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The requirement for highK dielectrics for Si devices includes both a low interface state density and
a band alignment that blocks both electrons and holes. Titanium dioxide materials are known to
exhibit dielectric constants of 80 or higher depending on the crystal structure and, as such, are prime
candidates for gate dielectrics. We employ an ultrathin layer of SiO2 prior to the formation of a Ti
oxide to limit the density of defect states. The electronic structure is observed during the stepwise
growth of the oxide using x-ray and ultraviolet photoemission spectroscopy. Measurements indicate
Ti oxide states at approximately 2 eV below the Si valence band maximum suggesting that the TiO2

conduction band aligns with the Si conduction band. The results indicate nearly flat bands in the
silicon consistent with a low interface state density. ©2002 American Vacuum Society.
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I. INTRODUCTION

With the ever shrinking dimensions of integrated devic
and the desire for every possible reduction in switching tim
the use of SiO2 as a gate oxide is being pushed to its limi
To increase the sheet charge density in the channel, the
pacitance must be increased. For a given material thi
typically achieved by reducing the thickness of the gate
electric. As the gate dielectric thickness is reduced belo
nm, direct tunneling between the gate and channel beco
significant, leading to increased power consumption. One
lution is to employ a highK material, allowing increased
capacitance with thicker layers, thereby reducing the tun
ing current characteristics.

The gate dielectric should have a low interface state d
sity, a low number of trapped charges, and a band alignm
that presents an effective barrier to both electrons and ho
For instance, with a band gap of;8.9 eV, SiO2 exhibits
type I band alignment with Si, with a valence band offset
4.5 eV and a conduction band offset of 3.3 eV.1 Transition
metal oxides are known to exhibit dielectric constants mu
higher than that of SiO2 , but the reactivity of the transition
metals leads to an interface with a high density of interfa
states. One alternative is to employ an ultrathin layer of S2

as a buffer between the transition metal oxide and the S
suggested by Campbellet al.2 and Smithet al.3

Titanium dioxide has potentially useful characteristics
a gate dielectric. Rutile TiO2 displays a dielectric constant o
80 and a band gap of 3.1 eV. For thin TiO2 films, the dielec-
tric constant has been measured to be between 8 and 70~Ref.
4! with a band gap in the range of 3.0 to 4.9 eV, depend
on phase and preparation technique.4,5

The electronic properties of TiO2 films grown on Si were
studied starting with a thin SiO2 layer on Si~100!, then de-
positing and oxidizing Ti metal films in a stepwise fashio
Electronic states are explored with x-ray and ultraviolet p
toemission spectroscopy~XPS and UPS!. From these mea
surements we construct schematic diagrams of the inter
band structure evolution, tracing development from the o
dized Si through the formation of a mostly TiO2 film.
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II. EXPERIMENTAL PROCEDURES

The experiments presented here are accomplished in
integrated ultrahigh vacuum~UHV! system with intercon-
nected but compartmentalized surface processing, film de
sition, and surface characterization systems. The system
volves a linear UHV transfer chamber that is;13 m long
and interconnects 13 different process and characteriza
systems. In this study, the following techniques are e
ployed: remote plasma enhanced oxidation, electron be
evaporation for Ti metal, Auger electron spectroscopy~AES!
for chemical analysis, x-ray photoelectron spectrosco
~XPS! for core levels, and ultraviolet photoelectron spectro
copy ~UPS! for valence band spectra.

All of the studied structures are grown on 25 mmn-type
silicon wafers oriented~100! and doped to 431016 donors
per cm2. Prior to loading into UHV, wafers are cleaned usin
a JT Baker 100 chemical dip for 15 min at room temperatu
followed by 1 min of rinsing in deionized water. After trans
fer into UHV, the surfaces are characterized by AES th
further cleaned by a 30 s exposure to remotely excited o
gen plasma. The remote plasma process effectively remo
hydrocarbons and passivates the Si surface with a thin la
of SiO2 , as shown by Yasudaet al.6

The O2 plasma clean and subsequent oxidations are
ried out in a remote plasma enhanced chemical vapor de
sition ~RPECVD! chamber with base pressure of
31029 Torr. Plasma exposures take place under the follo
ing conditions: 300 °C wafer surface temperature, 60 mT
partial pressure of oxygen, gas flow 10 standard cubic ce
meters per minute~sccm! O2, and 50 sccm helium with 20
W rf power exciting the plasma. Plasma treatments dif
only in exposure time, 30 s for cleaning and 30 s for each
nm of titanium that is to be oxidized. The cleaned wafer
studied again by AES, as well as by XPS and UPS. T
gives a baseline for comparing the Ti and TiO2 thin films.

