considerable debate.
good reproducibility and linearity in layer growth as a func- Recently, lwata and Ishizaka reiterated a position they have
tion of dosing time&® As this plot makes clear, considerably held for nearly twenty years by presenting data for a 17-A-
greater layer thicknesses were employed in run 3 and at vathick silicon oxide film for which both the bulk and the oxide
ues ovem=5 the FWHM of the HSIiQ derived core level Si 2p features shift in BE as a function of irradiation tirfe.
2302
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hv=170 eV (b) hv=170 eV

O 2p “lone pairs”

i

N W Rt D

Binding Energy (eV) Binding Energy (eV)

FIG. 7. Soft x-ray photoemission spectra of3#40;,, derived films varying in thickness from 6 to 70 A. Paf@: Valence band spectra. Parfb): Si 2py,
core-level spectra.

Based on these data, and other stuffebey concluded that that the films charged quickly enough so that the first spec-
all silicon oxide films on silicon undergo charging and thetrum taken at 3 min is that of a fully charged layer, note that
“true” binding energy shift for SiQ fragments is 3.0 for the 17 A oxide of Iwata and Ishizaka, charging was ob-
+0.2 eV. They counter other worker’s claims that chargingserved to build up over & 7 min period. The rate that charg-
does not occur i< 20-A-thick oxides by suggesting mecha- ing would have to occur can be further specified by examin-
nisms that might cause sample neutralization and by quesag the data in pangk) which shows three scans taking 10 s
tioning the ability of workers in the field to accurately mea- each at three different x-ray fluxes. No shift is seen as a
sure the thickness of their oxide films. The chemisorbedunction of x-ray flux and the shift observed for the 10 s
model systems presented in this article avoid controversiespectrum is identical to that seen for the 3—52 min spectra.
regarding thickness because a controlled amount of silicon Iwata and Ishizaka have suggested that the charging of
oxide, the HSigO,, cluster, forms a single layer on the crys- silicon oxide films may be neutralized by electrons given off
talline silicon surfacé?

The experimental data presented in Fig. 4 is the most
similar to the data of lwata and Ishizaka, and paiaglrep-

20
licates their experiment using our model interfat©ver a N
72 min irradiation period at 300 watts, no shift in the Si bulk f
or oxide core levels was observed. Although it is possible s
o 154 o
¥
=y
TABLE Il. Data for physisorbtion of §SigO;, on chemisorbed layef170 ~
eV corresponding to Fig. ¥. s 10 o
et 4
2
Ratio FWHM £
s Shiftof  HSIO, = o Run 1
Spectrum Dose (’C‘_“*) No. of layers  HSiO, feature - % a un
L -
No. (Torr/s) lnta (n+a) feature (x0.1eV) _g 5 o® ° Run 2
1 1.2 1.0 3.5 1.1 2 0o
2 7.9x10° 074 16 3.6 1.2 S [? 0 Run3
3 2.0x10°° 052 2.0 3.7 1.2 0 T T r r
4 4.0<10°° 0.30 2.7 3.9 1.2 e s Q o 3 P
5 731075  0.11 42 4.0 1.1 ] 8 8 8 =]
6 1.2x10°*%  0.055 5.1 4.1 1.1 @ ot e e e
7 1.8x10°* - 7.4 4.2 1.2 )
8 2.8<10°4 10.8 4.5 1.3 Exposure time (torr secs)
9 40104 - 15.¢° 4.9 1.6

