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High resolution-high energy x-ray photoelectron spectroscopy using
third-generation synchrotron radiation source, and its application
to Si-high k insulator systems
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High-resolution x-ray photoelectron spectroscopy~XPS! at 6 keV photon energy has been realized
utilizing high-flux-density x rays from the third generation high-energy synchrotron radiation
facility, SPring-8. The method has been applied to analysis of high-k HfO2 /interlayer/Si
complementary metal–oxide–semiconductor gate-dielectric structures. With the high energy
resolution and high throughput of our system, chemical-state differences were observed in the Si 1s,
Hf 3d, and O 1s peaks for as-deposited and annealed samples. The results revealed that a SiOxNy

interlayer is more effective in controlling the interface structure than SiO2 . Our results show the
wide applicability of high resolution XPS with hard x rays from a synchrotron source. ©2003
American Institute of Physics.@DOI: 10.1063/1.1595714#
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Nondestructive chemical state analysis of layered m
rials is becoming more important for the current and futu
technologies of nanoscience and engineering. X-ray ph
electron spectroscopy~XPS!, often referred as electron spe
troscopy for chemical analysis, is widely used for this p
pose. Various laboratory XPS instruments, which typica
use Al Ka ~1486.6 eV! or Mg Ka ~1253.6 eV! lines for
excitation, have become commercially available, serving
essential tools in device industries. The probing depth, wh
is material dependent, is limited at most to 4 nm for the
energies due to strong inelastic scattering of photoelectro1

Even excitation by strong soft x rays from synchrotron
diation cannot change the probing depth. Extension of
probing depth up to, say, 10 nm will greatly widen the a
plicability to various materials with nanolayered structur
and nanoparticles.

A straightforward way to extend the probing depth is
raise the photon energy for excitation. What has prevente
from trying hard x-ray excitation is the rapid decrease
subshell photoionization cross sections with increasing e
tation energy. Most elements have 1022– 1026 Mb photoion-
ization cross sections of subshells at 8047 eV (CuKa), be-
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ing two orders of magnitude smaller than those at 1486
(Al Ka).2 Another problem is the decrease in transmissiv
of the lens system in an electron analyzer with increas
electron kinetic energy. However, recent progress of x-
undulators at third-generation synchrotron light sources
ables delivery of unprecedented high photon flux as wel
high flux density.3,4 These sources can well compensate
decreases in cross section and analyzer transmission,
make high-energy and high-resolution XPS accessible.

The larger escape depth of photoelectrons with hig
kinetic energy will facilitate studies of electronic structur
and/or chemical states of bulk materials, nanoscale bu
layers and their interfaces since the contribution to the de
tion of signal from the surface region will be small. Elab
rate surface cleaning procedures, which have been es
lished only for a limited number of materials, and UH
conditions for conventional XPS measurements will be u
necessary. This enables us both to make measurements
high turn-around and to measure materials so far inacces
due to the lack of proper surface preparation methods.
probing depth for photon energies between 5 and 10 keV
estimated to range from around 5 to over 10 nm,1 matching
the characteristic thickness of layers used in various nan
cale devices of current technical interest.5

Experiments were performed at the undulator beam li
5 © 2003 American Institute of Physics
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BL29XU,6 of SPring-8. X-rays monochromatized at 595
eV, with a Si 111 double-crystal monochromator, were ve
cally focused with a cylindrically bent mirror onto sampl
mounted in an analyzer chamber. A channel-cut monoch
mator with Si 333 reflection placed downstream from t
mirror reduced the energy bandwidth to 70 meV. At t
sample position, the photon flux in a focal spot
0.12 mm (vertical)30.7 mm (horizontal) was measured b
a calibrated ionization chamber to be 231011 counts/s. The
vacuum of the analyzer chamber was 1024– 1025 Pa during
the measurements. A Gammadata Scienta SES2002, m
fied to accommodate higher photoelectron kinetic energ
up to 6 keV, was used as an electron analyzer.

