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High-resolution x-ray photoelectron spectroscdiPS) 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 kigHfO,/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 irsthe Si 1
Hf 3d, and O & peaks for as-deposited and annealed samples. The results revealed thdtla SiO
interlayer is more effective in controlling the interface structure than, SiQur results show the

wide applicability of high resolution XPS with hard x rays from a synchrotron source20@3
American Institute of Physics[DOI: 10.1063/1.1595714

Nondestructive chemical state analysis of layered mateing two orders of magnitude smaller than those at 1486 eV
rials is becoming more important for the current and future(Al K«).? Another problem is the decrease in transmissivity
technologies of nanoscience and engineering. X-ray photoef the lens system in an electron analyzer with increasing
electron spectroscopiXPS), often referred as electron spec- electron kinetic energy. However, recent progress of x-ray
troscopy for chemical analysis, is widely used for this pur-undulators at third-generation synchrotron light sources en-
pose. Various laboratory XPS instruments, which typicallyables delivery of unprecedented high photon flux as well as
use AlKa (1486.6 eV or Mg Ka (1253.6 eV lines for  high flux density** These sources can well compensate the
excitation, have become commercially available, serving afécreases in cross section and analyzer transmission, and

essential tools in device industries. The probing depth, whicfinake high-energy and high-resolution XPS accesgible._
is material dependent, is limited at most to 4 nm for these 1 he larger escape depth of photoelectrons with higher

energies due to strong inelastic scattering of photoelecfronslf'”et'c energy will facilitate studies of electronic structures

Even excitation by strong soft x rays from synchrotron ra_and/or chemical states of bulk materials, nanoscale buried
diation cannot change the probing depth. Extension of th(Lz,ayers and their interfaces since the contribution to the detec-

probing depth up to, say, 10 nm will greatly widen the ap_'uon of signal from _the surface region WI|| be small. Elabo-
oY : . . rate surface cleaning procedures, which have been estab-
plicability to various materials with nanolayered structures

. lished only for a limited number of materials, and UHV
and nanoparticles. conditions for conventional XPS measurements will be un-
A straightforward way to extend the probing depth is to

raise the photon enerav for excitation. What h revented necessary. This enables us both to make measurements with
aise the pnoton energy for exciiation. What has prevente 'ﬁghturn-around and to measure materials so far inaccessible

from trying hard x-ray excitation is the rapid decrease Ndue to the lack of proper surface preparation methods. The

subshell photoionization cross sections with increasing exc'brobing depth for photon energies between 5 and 10 keV is

. ., 6 .
tation energy. Most elements have £6-10"° Mb photoion-  ¢qiimated to range from around 5 to over 10 hmatching
ization cross sections of subshells at 8047 eV (GY), be-  he characteristic thickness of layers used in various nanos-

cale devices of current technical inter&st.
dElectronic mail: kobakei@spring8.or.jp Experiments were performed at the undulator beam line,
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FIG. 2. Sik spectra measured for as-deposited and anne@etied

HfO,/Si0,/Si(100) are compared with that measured for
. i i . 1.32 nm SiQ/Si(100). The pass enerdy, is 200 eV. These spectra are
90 88 86 84 82 normalized to the substrate peak.

Binding Energy (eV)

. . . lo . .
FIG. 1. Au4 core level spectra of a Au plate measured at 5950 eV exci-cChemical oxide (SiQ) layers:™ Figure 2 shows Sid spectra
tation with E,=200 eV. The inset shows the Fermi edge spectra at 20 Kof this HfO,/Si0,/Si(100) structure withd=30° andE,

with E,=200 eV. The total energy resolutic_)n was estimated as 240 meV for= 200 eV. The Si & spectra of a sample with 1.32 nm SiO
By =200 eV from the Fermi edge broadening. on Si100) are shown as a reference. The acquisition time for
each spectrum was approximately 10 min. The spectra are
BL29XU,® of SPring-8. X-rays monochromatized at 5950 normalized to the substrate peaks. After deposition of the
eV, with a Si 111 double-crystal monochromator, were verti-HfO; film, the Si Is peak for the intermediate layer occurred
cally focused with a cylindrically bent mirror onto samples at about 0.6 eV lower in binding energy and was broader
mounted in an analyzer chamber. A channel-cut monochrathan for the Si@ peak. This peak is attributed to Hf silicate,
mator with Si 333 reflection placed downstream from theso that formation of Hf silicate has already taken place dur-
mirror reduced the energy bandwidth to 70 meV. At theing the HfO, ALD. Annealing the sample at 1000 °C in dry
sample position, the photon flux in a focal spot of hitrogen gas fo5 s enhanced the intensity of the Hf silicate
0.12 mm (verticalx 0.7 mm (horizontal) was measured by Peak. This result suggests that silicate formation is related to
a calibrated ionization chamber to bex20™ counts/s. The diffusion of Si atoms into the deposited layers from the Si
vacuum of the analyzer chamber was 16107 Pa during  substrate. A detectable increase in the spectral intensity ap-
the measurements. A Gammadata Scienta SES2002, modiearing on the low binding-energy side of the substrate peak
fied to accommodate higher photoelectron kinetic energie&s shown by the dotted curve in Fig.igdicates the forma-
up to 6 keV, was used as an electron analyzer. tion of Hf-Si bonds by the annealing.

