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Valence-band offset variation induced by the interface dipole at the Sig@Si(111) interface

K. Hirose*
Institute of Space and Astronautical Science, 3-1-1 Yoshinodai, Sagamihara, Kanagawa 229-8510, Japan

K. Sakano, H. Nohira, and T. Hattori
Musashi Institute of Technology, 1-28-1 Tamazutumi, Setagaya, Tokyo 158-8557, Japan

(Received 11 April 2001; published 27 September 2001

X-ray photoelectron spectroscopic evaluation of the ,38®111) interface reveals that the valence-band
offset differs by about 0.19 eV between two types of atomic structures that contain Si atoms in different
intermediate-oxidation states. The difference in the valence-band offset is reproduced by a first-principles
molecular orbital calculation for model clustdSi;;O0,H3s and Si;O3H4g) of the two interface structures. It is
concluded that the valence-band offset at the interface with more Si atoms ir- tbei@ation state than in the
1+ oxidation state is larger than the valence-band offset at the interface with more Si atoms it the 1
oxidation state. This is thought to be a result of the depolarization effect making the interface dipole smaller at
the interface with more Si atoms in the-3oxidation state.

DOI: 10.1103/PhysRevB.64.155325 PACS nuntder73.90:+f, 77.90+k, 61.18—j, 68.35—p

[. INTRODUCTION firmed, with better energy resolution, that the valence-band
offsets of the Si@/Si(100 and SiQ/Si(11]) interfaces are

The atomic structure in the vicinity of the Sj¢®i inter-  different and did so using a device-proven oxidation pro-
face has recently become a fundamental issue because tbess: for oxide thicknesses between 0.8 and 1.2 nm, they
current device technology demands a dramatic reduction inbtained a valence-band offset of 4.35 eV for the
the size of metal-oxide semiconductor field-effect transistorsSiO,/Si(100) interface and of 4.54 eV for the SjBi(111)
(MOSFET’'S: a reduction that results in gate oxide films interface'® They speculated that the difference is due to the
only 1 nm thick, corresponding to three layers of SiO different orientation of the interface bond relative to the sur-
molecules- The only way the atomic structure of such ultra- face normal, since the interface dipole induced by the inter-
thin interfaces can be characterized is by using x-ray photoface bond would contribute to the valence-band offset. On
electron spectroscopXPS) and theoretical studies based on the other hand, Nohira and Hattori demonstrated that the
first principles. These techniques have recently been used t@lence-band offset at the Si(3i(111) interface changes pe-
evaluate the Si-O-Si bond angle, Si-O bond length, carrieriodically during the progress of layer-by-layer oxidatidn.
traps, and intermediate-oxide stafe&* They thought that this periodic change is caused by a peri-

Another aspect of great interest is the valence-band offsaidic change in the orientation of the interface bond. But if
at the interface because this offset determines the electricéthe charge transfer across the interface is estimated from the
properties of the MOSFET's. More than 30 years ago, Will-electronegativity difference between silicon and oxygen at-
iams determined the energy band diagram of the,f80 oms, the interface dipole derived from the product of the
interface by measuring internal photoemissidiThis tech-  surface charge density calculated from the charge transfer
nique, however, cannot be used to evaluate the valence-baadd the interplanar distance is the same for the interfaces
offset at an ultrathin SiQ/Si interface because the properties whose interface bonds have different orientations.
of such an interface can be altered by the processes involved This paper describes our study using XPS and a first-
in preparing samples and because the measured photoemjginciple molecular orbital (MO) calculation for
sion is affected by the tunneling current flowing through theSiO,/Si(111) model clusters—%jO4H3 and Si{;OsHz5—t0
SiO, layer. Grunthaner and Grunthaner therefore measuredarify the correlation between the valence-band offset and
the valence-band spectra of an ultrathin 8i8€X111) inter-  the atomic structure at the interface. We conclude that the
face by using XPS and found the valence-band offset to bgalence-band offset at the interface containing Si atoms in
4.5 eV while Himpsel et al. measured the valence-band the 3+ oxidation state is larger than that at the interface
spectrum of an ultrathin SK3Si(100) interface by using containing Si atoms in the-l oxidation state because the
synchrotron-radiation photoemission spectroscopy and foundepolarization effect makes the interface dipole smaller at
the valence-band offset to be 4.3 ¥V, the former interface.

