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The energy difference between the oxide and substrate $iezks for silicon oxide/Si structures
increases with the oxide thickness. The dependence of the energy shift on the oxide thickness almost
disappears with the deposition of a thin palladium overlayer, because of the avoidance of the surface
charging effect due to photoemission and because of the nearly constant energy shift resulting from
extra atomic relaxation. The true chemical shift of silicon oxide layers thicker than 2 nm is
determined to be-3.8 eV. For the thickness dependence of the oxide [BieBergy, the extra
atomic relaxation and charging effect are dominant for oxide layers thinnertamm and thicker

than ~4 nm, respectively. In the intermediate thickness region, both the effects are important.
© 1998 American Institute of PhysidsS0003-695(98)03133-7

The silicon oxide/Si structure is one of the most exten-dence of the final state screening energy on the oxide thick-
sively studied systems mainly because of its importance ttiess is also avoided.
metal—oxide—semiconductor devices. Photoelectron spec- Phosphorus-dopedn-type S{100 wafers with a
troscopy is often employed to elucidate the electronic struc== 102 cm resistivity were cleaned chemically. Silicon ox-
ture of thin silicon oxide layers. It is often reported that the'de layers of thicknesses ranging betweef and~10 nm
energy difference between the oxide and substrate gsi 2Were formed by heat treatments in dry oxygen. For some
peaks (Eg) increases with the oxide thicknes€.The fol- ~ SPECIMENS, a-3 nm thick Pd layer was deposited on the

. . e oxide surface.
lowing three effects may contribute to the shiftg:changes X-ray photoelectron spect&PS) were recorded using

in the chemical bonds(i.e., the initial Stateéfh?”@'e(“) a VG SCIENTIFIC ESCALAB 220i-XL spectrometer with a
changes in the extra atomic relaxation en réw.e.,_t_he monochromatized AK « radiation source. During the XPS
final state change and (iii) the charging effects of silicon measurements, the rear Si surface and the Pd film were

: cciB56 1 .
oxide layers due to photoemissidit® Grunthanemt al* at-  grounded, and photoelectrons were collected in the surface-
tributed the dependence AE g; on the oxide thickness to the normal direction.

changes in the iISO-Si bond angle on which the charge Figure 1 shows the XPS spectra in the $i gion for
transfer from silicon to oxygen depends, i.e., the larger thehe oxide-covered 8100 substrate withoufspectrum(a)]
bond angle, the larger the energy shift. Hollifgebserved
the energy separation between the $i feak and the Si - - - T
KLL Auger peak(i.e., the Auger parameteand attributed (a) without,Pd Si 2p
the thickness dependencediEg; to the variation in the extra : :
atomic relaxation energy. Zhanet al® reported that the
thickness dependence AEg; for oxide layers thinner than 3
nm is due to the change in the final state screening energy,
while the further energy shift for thicker oxide layers is due
to the charging issue. On the other hand, Iwata and Ishizaka
concluded that the change in oxide S 2nergy with oxide
thickness is due to the charging effect.

In the present study, the charging issue is avoided by . . . .
depositing a grounded thin palladiufRd) layer on the sili- 106 104 102 100 98
con oxide surface. By the deposition of Pd, the strong depen- Binding Energy (eV)

Intensity (Arb. Units)

FIG. 1. XPS spectra in the Sip2region for the oxide/$100) structure:(a)
¥Electronic mail: kobayashi@chem.es.osaka-u.ac.jp with no Pd overlayer; an¢b) with the Pd overlayer.

0003-6951/98/73(7)/933/3/$15.00 933 © 1998 American Institute of Physics

Downloaded 19 Dec 2012 to 128.148.252.35. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



934

5.0

AEsi (eV)

Appl. Phys. Lett., Vol. 73, No. 7, 17 August 1998

430.5 N
= L _
< 430.0F (c) 4
? .

o F .—“'0'“1"—0"—.—'—“ 1
w
<4205} .
429-0 1 1 1 1 1 1 1 1
0 5 10
Oxide Thickness (nm)
5100.0 = g -
s | @ |
q:') . - ... ® 2 L J oe
W 995 (o e8°8 *°° -
o /
o« - .
o
N
o 99.01 -
0 5 10
Oxide Thickness (nm)

FIG. 2. Energy difference between the oxide and substratep$i peaks
(AEg) [plots (a) and (b)], that between the Osland oxide Si s, peaks
(AEq_g) [plot (c)], and binding energy of the substrate $i;2 peak[plot
(d)] as a function of the oxide thickness), (c), and(d) with no Pd over-
layer; and(b) with the Pd overlayer.
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FIG. 3. Band diagrams for the oxide/Si structure under x-ray irradiat@n:
with no Pd overlayer(b) with a Pd overlayer(c) shows the image charge
potential for the extra atomic final state relaxation.

increased almost linearly witd,, [plot (a)]. On the other
hand, AEq_g; was nearly constarplot (c)]. The constant
AEq_g indicates thatAEg; is not due to a change in the
initial bonding states. The substrate Si;2 peak showed
small higher energy shifts with the oxide thickness in the
thickness range below-2.5 nm and for the thicker oxide
layers, the energy became consthpibt (d)]. With the Pd
overlayer,AEg; increased only slightly with the oxide thick-
ness[plot (b)].