X-ray characterization is performed at a pressure o
31029 Torr using the 1253.6 eV MgKa line from a Fisons
XR3 dual anode source and a Fisons Clam II analyzer o
ated at 0.1 eV resolution. Observation ‘‘windows’’ are s
17262Õ20„4…Õ1726Õ6Õ$19.00 ©2002 American Vacuum Society
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1727 Fulton, Lucovsky, and Nemanich: Electronic states at the interface of Ti–Si oxide 1727
around the Si 2p, O 1s, and Ti 2p binding energies to allow
observation of the core level shifts. Ultraviolet photoem
sion spectra are obtained using the HeI line at 21.2 eV in a
chamber with base pressure 3310210 Torr. The VSW 50
mm mean radius hemispherical analyzer and VSW HAC3
give an electron energy resolution of 0.15 eV. A negat
4.00 V bias is applied to the substrate to overcome the a
lyzer work function.

Titanium metal is deposited by electron beam evapora
with a Sycon Instruments STM-100 crystal rate/thickne
monitor providing thickness measurements. The deposi
chamber is equipped with a shutter allowing a stable de
sition rate to be established~by averaging total accumulate
thickness over 1 min!, then opening the shutter for the pr
scribed duration.

Metal films are deposited in steps of 0.2, 0.2, 0.4, and
nm ~for a total deposition of 1.6 nm!. Oxidation times are
varied proportionally: 30, 30, 60, and 120 s for the respec
metal film thickness.

III. RESULTS

The experimental process involves the formation of a t
oxide layer on Si~100!, followed by the sequential depositio
of Ti and low temperature plasma oxidation. The results
XPS and UPS spectra of the various steps are shown in F
1–5.

The development of the Si 2p core level is displayed in
Fig. 1. The scan of the oxidized surface shows peaks at
and 103.7 eV that are attributed to the bulk Si near the in
face and the oxidized Si in the SiO2 , respectively. Shifts in

FIG. 1. Silicon 2p core levels for the prepared surface, initial metal film, a
titanium oxides. The sequence runs top to bottom and the labels indicat
total film thickness deposited on SiO2 . The bulk Si~right! is shown to move
away from flat band energy and slowly return as the total oxide thickn
increases. Whereas bound Si~left! displays an overall chemical shift~3.2 nm
TiO2! as well as smaller shifts due to the intermediate Ti silicate in wh
the SiO2 layer on the wafer is converted into a Ti silicate alloy.
JVST B - Microelectronics and Nanometer Structures
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the bulk Si feature are attributed to band bending in the
substrate. An important point is the position of the final st
of the bulk Si 2p core level; it is essentially unchanged fro
the original value. Small shifts are observed first to high
binding energy (;0.2 eV) after the deposition of the T
layer, then to lower binding energies after oxidation.

The initial silicon dioxide thickness can be calculated
comparing the relative XPS intensities of the Si and Si2

peaks.7 Silicon dioxide thickness is given bytox

5lSiO2
ln$@(1/b)(I SiO2

exp /ISi
exp)#11% for x rays of normal inci-

dence, wherelSiO2
is the attenuation length of the Si 2p

photoelectrons in SiO2 , b5(I SiO2

` /I Si
` ) is the Si 2p intensity

from ‘‘thick’’ ( .30 nm) SiO2 and Si, respectively, and
I SiO2

exp /ISi
exp is the ratio of Si and SiO2 intensities from the un-

known film. We takelSiO2
to be 2.760.02 nm, an average

from four references~8–11! and b to be 0.83.7 With these
values and the measured ratio of Si intensities~see first plot
of Fig. 1!, we calculate that the initial prepared surface ha
1.060.1 nm film of SiO2 on the Si wafer.

The oxide related Si 2p core level shift is significantly
larger than that of its bulk Si counterpart. Initially, the oxid
peak shifts to higher binding energy by 0.35 eV, compared
a shift of 0.15 eV for the bulk Si peak. After oxidation the
is a shift to ;1 eV below the initial SiO2 binding energy.
Small shifts are observed with further Ti deposition and o
dation which track the shifts of the bulk Si peak. The a
proximately 1 eV changes in the relative binding energy
the oxide shifted feature are consistent with Ti silicate f
mation, i.e., the complete conversion of the interfacial Si2

to a Ti silicate alloy, (TiO2)x(SiO2)12x ; the value ofx will
be estimated from core level shifts of the O 1s binding en-
ergy in Fig. 2.

