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Abstract

We have realized hard X-ray (HX) photoelectron spectroscopy (PES) with high-throughput and high-energy-
resolution for core level and valence band studies using high-energy and high-brilliance synchrotron radiation at
BL29XU in SPring-8. Large escape depth of high-energy photoelectrons enables us to probe intrinsic bulk states almost
free from surface condition. By use of a newly developed electron energy analyzer and well-focused X-rays, high-energy
resolution of 75meV (E/AE = 79,000) was realized for 5.95keV photoelectrons.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
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(VBs) [1]. However, conventional PES is surface
sensitive because of the short inelastic-mean-free-
paths (IMFPs) [2]. In order to attain larger
probing depths for VBs than that in vacuum
ultraviolet spectroscopy, soft X-ray (SX) VB-PES
using synchrotron radiation (SR) has recently
become attractive [3]. However, it is obvious that
SX-PES is still surface sensitive, because the
IMFPs of a valence electron are only 1.3 and
2nm for Au and Si at a kinetic energy (KE) of
1keV, respectively [2]. In the case of core levels,
smaller KEs than those of VBs enhance the surface
sensitivity, making it rather difficult to probe the
bulk character.

In contrast to the above-mentioned surface-
sensitive PES techniques, the IMFP values of a
valence electron for Au and Si increase to 5.5 and
9.2 nm, respectively at 6keV [2], which lies in the
range of hard X-rays (HXs). The straightforward
way to realize an intrinsic bulk probe is to increase
the KE of photoelectrons by use of HXs. The first
feasibility test of HX—PES was done by Lindau et
al. [4] in 1974 using a first generation SR source;
however, the feeble signal intensity even of Au 4f
core level excluded the possibility of studies of
VBs. What has prevented HX VB-PES from being
realized is the rapid decrease in subshell photo-
ionization cross-section (o) with photon energy.
The ¢ values for Au 5d (1 x 107> Mb) and Si 3p
(3 x 107> Mb) at 6keV are only 1-2% of those at
1 keV [5].

In order to realize HX-PES with high-energy
resolution and high throughput, both high-brilli-
ant SR and high-performance eclectron energy
analyzer are required. After the second generation
SR became available, there have been a few
reports on core level photoelectron and resonant
Auger spectroscopy [6,7] using several keV X-rays.
We started development of HX-PES at the third
generation SR facility, SPring-8 in 2001 with the
aim of studying the electronic structure of solids
with high-energy-resolution and high-throughput,
especially for VBs. In 2002, we performed a
feasibility test of HX-PES at 5.95keV and
confirmed the capability to probe the intrinsic
bulk electronic structure of both core levels and
VBs [8,9]. HX-PES has also been developed at
ESRF [10-12]. All these experimental achieve-

ments indicate that HX-PES will contribute
significantly to the study of electronic structure
of solids [6-12]. The wide range of applications
includes depth-resolved electronic structure, bur-
ied layers, interfaces, ultrashallow junctions and
the bulk electronic structure of strongly correlated
electron systems. Here, we describe the character-
istics of HX-PES at BL29XU in SPring-8 and the
basic performance of our system.

2. Experimental

The essential problem to overcome in HX-PES
is the weak signal intensity due to small ¢ values as
pointed out above. Of course, the intensity of X-
rays and the detection efficiency of an electron
energy analyzer are the critical factors. In addition
to these, the configuration of the experimental
setup also influences the signal intensity. Fig. 1
shows IMFPs up to a KE of 10keV for several
materials [2]. IMFPs at the KE of 6keV range
from 4 to 15nm and are almost five times larger
than those at 1keV. However, these values are
much smaller than the X-ray attenuation length
(30 um for Si and 1 um for Au at 6keV). In order
to avoid wasting X-rays by photoionization in the
region deeper than the electron escaping depth,
grazing incidence of X-rays relative to sample
surface is desirable. On the other hand, to achieve
a large probing depth, photoelectrons should be
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Fig. 1. Inelastic mean free paths for electron kinetic energies up
to 10keV, for Au, GaAs, Si, SiO», and NaCl.
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Fig. 2. Schematic of experimental setup. The lens axis of the
electron energy analyzer is placed perpendicular to incident X-
rays and parallel to the polarization vector. The incidence angle
relative to sample surface is typically set to 5°.

detected in the direction close to the normal of the
sample surface. Hence, we employed the config-
uration shown in Fig. 2. The lens axis of the
analyzer is placed perpendicular to X-ray beam
and the incidence angle relative to the sample
surface is typically set to 5°.

Under this configuration, the lens axis is parallel
to the polarization vector of X-rays. This relation
also plays a role to gain photoelectron intensity.
When we use linearly polarized light as an
excitation source, photoelectrons from free atoms
show angular distribution depending on asymme-
try parameter 5 (see Eq. (5) in Ref. [5]) as shown in
Fig. 3. For HX-PES, almost all subshells have
positive f# values [5] and their intensities have a
maximum in the direction parallel to the polariza-
tion vector. This behavior is considered applicable
even to solids.

Based on these considerations, an HX-PES
apparatus has been constructed at the X-ray
undulator beamline BL29XU [13,14] in SPring-8.
The available photon flux is about 2 x 10'
photons/s with the spot size of 60 (vertical) x 100
(horizontal) pm?>. Fine focus increases consider-
ably the photoelectron intensity because the lens
system of our analyzer magnifies the spot size on
the sample surface by five times at the entrance slit
of the hemispherical analyzer. The band width of
X-rays at 5.95keV is nearly 60meV (FWHM).
Details of X-ray optics for HX—PES is described
elsewhere [15]. Fig. 4 shows the picture of the
apparatus placed in the experimental hutch at BL
29XU. An electron energy analyzer, modified SES-
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Fig. 3. Angular distribution of photoelectrons from free atoms.
For a positive asymmetry parameter f3, the intensities have a
maximum at the direction of the polarization vector.