The performance of the detection system was tested
measuring Au 4f spectra with an analyzer pass energy (Ep)
of 200 eV and a photoelectron take-off angle~measured from
the sample surface! u570°. To confirm surface insensitivity
no surface treatment was made on the Au sample plate be
or after introducing it into the analyzer chamber. Figure
shows observed spectra with accumulation times of 10
at 80 mA ring current. The full width at half maximum of th
Au 4f 7/2 peak is 470 meV. Even with the high-energy ex
tation, the Fermi-edge of Au is clearly observed at 20 K
shown in the inset of Fig. 1. The instrumental energy re
lution including the x-ray bandwidth is determined as 2
meV from the Fermi-edge profile. Comparable resolutions
that obtained here are also realized by laboratory XPS
tems with a monochromator7 only at the sacrifice of the
throughput by c.a. one order of magnitude. Both the Auf
and Fermi-edge spectra show no trace of surface contam
tion despite the absence of prior treatment of the sample

The performance verified earlier tempted us to apply t
method to analysis of high-k complementary metal–oxide–
semiconductor~CMOS! gate dielectrics, which urgently nee
investigation for future Si-ultralarge scale integration~ULSI!
devices.8 Among various high-k dielectrics with a typical
needed thickness of around 5 nm, HfO2 is considered to be
one of the most promising materials.9 We prepared 4-nm-
thick HfO2 layers by atomic layer deposition~ALD ! on 1 nm

FIG. 1. Au 4f core level spectra of a Au plate measured at 5950 eV e
tation with Ep5200 eV. The inset shows the Fermi edge spectra at 2
with Ep5200 eV. The total energy resolution was estimated as 240 meV
Ep5200 eV from the Fermi edge broadening.
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chemical oxide (SiO2) layers.10 Figure 2 shows Si 1s spectra
of this HfO2 /SiO2 /Si(100) structure withu530° andEp

5200 eV. The Si 1s spectra of a sample with 1.32 nm SiO2

on Si~100! are shown as a reference. The acquisition time
each spectrum was approximately 10 min. The spectra
normalized to the substrate peaks. After deposition of
HfO2 film, the Si 1s peak for the intermediate layer occurre
at about 0.6 eV lower in binding energy and was broa
than for the SiO2 peak. This peak is attributed to Hf silicate
so that formation of Hf silicate has already taken place d
ing the HfO2 ALD. Annealing the sample at 1000 °C in dr
nitrogen gas for 5 s enhanced the intensity of the Hf silica
peak. This result suggests that silicate formation is relate
diffusion of Si atoms into the deposited layers from the
substrate. A detectable increase in the spectral intensity
pearing on the low binding-energy side of the substrate p
~as shown by the dotted curve in Fig. 2! indicates the forma-
tion of Hf–Si bonds by the annealing.

The changes in HfO2 /SiO2 /Si and HfO2 /SiOxNy /Si in-
duced by annealing are more clearly examined from che
cal shift in the Si 1s, O 1s and Hf 3d spectra shown in Fig.
3. Chemically shifted Si 1s spectra can be decomposed in
two components separated by 0.74 eV. The as-depos
HfO2 /SiO2 /Si shows only the component with higher bin
ing energy, while the annealed HfO2 /SiO2 /Si shows both

i-

r

FIG. 2. Si 1s spectra measured for as-deposited and annealed~dotted!
HfO2 /SiO2 /Si(100) are compared with that measured f
1.32 nm SiO2 /Si(100). The pass energyEp is 200 eV. These spectra ar
normalized to the substrate peak.