We note that for the final oxide the intensity of the oxid
related Si 2p core level has increased relative to the intens
of the substrate related peak. This may indicate either
creased oxidation of the substrate or a redistribution of the
in the oxide layer.

In an effort to determine the band bending of the init
oxidized surface we measured the valence band maxim
~VBM ! and Si 2p core level of a clean, hydrogen terminate
Si~100! surface. For a wafer of the same specification
those used in this study we find the Si VBM to be 0.85
below the Fermi level, and the Si 2p core level at 99.65 eV.
This gives an energy difference between the Si 2p core level
and the VBM ofDE598.860.1 eV. The initial Si 2p core
level in the thin SiO2 film ~observed at 99.75 eV!, in con-
junction with this DE, places the Si Fermi level at 0.9
60.1 eV above the VBM. The resistivity range of the su
strate also gives the bulk Fermi level at 0.960.1 eV above
the VBM. These results are consistent with flat band con
tions after the initial oxidation.

The O 1s peak shown in Fig. 2 exhibits a transition from
a strong peak at 532.8 eV for the SiO2 film to an equally
strong 530.3 eV peak for the fully evolved TiO2 film. The
peak initially shifts to higher binding energy after the
deposition by an amount similar to the observed initial sh
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1728 Fulton, Lucovsky, and Nemanich: Electronic states at the interface of Ti–Si oxide 1728
of the oxide related Si 2p peak. After oxidation this peak
shifts to 532.0 eV and a second feature is observed tha
related to an O–Ti chemical shift. As the Ti oxide thickne
is increased, the shifts of the 530.3 eV peak follow that of
Si 2p level. We employ a derived method to determine t
TiO2 film thickness, as no direct measurements are availa
The molar densities of Ti, O, and TiO2 are used to determin
the ratio of volumes for Ti and TiO2 . Assuming that the Ti
metal is fully oxidized~i.e., two oxygen for every Ti in the
final configuration!, 1 nm of deposited Ti metal evolves t
between 1.8 to 2.0 nm of TiO2 for the rutile and anatas
phases, respectively. Spectra labels reflect the oxide
thickness based on the 2:1 ratio. Low energy electron diffr
tion ~LEED! data shows no diffraction pattern and atom
force microscopy~AFM! imaging shows no discernabl
grain boundaries and a rms roughness of 0.2 nm.

The O 1s spectra for the TiO2 of thickness 0.4, 0.8, and
1.0 nm clearly exhibits two features, one at 530.3 eV t
corresponds to fully oxidized TiO2 and a second feature a
532.8 eV, which we assign to a Ti silicate alloy. This
consistent with the evolution of the Si 2p oxide features dis-
played in Fig. 1. Based on the relative binding energies
SiO2 and fully oxidized TiO2 we estimated x, of
(TiO2)x(SiO2)12x , the relative TiO2 concentration, to be ap
proximately 0.4–0.5. This is based on the O 1s binding en-
ergy shifts as discussed in Ref. 12.

The titanium 2p1/2 and 2p 3/2 XPS features are dis
played in Fig. 3. Initially, there are no features in this ene
region, for the prepared SiO2 surface. After metal deposition
XPS measurements show the two peaks of Ti metal~455.0

FIG. 2. Oxygen 1s core levels for the prepared surface, initial metal film
and titanium oxides. The sequence runs top to bottom and the labels ind
the total film thickness deposited on SiO2 . Oxygen XPS clearly shows the
initial SiO2 , evolving into an intermediate Ti silicate layer before the fin
product of TiO2 dielectric film.
J. Vac. Sci. Technol. B, Vol. 20, No. 4, Jul ÕAug 2002
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and 461.0 eV!. After oxidation a large shift is observed fo
both features, which is attributed to the chemical shift fro
the oxide formation, giving values consistent with report
values~458.5–459.0 eV!.13,14 As the Ti oxide thickness in-
creases, small shifts are observed, which again follow
shifts of the bulk Si 2p peak. Compared with the changes
the Si 2p peak and the O 1s peak, the results in Fig. 3 dem
onstrate that the Ti 2p core levels do not show significan
shifts in binding energy between Ti silicate and TiO2 phases.
However, the widths of the doublet features for 0.4 nm film
and 0.8 nm, in which the Ti silicate fraction is relative larg
are broader than those for the TiO2 film of thickness 3.2 nm.
This suggests that there is insufficient resolution to sepa
the 0.4 and 0.8 nm features into Ti silicate and TiO2 compo-
nents.