The valence-band offset has recently been found to de-
pend on the atomic structure at the $ISi interface. Alay
and Hirose used high-resolution XPS to evaluate the
valence-band offsets at ultrathin SiSi interfaces and Silicon substrates were oxidized in an extremely uniform
found that for oxide thicknesses ranging from 1.6 to 4.4 nmway by using procedures we have described elsewtief@.
the valence-band offset for the SiSi(100) interface is Briefly, after SiQ layers 200 nm thick were formed on
4.43-4.49 eV and the valence-band offset for then-type Si{111) substrates (resistivity10—20Q cm) in dry
Si0,/Si(111) interface is only 4.36 eV Keisteret al. con- O, at 1000 °C and then removed by hydrofluoric acid, the
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surfaces were rinsed in 40% NH solution. The SiL11) sur- a)
faces thus prepared were terminated with hydrogen atoms
and were atomically flat. Their reflection high-energy elec-
tron diffraction (RHEED) pattern showed clearX1 struc-
ture. The Si substrates were loaded into an oxidation cham-
ber connected to an XPS chamber. Heating the hydrogen-
terminated Si surfaces with an infrared light under 4 torr dry
oxygen at 300 °C for 360 min formed a preoxide layer 0.5
nm thick without breaking the surface H-Si bonds. Si&y-

ers with thicknesses ranging from 0.58 to 1.80 nm were then
formed by oxidizing the substrate at temperature between
600 and 850 °C under dry oxygen at 1 torr.

The samples were studied by high-resolution X{38i- b)
enta ESCA-300 The valence-band spectrum and $i2
core-level spectrum were measured at a photoelectron take-
off angle of 15° by using a monochromatic M« x-ray
source. The energy resolution of the XPS measurements was
0.39 eV. We measured a difference between valence-band
spectra for two Sig¥Si(111) samples with different oxide
thicknesses so that we could subtract the valence-band spec-
trum of the Si substrate. From this analysis could be obtained
the valence-band spectrum of Sidyers between two cer-
tain distances from the Si surface.

The electronic structures for the SiSi(111) interface
were calculated using a first-principles MO method. We used
the Hartree-Fock-Slater method using the discrete variational
(DV) Xa code?! Molecular orbitals were constructed by lin-  FIG. 1. SiGQ/Si(11]) interface models: (a) Siy7O0,Hzs cluster
ear combination of atomic orbitalt CAO) that were gener- representing the &i interface andb) Si;;O3H34 Cluster represent-
ated numerically and the basis functions of Si, O, and H werdd the St* interface.
1s-3d for Si, 1s-3d for O, and Xk-2p for H. The S};O4H3¢
and Sj;O3Hzg clusters shown in Fig. 1 were used to repre-two molecular layers of Si© In addition, it is found that the
sent the SiQ/Si(11)) interface structures. The 36 hydrogen total of these areal densities of the intermediate oxidation
atoms were arranged so as to terminate the dangling bonds states is constant and equivalent to that calculated for an
the surrounding 12 silicon atoms. We used the constant inabrupt interface. These findings confirm that, as reported
teratomic distances of 0.162 nm for Si and O and 0.148 nnearlier’® the interface structure changes periodically as oxi-
for Si and H, which are in consistent with those used in Refsdation progress. Here we pay special attention to the inter-
22 and 23. In addition, we used a bond angle of 180 ° for the
Si-O-Si angle after Ref. 24. The cluster model with four
oxygen atoms represents the interface which contains Si at-
oms in the ¥ oxidation statéSi*™ atoms, while the cluster
model with three oxygen atoms represents the interface
which contains Si atoms in thet3oxidation statgSi*" at-
oms. We hereafter call these interfaces thé'Sinterface
and the Si" interface.