FIG. 3. Si 1s, O 1s, and Hf 3d spectra measured for as-deposite
HfO2 /SiO2 /Si, annealed HfO2 /SiO2 /Si and annealed HfO2 /SiOxNy /Si
with Ep5200 eV. Dots show raw data, while smooth curves~thick, thin,
and broken curves! indicate results of curve fits using Voigt functions.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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components. Annealed HfO2 /SiOxNy /Si shows only the
component with lower binding energy. The position of t
main O 1s and Hf 3d peaks for annealed HfO2 /SiOxNy /Si
shift to lower energy by 0.58 and 0.83 eV, respectively, co
pared to those for annealed HfO2 /SiO2 /Si. The width of the
Si 1s peak arising from the Si substrate for annea
HfO2 /SiOxNy /Si is 0.85 eV~not shown!, and is narrower
than the 0.98 eV width for annealed HfO2 /SiO2 /Si and
wider than the 0.72 eV width for as-deposite
HfO2 /SiO2 /Si, indicating less Si–Hf bond formation in th
annealed SiOxNy interlayer sample than for the SiO2 inter-
layer sample.

The two components appearing in the chemically shif
Si 1s peak for the annealed HfO2 /SiO2 /Si sample in Fig. 3
raise a question about the depth distribution of the com
nents. To clarify this problem, the dependence of the Ss
spectra on take-off angle,u, was measured as shown in Fi
4. The spectra for variousu were normalized to the Si sub
strate peak. Theu dependence of the integrated intensities
the two components is plotted in Fig. 4~b!, and explicitly
demonstrates that the lower binding-energy componen
dominant at loweru, while the higher binding-energy com
ponent dominates at higheru. We deduce from this result tha
annealing leads to the formation of a two-layer structure. T

FIG. 4. ~a! Si 1s spectra of annealed HfO2 /SiO2 /Si for various take-off
angles. The smooth curves indicate curve fits using Voigt functions.~b! The
chemical shifted Si 1s peaks were decomposed into two peaks~I and II! as
shown in the inset. The integral intensity of each component is shown
function of the take-off angle.
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low binding-energy component comes from the layer n
the surface while the higher binding-energy compon
comes from the layer near the substrate. The present re
are inconsistent with the recent report of Lysaghtet al., who
propose a four-layer model for an ALD-prepare
HfO2 /SiO2 /Si structure annealed at 900 °C from second
ion mass spectroscopy and medium-energy ion spectros
results.11

Together with the Hf–Si bond formation seen in Fig.
our present results indicate that 1 nm SiO2 interlayer is not
sufficient to block the interface reaction and that t
HfO2 /SiO2 /Si structure is unstable against the anneal
process. Recalling that annealing results in the formation
single-phase Hf silicate and lesser Hf–Si bond formation
the HfO2 /SiOxNy /Si sample, we conclude that SiOxNy is
more effective in preventing the interface reaction th
SiO2 . It is to be noted that, even at a lowu of 8°, the
substrate Si 1s peak is clearly detected in Fig. 4. Considerin
the 5 nm total thickness of the overlayer (1 nm SiO2

14 nm HfO2), we believe that we can prove buried layers
deep as 35 nm.

In summary, high-resolution XPS at 6 keV photon e
ergy has been realized utilizing high-flux-density x rays fro
the third-generation high-energy synchrotron radiation fa
ity, SPring-8. The method has been applied to highk
HfO2 /interlayer/Si CMOS gate-dielectric structure
Chemical-state differences observed in Si 1s, Hf 3d, and
O 1s peak for as-deposited and annealed samples reve
that two phases of Hf silicates and Hf–Si bonding a
formed during 5 s annealing at 1000 °C. In the anneal
HfO2 /SiO2 /Si sample, measurement of Si 1s spectra as a
function of take-off angle has shown that each Hf silica
phase has a different depth profile. These results indicate
SiOxNy as an interlayer is more effective in controlling th
interface structure than SiO2 . Our present results show th
wide applicability of high-resolution XPS using hard x ra
from a synchrotron source.

1The electron inelastic-mean-free-paths were estimated using NIST S
dard Reference Database 71, ‘‘NIST Electron Inelastic-Mean-Free-P
Database: Ver. 1.1.’’ It is distributed via the Web site http://www.nist.go
srd/nist71.htm, and references therein.
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