The ultraviolet photoemission spectra of the initial su
face, initial metal film, and after oxidations are displayed
Fig. 4. The strongest feature at;7.8 eV is largely derived
from the O 2p states. The oxide valence band of the init
(SiO2) surface is determined from a linear fit to the leadi
edge of the;7.8 eV feature, which extrapolates to a value
5.4 eV below the Fermi level. With the formation of the T
oxide, additional features appear, and the fit to the lead
edge is observed at;3.1 eV.

The UPS spectrum after the initial 0.2 nm Ti depositi
~Fig. 5! displays a well-defined turn-on at the Fermi leve
and this emission indicates the metallic character of the fi
Also, the silicon oxide related features are visible throu
the thin metal films with the strong feature at;8.1 eV shift-
ing in binding energy by;0.3 eV, consistent with the ob
served shifts in the Si 2p and O 1s features. There is also
enhanced emission extending to lower binding energy, wh

ate

FIG. 3. Titanium 2p core levels for the prepared surface, initial metal film
and titanium oxides. The sequence runs top to bottom and the labels ind
the total film thickness deposited on SiO2 . Shifts of the bound Ti peak in
TiO2 give insight into the field in the oxide layer.
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is attributed to some oxidation of the Ti and is probably d
to intermixing with the SiO2 .

IV. ANALYSIS AND DISCUSSION

Analysis of the UPS spectra of the initial SiO2 film finds
a valence band maximum at 5.4 eV below the Fermi ene
Based on the 431016 cm22 doping of the Si, the bulk Ferm
level is 0.2 eV below the conduction band minimum. Co
sidering the 1.1 eV band gap of Si, we arrive at a value
the valence band offset of 4.5 eV. With a band gap for S2
of 8.9 eV, the conduction band offset is then 3.3 eV, in r
sonable agreement with prior studies.1 Oxides produced by
remote plasma oxidation are found to have low interfa
state densities (,1011 cm22), which would yield band
bending of less than 0.1 eV. We, therefore, assume that
initial oxide has a low interface state density and that
band bending can be neglected.

FIG. 4. Valence band spectra for the prepared surface and titanium ox
The sequence runs top to bottom and the labels indicate the total film th
ness deposited on SiO2 . Linear fits of the turn-on give the valence ban
maximum. Lines indicate VBM for SiO2 and its shift to the VBM for TiO2 .
JVST B - Microelectronics and Nanometer Structures
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We can now construct diagrams of the band alignment
the different stages of the development of the interfa
Schematic diagrams are presented in Figs. 6 and 7. As n
above, the initial SiO2 is presumed to have flat bands wi
less than 0.1 eV of band bending, which implies an interfa
state density of less than 6.531010 cm22.

After deposition of a thin Ti layer, the system equilibrat
by charge transfer between the metal and the Si substrate
indicated in Fig. 7~b!, the Fermi levels of the metal and th
bulk of the Si align, and charge transfer results in a field
the oxide. The Si core levels shift to higher binding ener
by ;0.15 eV, indicating downward band bending. The oxi
features have shifted by;0.5 eV. Subtracting out the shift in
the bulk Si core level~band bending! shows that the potentia
on the oxide results in an average shift of 0.35 eV. Assum
1.0 nm for the oxide thickness, the 0.7 V (230.35 V) across
the oxide results in a field of 1.83108 V/m.

Following oxidation of the metallic layer, the oxide re

s.
k-

FIG. 5. Valence band spectra for the prepared surface and titanium m
The labels indicate the total film thickness deposited on SiO2 . The metal
spectra has a turn on at the Fermi energy and emission characteristic
metallic film. The oxide valence band maximum is still visible through t
metal film.
s