Ill. RESULTS AND DISCUSSION 5’_2 5 -
@© o 1+
After removing the total backgrourfdthe observed Sig E 4 r 0 ° % OOQ’OSI
. . . o —~ o o¥ee) f X
core-level spectrum is decomposed infm; 2 and 20,3 Spin- %3 | Si*max
orbit partner lines. In this decomposition we assumed that 2o 0 Du”;‘fr‘:
the spin-orbit splitting of the Si photoelectron spectrum is 2 g2 r o EFISP‘maxDD
0.60 eV with a branching ratio of 0.5. We also assumed that = by patns, % S
the intermediate oxidation states weré'SiS¥*, and St* g 1 By
as defined by Himpseit al}* The areal densities of the'Sj 8 o : : il

Si?*, and S¥* atoms are shown as a function of oxide thick- 0.0 05 10 15 20
ness in Fig. 2, where it is clear that with increasing thickness
the areal densities of the '$i and SP* atoms change
periodically—with a period of about 0.7 nm—in opposite  FIG. 2. Areal densities of intermediate-oxidation states
directions. The 0.7-nm period corresponds to the thickness afsi*™,S?",SE") at the SiQ/Si(111) interface.

Oxide film thickness (nm)
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FIG. 3. Photoelectron spectra of the valence-band region for the  F|G, 4. Photoelectron spectra of the valence-band region for the
Si** interfaces with different oxide thicknessesta) 1.30 nm and g+ interfaces with different oxide thicknessesta) 1.70 nm and
(b) 1.21 nm. The spectrum ifr) is the difference between those in () 1,59 nm. The spectrum ift) is the difference between those in
(@ and (b). (@ and(b).

face structures of the SpZBi(111) samples whose oxide

; ; ; 13,15,16 .
thicknesses were 1.21-1.30 and 1.59-1.70(imaicated in the SIQ/Si(11] interface. Note that the valence-band

. - offset at the Si' interface is 0.19 eV larger than that at the
Fig. 2 by arrows Ia_beled Simax and Si r_nax). The_former Stil+ interface. This difference is consistent with the values
samples have the interface structure which contains the most _ . : .

ranging from 0.12 to 0.20 eV we obtained in a separate

Si** atoms, while the latter samples have the interface struc- . 17,26
ture which contains the most'$iatoms. exEl)_erlmeT ’ h lidity of lust del |
Figures 3a) and 3b) show the valence-band spectra for a 0 evaluate the validity of our cluster models, we calcu-

. : . . . lated the core-level shifts of the Sp2core level at the
SiO,/Si(111) sample with 1.30-nm-thick oxide and for a . . . . .
Si0,/Si(111) sample with 1.21-nm-thick oxide, respectively. Si0,/Si(11]) interfaces. We obtained the SyZore level of

Th ) ,
Figure 3c¢) shows the spectrum obtained by subtracting thethe SE" atom in the Sj;0;H cluster model and of the 5i

one shown in Fig. @) from the one shown in Fig.(8) in atom in the Sj;03H3¢ cluster model. We took as a reference

order to eliminate the valence-band spectrum of the Si su the Si2p core level of the Si atoms in the bulk Si, i.e., the Si

strate. Thus the valence-band spectrum shown in Fig. 3 atoms in the second Si layer in each cluster. ThepSi@re-

represents the valence band of the oxide surface in Ia?vel shifts, shown in Fig. 5 as a function of oxidation state,

SiO,/Si(111) sample with the average oxide thick- are very close to those obtained by Pasquaretlal. (also

ness: namely, 1.26 nm. Assuming that the top of theolotted in Fig. 5, who used the pseudopotential method

valence-band is obtained by fitting the Iower-binding-energy.rather than the total electron method we used. The agreement

part of the spectrum with a straight line, we define the'S not surprising, since the shifts calculated using the two

valence-band offset at the3Siinterface as the energy differ- methods are the same when the shift is sifflIn addition,

. the values of the shifts obtained by Pasquaretlal. agreed
ence between the tops of the valence bands of the oxide . . .

i well with experimental values when core-hole relaxation ef-
surface and the Si substrate.