FIG. 8. Exposure time vs number of cluster layens-(@) for three runs at
#These values are based on a linear extrapolation of data because the intef¥0 eV. Note that the data extrapolates-td layer at exposure time0 s
sity of the substrate peak was too small to measure. due to the presence of the prechemisorbed monolayer.
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16 the sense that for whatever specific mechanism is respon-
o sible, the Fermi level of their samples has indeed shifted.
However, the data presented in this article, in our other
publications**2and in the publications of many other work-
Run 2 ers in the field shows no evidence of Fermi level pinning and
depinning under the experimental conditions employed for
XPS studies. When Fermi level shifts have been observed,
o typically in relation to effects of hydrogen in the interface
10+ Region B region, it has been explicitly discuss&tdt*2
The best way to reconcile the data presented in this ar-
ticle with the work of Tao, Lu, Graham, and T&JLGT) is
not clear’® Both this work and that of TLGT strongly sup-
port the idea that initial state effects are not responsible for
6+ the observed BE shifts. In both sets of data, the oxygen and
silicon derived photoemission features are observed to shift
° in concert by equal amounts. However, the similarity ends at
44 & this point, although experimental differences may account
for some or all of the variation. For thicknesses under 20 A,
) TLGT employed samples prepared by HF etching whereas
<] 3 we usedn situ UHV oxidation, chemisorbtion, or physisorb-
oo tion of clusters. In addition, TLGT employed a low energy
electron gun to study the effects on the BE shift whereas we
focused on two independent, measurable indications of
charging, BE shift and FWHM. Comparison to any studies
involving electron flood guns are fraught with pitfalls and we
FIG. 9. Binding energy shift vs number of cluster layenst(«) for three can do no more than enumerate the potential problems. Pos-
runs at 170 eV. sible complications leading to peak shifts induced by elec-
tron flood guns include small amounts of sample damage
leading to Fermi level shifts and over-compensation leading
by the thin aluminum films used as filters in conventionalto a net negative charge buildup. The difference in conduc-
UHV X-ray Sourceg?‘ This source of stray electrons can be tiVity between the silicon oxide and the silicon makes it pos-
avoided, and surface sensitivity greatly enhanced, by using $ible to create a net negative charge on the oxide, shifting the
synchrotron light source. The data for thg3#0,, derived ~ oxide derived features to lower binding energies, with the
interface presented in Fig. 3 also shows no [Sicdre-level  bulk silicon feature remaining fixed. In this case, an apparent
shifts for the bulk or the oxide features as a function of timeneutralization of charging would be observed when, in fact, a
or photon energ¥? In summary, for two different spectrom- charging problem was being created.
eters utilizing very different sources and analyzers, no BE  Finster, Schulze, Bechstedt, and Meisel reported no
shifts or changes in FWHM are seen as a function of irradiacharging for oxide films as thick as 1500%AIn light of the
tion time (10 s to 72 min or x-ray flux for the HSi;O,, experiments reported since that time, including the data re-
interface modeling~3 layers of silicon oxide. ported in this article, it appears they should have observed
Upon the formation of thicker films of §$igO;, clusters, — charging for films over-30 A thick. This apparent discrep-
clear evidence of charging can be obserfed@he onset of ancy probably arises from the fact that they referenced their
the charging occurs at a thickness of approximately 5 clustespectra to adventitious carbon. If the magnitude of the charge
layers or about 30 A. Below this threshold thicknésgich  induced shift was similar for the carbon and the silicon ox-
may be somewhat different for thermal oxjd¢here is no ide, they would have had a difficult time separating these two
evidence for measurable charging. A key difference betweenffects. The work of Igbal, Bates, and AlléiBA) is also
the data presented in Figs. 5 and 7 and that presented Hijfficult to assess with respect to the charging isSual-
Iwata and Ishizaka is the behavior of the bulk silicon peakthough some samples would certainly have charged, no dis-
Iwata and Ishizaka observed the simultaneous shift of botleussion of this effect is given. However, all parameters used
bulk silicon and silicon oxide derived core levéldNote that  are ones that should be independent of charging. Although
in Figs. 5 and 7 only the oxide core levels are observed tdheir data seem to support charging as a concluSidhey
shift while the bulk silicon core levels remain fixed to within themselves did not make this interpretation, favoring an
0.05 eV. The approximately 0.4 eV shift for both the oxideinitial-state type argument. Note that the error attributed to
and bulk features is curio$,as noted by Iwata and Ish- random scatter for the Auger parameter by IBA is 0.4 eV,
izaka, because it corresponds to the shift typically seen upo®/3 of the magnitude of the entire final state stabilization
hydrogen annealing a Si/SjOGnterface containing a Fermi observed in this work. Thus, the effect observed by
level pinned byP,, centerst®?® Thus, they conclude that the Hollinger our data shown in Fig. 1, or that presented in
experimental conditions they are employing induce chargedrigs. 5 and 7 may be simply lost in the error associated with
centers causing band bending. Perhaps they are correct, @&ssigning a peak position to the broad Auger feature.

14+ ] Run 1
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12 4 [o] Run 3
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Calculated Number of Layers (n + o)
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To summarize, no indications of charging are observeds the final state effects are convoluted with initial state ef-
for the structurally homogeneous cluster-derived films forfects in giving the observed peak at 3.6 eV in the chemi-
thicknesses under 30 A. Although the binding energy of feasorbed layer. It is interesting to note that the 0.4 eV stabili-
ture 11l changes for the first 30 A as a function of film thick- zation observed in the 0-5 A range for the Si/Sifterface
ness, no concomitant change in the FWHM of the peak igFig. 1), and the 0.6 eV stabilization observed in the 6—-30 A
observed. For thicknesses greater than 30 A, the FWHM inrange (Fig. 7) for the model studies, sums to 1 eV total
creases dramatically, consistent with charging of the filmstabilization.