The performance of the detection system was tested by ~The changes in Hf§YSiO,/Si and HfG /SiQN, /Si in-
measuring Au # spectra with an analyzer pass energy) duced_ by annea!ing are more clearly examined from chemi—
of 200 eV and a photoelectron take-off angieeasured from ~ cal shift in the Si §, O 1s and Hf 31 spectra shown in Fig.
the sample surfaged=70°. To confirm surface insensitivity, 3- Chemically shifted Sid spectra can be decomposed into
no surface treatment was made on the Au sample plate befof@© components separated by 0.74 eV. The as-deposited
or after introducing it into the analyzer chamber. Figure 1HfO2/SiO;/Si shows only the component with higher bind-
shows observed spectra with accumulation times of 10 mi#'d energy, while the annealed HfZ8i0,/Si shows both
at 80 mA ring current. The full width at half maximum of the
Au 4f 4, peak is 470 meV. Even with the high-energy exci-
tation, the Fermi-edge of Au is clearly observed at 20 K as .
shown in the inset of Fig. 1. The instrumental energy reso-*
lution including the x-ray bandwidth is determined as 240 g
meV from the Fermi-edge profile. Comparable resolutions to 3
that obtained here are also realized by laboratory XPS sys'@
tems with a monochromatoronly at the sacrifice of the
throughput by c.a. one order of magnitude. Both the Au 4
and Fermi-edge spectra show no trace of surface contamina
tion despite the absence of prior treatment of the sample.

The performance verified earlier tempted us to apply this
method to analysis of higk-complementary metal—oxide—
;emlcpndpcto(CMOS) gqte dielectrics, Wh!Ch urgently need N TERTTVRRTY R R e
investigation for future Si-ultralarge scale integrati@hSI) Binding Energy (eV)
device€ Among various highk dielectrics with a typical _ _
needed thickness of around 5 nm, HiB considered o be 715, % 5% 012, tn, N specta, messuie o, s deneste

one of the most promising materidldNe prepared 4-nm- it E,=200 eV. Dots show raw data, while smooth cur¢gsick, thin,

thick HfO, layers by atomic layer depositidALD) on 1 nm  and broken curvésndicate results of curve fits using Voigt functions.
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low binding-energy component comes from the layer near

the surface while the higher binding-energy component

comes from the layer near the substrate. The present results

are inconsistent with the recent report of Lysaghal., who

propose a four-layer model for an ALD-prepared

HfO, /SiO, /Si structure annealed at 900 °C from secondary

ion mass spectroscopy and medium-energy ion spectroscopy

resultstt

——— Together with the Hf—Si bond formation seen in Fig. 2,

1845 1840 our present results indicate that 1 nm gi@terlayer is not
Binding Energy (eV) sufficient to block the interface reaction and that the

HfO,/SiO, /Si structure is unstable against the annealing

(b) 1.04 process. Recalling that annealing results in the formation of a

0.8- single-phase Hf silicate and lesser Hf-Si bond formation in

| 0.64 1 | the HfQ/SlQXNX/S| samplg, we co.nclude that SJM, is

0.4 more effective in preventing the interface reaction than

0.2 SiO,. It is to be noted that, even at a low of 8°, the

0.0 = substrate Sid peak is clearly detected in Fig. 4. Considering

1845 1840 the 5 nm total thickness of the overlayer (1nm $iO
Binding Energy (eV) +4 nm HfG,), we believe that we can prove buried layers as
deep as 35 nm.

In summary, high-resolution XPS at 6 keV photon en-
ergy has been realized utilizing high-flux-density x rays from
the third-generation high-energy synchrotron radiation facil-

T T T T T ity, SPring-8. The method has been applied to High-
10 20 30 40 50 HfO, /interlayer/Si CMOS  gate-dielectric  structures.
Take Off Angle {deg) Chemical-state differences observed in §i Hf 3d, and
FIG. 4. (a) Sils spectra of annealed Hf®SIO,/Si for various take-off O 1S peak for as-deposited and annealed samples revealed
angles. The smooth curves indicate curve fits using Voigt functidmd-he that two phases of Hf silicates and Hf-Si bonding are
chemical shifted Sid peaks were decomposed into two pedkand 1) as - gormeqd duriy 5 s annealing at 1000°C. In the annealed
show_n in the inset. The integral intensity of each component is shown as ﬁfO /SiOZISi samol t of Qi & ¢
function of the take-off angle. 2 ple, measurement o pectra as a
function of take-off angle has shown that each Hf silicate

) ) phase has a different depth profile. These results indicate that
components. Annealed HHOSION,/Si shows only the SiQ\N, as an interlayer is more effective in controlling the
component with lower binding energy. The position of thejyterface structure than SjO Our present results show the
main O I and Hf 3l peaks for annealed H§BSION, /Si  \ide applicability of high-resolution XPS using hard x rays
shift to lower energy by 0.58 and 0.83 eV, respectively, cOm,om a synchrotron source.
pared to those for annealed Hft5iO, /Si. The width of the
Sils peak arising from the Si substrate for annealed 1The electron inelastic—mean—fre?—paths were estimatec_i using NIST Stan-
HIO ISION, Si is 0.85 eV(not shown, and s narrower 24 Reerce Detsbese T, ST Slecion el tean free Pt
than the 0.98 eV width for annealed Hf{5iO,/Si and srd/nist71.htm, and references therein.
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