We measured the valence-band offset for the,&8@111) fects were taken into accoufitThe cluster models we used

; e i
interfaces corresponding to the!Siinterface similarly. Fig- ]Eggéifore seem to be appropriate for thé'Sind SP* inter

ures 4a) and 4b) show the valence-band spectra for a Wé also calculated the valence-band offset by using a
i?nrt]tﬁliilxv gz(}J?é@?;?;&';?x'pﬁgeﬁgg)fgﬂgvffmgl2¥2Trﬁ}gg'mem°d often used for determining the valence-band offset at
obtained by su,btracting the.one shown in Figh)4rom the 2;;%2%2”?322%29’30'0‘5 shown in Fig. 6, the valence-band
one shown in Fig. @). It thus represents the valence band of 9 y

the oxide surface in a sample with the average thick- _ )
ness: namely, 1.65 nm. And we again define the valence- TABLE I. Valence-band offset at the Si and St' interfaces
band offset at the &i interface as the energy difference 2nd the difference between them.

between the tops of the valence bands of the oxide surface

and the Si substrate. The results obtained from Figs. 3 and 4 ABv (&V) SAEy (&V)
are summarized in Table I: the valence-band offsEt, is Sit* max 4.42+0.01
4.42 eV at the Si" interface and 4.61 eV at theSiinter- SB* max 4.610.01 0.19-0.01

face. These values are close to those others have reported fer
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< o0 TABLE II. Differences between the valence-band offsets at the
% Sit* and St interfaces deduced from analysis of each core-level
£ 05 ) energy.
5 10t o
S - o Si 2p Si 2s Sils Ave.
o 15T .
§ 20 L S AEy (eV) 0.23 0.23 0.18 0.21
s 2
S 25 . . .
0 1 2 3 4 Si** interfaces deduced from analysis of each core-level en-
Oxidation states ergy are summarized in Table Il. The valence-band offset at

. o . the SP* interface is 0.18—0.23 eVaverage 0.21 eMarger
FIG. _5. Relation _betv\_/een OXIdatIOI_’I state and the (5i@re-  han that at the &i interface due to the change XE g, or
level shifts at the SigVSi(111) model interfaces: present work (e jnterface dipole. This result is in good agreement with the
(solid circlg and Ref. 24(open circlg. experimental results as shown in Table I, although the abso-
) ] lute values are hard to compare because the interface that
AEy=Ey.sizp(S) + AEsizp— Ev.sizp(SIOy), ) contains the most 3i atoms also contains some'Siatoms
whereAEsg;, (influenced by the interface dipolés the en- aqd the mterffce that contains the moéf*satoms also con-
ergy difference between the Sp2energies in Si and SiO j[alns someSl atoms. On the other hand, the influence of an
[ = Esizp(S)— Esizp(SIO)], and Ev-sizp(Si) and !nterface dllpole on th.e val'ence—band offset at 2&_381111)
Ev.si2p(SiOy) are the Sid energies with respect to the tops interfaces is quan'qtatlvely in good agreegqent with what has
of the valence bands in Si and SiCSo we can obtain the P€en found experimentally by Perfeéi al.”* They demon-

difference between the valence-band offsets at the two integtrated that the valence-band offset can be modified as much
faces as as 0.25-0.5 eV by inserting an interlayef atoms such as H