However, the charging process does not simultaneously
change th_e Fermi level position of the S|I|con_ substrate. Th(t The evolution of the FWHM in H  SigO;, films
data in this study do not support the conclusion that all sili-

con oxide films on become charged during XPS experiments. ~ Although we have demonstrated that the binding energy
of the HSIGQ, moieties shifts continuously as a function of

B. Binding energy shifts as a function of oxide distance from the interface in the 6-30 A range, we have
thickness also demonstrated that the FWHM of this peak remains ef-
) _ i ) ) fectively constant until the onset of sample charging. Upon
_Having eliminated charging from consideration, we CoN-firt consideration, these phenomena might appear to be in-
sider the possible physical origins of the 0.6 eV cumulative o mpatible with one another. This, however, is not the case
shift of the HSIQ peak in HSigO;, films over the 6-30 A owing to two circumstances, the large inherent width of the

range. The S5ig0y, clusters have full @ symmetry and  gi0, peak and the extreme surface sensitivity of the pho-
each HSIQ fragment has an identical environment in the \,emission experiments at these photon energies. The small-

free molecule. In condensed films, this symmetry will beggt F\WHM of the HSIQ peak, which may be obtained from
broken, but only by way of weak nonbonding intermolecuIarchemisorption or from physisorption of a monolayer
interactions between HSiOnoieties. A first-order picture of smalle) coverage, is 1.1 eV. The maximum possible peak

the packing in the condensed films can be obtained by consqadening due to the thickness dependent shift would occur
S|der|n9 the crylsgtal structure  of gHigO;, obtained at it the photoelectron escape lengths were infinite. In that case,
—178°C(Fig. 2.™ The closest point of approach between yq cenroid of the distribution of peaks would roughly cor-

packed clusters is 3.62 A, quite a large distance compared Véspond to the binding energy of species at the midpoint of

the Si—0 bond length of 1.62 A. This indicates that interap—the film. This peak would be homogeneously broadened by
tions between clusters are weak and should have a negligiblge contributions of other emitters at greater and lesser

effect on the XPS spectra. Those Wo.rkers in the field USianepths, giving contributions at 0.3 eV from this value. Ap-
the formal oxidation state based assignment scheme WOUHoximating this peak as a Gaussian, the resultant width
ignore even bond-mediated interactions between secong,,uid be given by FWHM (tota)={(1.1)%+ (0.6)2} /2
nearest neighbors*Thus they would certainly concur in _ 1 556\ Thus, even in this hypothetical case, this differ-

the insignificance of any through space interactions of thignce would just barely be measurable. In the actual situation,
sort. We ourselves have no experimental evidence for obyg ghort electron escape depth serves to suppress the contri-
servable initial state effects going beyond the second neighys tion from the deeper emitters, and to reduce the effect on

bor in any covalently bonded network. Consequently, Wene measured FWHM to completely negligible levels. This is
must conclude that this system is far too homogeneous fog, jicitly illustrated in Fig. 10. Here we plot a layer of thick-
there to be any measurable initial state contribution to the 0.§oqg G+a)=2.7 and the monolayer of chemisorbed

eV cumulative binding energy shift. Instead this shift musty, qj 5 . normalized to constant substrate Si intensity. The
be ascribed, in its entirety, to a decrease in core-hole stabg\yHm of the HSIQ, peak in the thicker spectrum is 1.15
lization by the substrate. As the film thickness increases, thgy, g piraction of these scaled spectra yields the resultant
emitters contributing to the spectrum will on average be situyitference spectrum in panéb), which corresponds to the
ated a greater distance from the substrz_ite, experi_enci_ng shotoemission spectrum of tha+ «) = 2.7 film without the
lessened degree of extra-atomic relaxation, resulting in &,n¢ripution of the initial chemisorbed monolayer. This spec-
shift of the HSIQ peak to higher binding energy. trum, naturally, consists of the HSi(eak alone, which has

The total magnitude of the shifting we observe for the, pywHm of 1.12, a value negligibly different from the origi-
HgSigO1, films, 0.6 eV over 30 A, is in reasonable qualitative nal spectrum, even though the two components to the full

agreement with two theoretical calculations of the magnitudgjjy, of (n+a)=2.7, the monolayer spectrum and the result-

of thig screening effect for thermal Si/SiOnterfaces. 4 spectrum in pandb), differ in average binding energy
Browning, Sobolewski, and Helnis as well as Pasquarello, by 0.4 eV.