s
s

FIG. 6. Schematic band diagram for a
deposited SiO2 ~a! and after deposition
of 0.2 nm of titanium metal~b!. The
band alignment for the initial oxide~a!
is in good agreement with prior studie
and ~b! shows bending of Si bands a
well as a potential on the SiO2 layer.
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FIG. 7. Schematic band diagram of th
first deposited titanium oxide layer~a!
and of the final oxide structure~b!.
The initial titanium oxide~a! shows
band bending in the Si substrate wit
no potential on the oxide layer. The
final oxide film ~b! shows flat bands
and also has no potential on the oxid
The conduction band is not shown be
cause although the position is know
to be above Fermi energy, absolute p
sition is not clearly defined by this
study.
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lated states are observed at;3.2 eV, and a slight upward
band bending of;0.1 eV can be deduced from the shift
the core levels. It is presumed that there is no significant fi
in the oxide, and the upward band bending is due to interf
states or states in the oxide gap. It is very likely that the
has at least partially intermixed with the SiO2 , but without
details the schematic in Fig. 8~a! displays the two oxide lay-
ers as distinct. It is possible that the states responsible fo
band bending originate from this intermixing.

With continued Ti deposition and oxidation, TiO2 be-
comes dominant and flat bands are observed in both th
and the oxide. This structure is shown schematically in F
8~b!. The Ti-oxide valence band is found at;3.1 eV below
the Fermi level, which, when taking a band gap of 3.2 e
puts the TiO2 conduction band in essential alignment wi
the conduction band in bulk Si. According to Robertson,
and TiO2 display charge neutrality levels~CNLs! at 0.2 and
2.2 eV above their respective VBM. If the band alignmen
determined by the CNL, then it is anticipated that the VB
of the TiO2 would be 2.0 eV below the Si VBM, in agree
ment with our experimental results.

FIG. 8. Final TiO2 UPS spectra and a comparison between the valence b
structure andab initio calculations.
J. Vac. Sci. Technol. B, Vol. 20, No. 4, Jul ÕAug 2002
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Figures 6 and 7 do not include conduction bands for
Ti and TiO2 films. The band gap of thin film TiO2 is not well
known but studies have been done finding a range of va
~3.0 to 4.9 eV!, depending on phase and preparati
technique.4,5 Taking this range as the band gap for our TiO2

film these results may explain prior studies of device str
tures that showed large leakage currents.15,16 These results
imply that the conduction band is above the Fermi level
we see no sign of electrons in the conduction band, howe
the absolute position of the oxide conduction band canno
clearly defined from this study.

Figure 8 displays the valence band density of states
obtained from UPS studies and the relative average ener
of the 2p O: ~i! nonbondingp states~0.0 eV!; ~ii ! bondingp
states (21.6 eV); and~iii ! bonding s states (26 eV) va-
lence band features obtained from theab initio calculations
of Fig. 9.17 The agreement between the calculated energ
and spectral features is excellent. The calculations pre
that the corresponding valence band states for Zr–O bon
will be at 0.0,20.97, and25.30 eV, respectively. UPS ex
periments are in progress in our group to obtain the vale

ndFIG. 9. Atomic state energies and the valence band structures for ZrO2 and
TiO2 from ab initio calculations.
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band density of states for ZrO2 following the same experi-
mental procedures as we have used for TiO2 . Measurements
of Miyazaki et al. in Ref. 18 give an effective valence ban
width for ZrO2 of approximately 5 eV for deposited ZrO2

films, in good agreement with theab initio results of Fig. 9.

V. CONCLUSIONS

The results presented here show the development of
electronic band structure of oxidized Ti on an oxidized
surface. The 1.0 nm layer of SiO2 shows a VB offset of 4.5
eV and essentially flat bands indicating a low density of
terface states. Deposition of Ti on the surface results
downward band bending and the presence of a field in
oxide. When the Ti layer is oxidized, a slight upward ba
bending is observed that is attributed to defects in the ox
The development of thicker layers of Ti followed by oxid
tion leads to flat bands and the Ti-oxide VBM is 2.0 e
below the Si VBM, in agreement with the model presen
by Robertson.19

It was noted that an optimal highK dielectric should have
a low interface state density and a band offset to block b
holes and electrons.

The results of this study confirm a relatively small co
duction band offset between Si and TiO2 , less than 1 eV.
This is too small for gate dielectric applications, confirmi
the results of previously reported studies which have inc
porated TiO2 in metal–oxide–semiconductor devices.15,16

However, the flat band conditions suggest that the struct
can be prepared with a low density of interface states.

Titanium silicates are expected to exhibit a larger ba
gap and it is possible that an interface structure could
engineered that blocks both electrons and holes, while
maintaining a low interface state density and highK. Future
studies are planned to explore these aspects.
JVST B - Microelectronics and Nanometer Structures
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