or Cs atoms They explained the dramatic changes by con-
SAEy=SAEgp,. 2) sidering an additional interface dipole induced by the inter-
) ) layer. More evidence for the influence of the interface dipole
We used constant values f&f.si,(Si) and Ey.si2p(SiO2),  was later reported by Ohret al3? They studied the effect of
supposing that these values depend only on the bulk propefmpurities on the valence-band offset at SISi(100) inter-
ties of SiGy and Si and are independent of the interface strucfaces and found that impurities such as hydrogen or nitrogen
ture. This approximation is reasonable, since even when agtoms increase the valence-band offset by 0.2—0.6 eV. They
ultrathin SiG/Si(100) structure undergoes a thermal relax- thought that the effects of impurities were due to a reduction
ation only 20% of the change in the valence-band offset isy the strength of interface dipoles. Our calculated change in
due to the change iBy.si»(Si) andEy.sipp(Si0,).° Thus We  the valence-band offset is in good agreement with these re-
used the same parametdrsg., Si-O bond length and Si- ports, so we conclude from the results of our first-principles
O-Si bond anglefor the two cluster models and obtained calculation that the difference between the valence-band off-
almost the same Mulliken charges for the oxygen atoms et at the Si* and S?* interfaces is due to the different
SiO,, which results in constant values Bf,.sj,,(SiO,) for interface dipoles there.
the two models. We also used the same parametets, To find the reason for the different interface dipoles at the
Si-Si bond length and Si-Si-Si bond anpfer the two clus-  two interfaces, we used a simple condenser model. Figure 7
ter models and obtained almost the same Mulliken chargeshows condensers that model thé™Sand S$* interfaces.
for silicon atoms in Sl, which results in constant values OfThe Corresponding interface d|p0|e is calculated from the
Ev.sizp(Si) for the two models. The same procedures weresyrface charge density for each plareyg. ,oss:), the in-
also used to evaluate the S And Si % core levels, and the terp]anar distar‘]cecxgi:lJr !dSi3+)! and the averagesevg of
differences between the valence-band offsets of the &id  the Si and Si@dielectric constants. We used interplanar dis-
tances of 0.324 nm for the Si interface and 0.108 nm for
Si | SiO, the SP* interface. The surface charge density was obtained
Ec from the calculated charge transfer between the, &i@l Si
sides of the clusters—that is, from the difference between the
sums of Mulliken charges for the atoms in the gi@hd Si
sides of each cluster. The calculated interface dipoles are
T Ev 3.99 eV for the Si" interface and 3.76 eV for the Biin-
Ev-sizp(Si) terface, or the interface dipole at the*Siinterface is 6%
T i smaller than that at the Si interface.
Ev-sizp(Si0,) The effective moment of a dipole close to other dipoles at
¢AESi2p an interface is smaller than that of an isolated dipole, and this
Y Esi2p(Si0,) “depolarization effect” is caused by mutual energy between
dipoles. We estimated the strength of this effect by using the
classical model of Krueger and Monch, who explained a
FIG. 6. Energy band diagram of the Si3i(111) interface. work function difference by attributing it to a surface dipole

AEv

Esizp(Si) =X
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a) the SP* interface. This five-percentage-points larger depolar-
ization effect at the 8 interface is in good agreement with
the difference we calculated from first principles. Therefore
we conclude that the valence-band offset is larger at tfie Si
interface than at the Si interface because the depolarization
effect makes the interface dipole smaller at th&' Siter-
face.

d Sl1¢=
0.324 nm
*+O0sire IV. SUMMARY

High-resolution XPS measurements of uniform ultrathin
layers of SiQ formed by oxidizing Sil1l) substrates re-
vealed that the valence-band offset differs by 0.19 eV be-
tween interfaces with different atomic structures. The differ-
ence in the valence-band offset was reproduced by a first-
principles molecular orbital calculation for model clusters
(Si;704H36 and Sj;03H3e) of the two interface structures. It
was concluded that the valence-band offset at the interface
with more Si atoms in the-8 oxidation state than in the1
oxidation state is larger than the valence-band offset at the
interface with more Si atoms in thetloxidation state. This
was thought to be a result of the depolarization effect making
the interface dipole smaller at the interface with more Si
atoms in the 3- oxidation state.
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