Hybertson, and Caf have used purely classical image
charge calculations to arrive at values of approximately 1.0 o ) )

and 0.5 eV, respectively. Their calculations indicate that thid2: 'mplications for structural assignments in the

effect arises from a systematic decrease of substrate med?—terface region

ated core hole screening. In the classical picture, our results The effects of final state stabilization have been shown
should be very close to theirs, as the dielectric constant afo contribute 0.6 eV to the observed binding energy shift in
HgSigO,, films closely approximates that of the thermal ox- HgSigO;, films as the HSi@fragment's location in the inter-
ide. Of course, the model films do not allow a directly mea-face region is changed over the range from 6 to 3(Fi§s.
sure of the magnitude of the stabilization over the first 6 A,5 and 3. The magnitude of this effect is in rough quantita-
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x 1073 and group electronegativitif,as well as those applying the
Sma ' ; ' ' local density approximation to density function thedty?
4l have explicitly addressed this issue.
1.15 eV FWHM
3t VI. CONCLUSIONS
7] —- ——
5 2t In this article, we have described a series of experiments
8 il for a model system that very closely approximates a thin
thermal Si/SiQ interface, but is free of any significant struc-
ol tural inhomogeneities. We have shown that for thicknesses
under about-~30 A, core level photoemission spectra may,
13 % ) 2 0 > without undertaking any special precautions, be routinely ob-
%« 102 Binding Energy (eV) tained from these films without inducing sample charging.
5 5 r . : : . Under these charging-free conditions, the binding energy of
— \cag— 1.12 6V FWHM the HSIQ peak shifts continuously a total of 0.6 eV in the
Or 6—30 A thickness regime, entirely because of the film thick-
ness dependence of the image charge induced stabilization of
-5 L L L . .

-8

-6

-4 2 0

2

the core hole state. This final state stabilization mechanism is

a simple one which can be accurately described in purely
FIG. 10. Overlay of Si p, core-level spectra Nos. Inf-ra=1.0) and 4  classical electrostatic terms. In this regard, the model system
(n+a=2.7) from Fig. 7 and Table II. The effects of electron attenuation gnd thin films of SiQ on S{100 substrates are virtually
upon the oxide feature are highlighted to indicate why the FWHM of the. . . .
oxide feature does not increase as layer thickness increases. fentlcalf' t-lr;heb_ccg?sequences :otrh th;gterlfretg;tllons.c;fstge be-

avior of the binding energy of the eak in thin Si/Si

systems are clear. As illustrated in Fig. 1, and measured by
) . . many other workers, the variation of the binding energy of
tive agreement with that seen for Si/Siterfaces sgch aS the SiQ peak in the sub 30 A regime is virtually indistin-
the data presented as far back as 1981 by Holliider. g ishable from that exhibited by the modejSiO, films.
addition, it is important to note that the theoretical founda-\ye must therefore conclude that within experimental uncer-
tions provided to date for understanding this extra-atomiGainties. the observed BE shift of the SiPeak in thin ther-
relaxation are solely dependent on the bulk dielectric cony,41 oxide films 30 A) is also due in its entirety to the
stants of the materials, which are roughly similar, a”}%gé’ NOfmage charge induced final state stabilization mechanism. As
depend on the details of structure or even composition.  §iscyssed in the introduction, the shift of this peak has pre-
Therefore, the experimental data obtained on the magnitudgq sy been ascribed to sample charging, strain, and to vari-
of the effects of extra-atomic relaxation from the3#0:,  ys other sorts of initial state mechanisms invoking evolu-
films is directly applicable to Si/Sigxhermal oxide films of  {jons of the bonding geometry as a function of film thickness.
comparable thickness. To within the limits of the classical|, jight of the experimental evidence presented in this work,
analysis, all of the shifting of the SiOpeak for the first 5 gych attributions must be rejected. Once the substrate-

~30 A of film thickness can be ascribed to the position de{yqgjiated image charge screening contribution to the peak

pendent image charge stabilization mechanism. In the cons,otion has been properly subtracted out, there simply is not,

struction of structural rr_10_de_|s for thin thermal oxide films within our ablllty to measure it, any additional peak Shlftlng
based upon XPS data, it is important to take account of the hich requires explanation.

fact that this position dependent final-state-induced binding

energy shifting will be operative for all possible fragment
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