Figure 3 shows the expected band diagrams for the sili-
con oxide/Si structures under x-ray irradiation withkig.
3(a)] and with[Fig. 3b)] a Pd overlayer. In the absence of
the Pd overlayer, positive chargeQd) are accumulated on
the oxide surface due to photoemission. Holes in the oxide
valence band can easily transfer to the Si. Holes are likely to
be trapped in the gap states present at the oxide surface, i.e.,
surface states probably arising from unsatisfied bonds.
Counter negative charges are induced in the Si surface re-
gion, causing a downward band bending in Si. Due to the
oxide surface chargeQg), a downward potential drop is
induced across the oxide layer with the magnitude given by

AV = Qs/Cox=Qslox/ €y, (1)

whereC,, is the capacitance of the oxide layer, ahg and
€,y are the thickness and the permittivity of the oxide layer,

and with[spectrum(b)] a Pd overlayer. The doublet peaks respectivelyAV,, leads to a higher energy shift of the oxide
are due to the Si 2y, and 24, levels of the substrate and Si 2p peak with respect to the substrate $i geak AEg).
the broad peak is due to the oxide layer. The deposition of &V, can be calculated easily froEg; as described below.
Pd overlayer caused the oxide peak to be shifted greatly ank the calculation, it is assumed that the potentl in the
the substrate peaks slightly in the lower energy direction. oxide layer changes linearly with the distanog from the
Figure 2 shows the energy difference between the oxidéxide surfacecf. Fig. 3@)]:
and substrate Sif, peaks AEg) [plots (a) and(b)], that
between the O 4 and oxide Si P4, peaks AEq_g) [plot
(0)], and the energy of the substrate $i;2 peak|plot (d)]
as a function of the oxide thickness. The energy of the oxide
Si 2p3), level was determined by the curve resolution of theThis assumption is valid in cases where all photogenerated
broad oxide peakcf. Fig. 1). With no Pd overlayerAEg;
increased rapidly with the oxide thickness,f) when dy
was below~2.5 nm and for the thicker oxide layerAEg;

E= AV ,x/dgy. )

holes are present at the oxide surface, due to a very low
gap state density in the oxide bulk. In this case, the oxide Si
2psp, intensity (1) as a function of energg is given by
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€AV, [{ — Exdox) the effect$ are shown by the solid line in Fig(&, and it is
e
0

eAV A seen that the observed plot in the whole thickness region is
well represented by the calculation.
—(E—Ep—E,)? In the calculation of the energy shift due to the charging,
exp[ T] }dEx’ (3 the amount of the oxide surface charg®d is assumed to
) ) ) ) be independent of the oxide thickness. The unchanged sub-
where E, is the energy at the intensity maximum of the gyrate Si 3 energy withd,, in the thickness range larger
oxide Si 203/, peak,\ is the photoelectron mean-free path in yngn~2.5 nm[Fig. 2d)] indicates a consta®s. The small
the.oxide layerWis a con.stgnt related to the peak width, andenergy shift of the substrate Spg, peak in the thickness
C, is a constant. By deviating E(B), AEg; caused bYAVoy  region below~ 2.5 nm is caused by a decrease in the counter
can be estimated. From this calculation, the following simplenegaﬁ\,e charge ofs due to an increase in the tunneling
relation is obtained: probability of Qs through the oxide layel* The decrease in
AEg=C(dg)AVoy, (4) Qs results in a decrease iV, and thus in a decrease in
E

X

. . AEs;.

where C(doy) is a constant_whmh was found t_o depend |y the presence of the Pd overlayer, on the other hand,
weakly ondo, [i.e., C(2.5 nm)=0.58 andC(10 nm)=0.76]. ¢ nhotogenerated holes are screened by the electrons in the
_ The thickness dependence bEs; caused by the charg- py |ayer. Since the oxide/Pd interface is present above the
ing effect is shown by the dotted line in Figlal Itis seen  ,iqe [ayer, the energy shift of the oxide Sp peak due to

that the experimental plots in the thickness range larger thaghe extra atomic screening effect becomes much smaller than
~4 nm Is well _represented by the charging gffect.. From thehat in the absence of the Pd layer, as is evident from the
plot in this region, the surface charge densi@s] is esti-  cajculated curve shown by the solid line in FighR Due to
mated to be~1x10' cm ~. the avoidance of the charging effect and the nearly constant

In the presence of the Pd overlayer, charging due Q5 atomic screening energyEs; depends only weakly on
photoemission does not occur. However, because of the dift,o oxide thickness.

ference in the work function betweenSi and Pd, electron
transfer fromn-Si to Pd occurs, resulting in the upward band;
bending inn-Si [cf. Fig. 3b)], thus shifting the substrate Si
2p peak toward a lower energgf. Fig. 1). Because of the
low depletion layer charge density-6x 10'* cm™2 for the

10 O cm Si, the potential drop across the oxide layer is
calculated to be negligibly smalli.e., less than scores of ten

Zhanget al® simulated the Sig¥Si system by deposit-
ng SigHgO;, clusters on the $100 surface, by which they
avoided a change in the initial bonding state. From measure-
ments of the x-ray exposure time dependence, x-ray flux de-
pendence, and incident photon energy dependence of the ox-
ide and substrate SifRenergies, they concluded that the
-~ X shift of the oxide Si  peak by 0.6 eV caused by changing
millivolts), leading to the smalleAEs;. S the oxide thickness from 0.6 to 3 nm is due to a change in the

In the absence of the Pd overlayer, the oxide Bifak  oyyra atomic relaxation energy, while the further shift for

is also shifted by a change in the energy of the extra atomigyicyer oxide is due to the charging effect. The present result
screening of photogenerated hole states by the Si SUbStratzfgrees well with their result.

which is in approximat_ely inverse propo_rtion tq the di;tance In summary, the dependence of the energy difference
from théa OX|de/S|_ m'Ferface assuming simple imagepaiween the oxide and substrate $i peaks AEg) on the
Chargesl’ as sho_wn_m Fig. @). In this case, the photoelec- g thicknessd,,) is well represented by the charging and
tron intensity(l) is given by screening effects, showing that the initial bonding states do
—A2dgy F{ A ) not depend om,,.
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