2002 has recently been replaced to a newly
developed one, R4000-10kV (GAMMADATA
SCIENTA Co.), and the measurable KE has been
extended from 6 to 10keV. In addition to the
analyzer, a motorized XYZ® stage for a sample
manipulator with a close-cycle He cryostat, two
turbo molecular pumps, and CCD cameras are
equipped with the measurement chamber. The
whole system including load-lock and preparation
chambers is mounted on a position adjustable
stage, and is designed as compact as possible to
carry the apparatus into the experimental hutch
after preparing ultra high vacuum outside of the
hutch. The vacuum of the measurement chamber
is 107%Pa, and we can do low-temperature
measurements down to 30 K.

3. Results and discussions

In order to check the basic performances of our
system and to demonstrate the characteristics of
HX-PES, we have measured core level and VB
spectra of typical materials at 5.95keV. It should
be emphasized that no surface treatment was
carried out and all the samples presented here
were investigated as they were inserted.

Figs. 5(a) and (b) show HX-PES spectra of Au
plate measured at 35K. In the Au 4f core level
(thick solid curve in (a)) and VB (thick solid curve
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Fig. 4. Picture of the HX-PES apparatus placed in the
experimental hutch at BL29XU in SPring-8.

in (b)) spectra measured with the pass energy (E,)
of 200 eV, the signal-to-noise ratios are very good
even with short accumulation times of 30 and
220, respectively. The total instrumental energy
resolution including the X-ray band width was
280meV in this conventional setting. The inset in
Fig. 5(b) shows the Fermi-edge profile at 35 K with
E, =50eV. The total energy resolution deter-
mined by fitting this profile is 75+2meV
(E/AE =179,000) for 5.95keV photoelectrons,
and is comparable to the highest energy resolution
of SX-PES. The dotted Au 4f spectrum in Fig.
5(a) was measured with the same energy resolu-
tion, and can be fitted with a pure Lorentz
function (thin solid curve) with the FWHM of
335meV, indicating the experimental resolution is
much less than the life time broadening.

Next, to confirm the capability of the present
method to probe bulk states of reactive surfaces,
the VB spectra of a Si(100) surface with a thin-
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Fig. 5. (a) Au 4f and (b) VB photoelectron spectra of a Au
plate measured at 35K with 5.95keV excitation. Thick solid
curves in (a) and (b) were measured spectra with £, of 200eV in
short accumulation times of 30 and 220, respectively. Dotted
spectra in Au 4f (a) and in Fermi-edge profile (inset in (b)) were
measured with E, =50eV. The total energy resolution of
75meV (E/AE = 79000) was achieved for 5.95keV photoelec-
trons. The dotted Au 4f spectrum can be fitted with pure
Lorentz function (thin solid curve) with the FWHM of
335meV.

SiO, layer (0.58 nm) measured at room tempera-
ture are shown in Fig. 6. It is well known that the
Si surface is easily oxidized even in vacuum.
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Fig. 6. VB-PES spectra of thin-SiO; layer (0.58 nm) on Si(1 00)
measured at 5.95keV (lower) and 0.85keV (upper). Arrows
indicate the structure originating from the surface SiO, layer.

Comparing the HX (5.95keV) spectrum with the
SX (0.85keV) spectrum, the structures marked by
arrows in the SX spectrum, those are due to the
thin surface layer of SiO,, almost vanish in the HX
spectrum. This result indicates negligible contribu-
tion of surface oxide layer of 0.58 nm thickness.
The “‘surface insensitivity” of HX—PES enables us
to investigate the intrinsic bulk state of thin films
which are beyond the reach of ““surface sensitive”
PES because of lack of surface cleaning and
preparation procedure.

In addition to ‘“‘surface insensitivity”’, the large
probing depth of HX-PES extends the applic-
ability to embedded layers and interfaces in nano-
scale buried layer system. Fig. 7 shows the Sr 2ps)»
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Fig. 7. Sr 2ps;, core level spectra of bare SrTiO3 (STO)
substrate and the substrate covered with a thin layer (20 nm) of
La0.gsBag ;sMnO; (LBMO). The Sr 2p;, (binding ener-
gy:1940eV) photoelectrons from the substrate with the KE of
4010¢V are still observable through the 20-nm-thick overlayer.

spectra of a bare SrTiO; (STO) substrate and the
substrate covered with a thin layer (20nm) of
La0,85Ba0,15MnO3 (LBMO) The Sr 2p3/2 (bmdmg
energy:1940eV) photoelectrons from the substrate
with the KE of 4010eV are still observable
through the 20-nm-thick overlayer. The small
KE difference between these two samples is
attributed to band bending. From the intensity
variation, the IMFP value of electrons with KE =
4010eV in LBMO is estimated as 4 nm.

4. Conclusion

HX-PES with high throughput and high-energy
resolution is realized for core level and VB studies
using high-energy and high-brilliance SR at
BL29XU in SPring-8. The high-energy resolution
of 75meV (E/AE =79,000) was achieved for
5.95keV photoelectrons. The large probing depth
at such high energies enables us to probe intrinsic
bulk states and embedded layers without surface
conditioning. New functional materials such as
MBE-grown thin layers and various organic
functional films, whose ideal surface cannot be
prepared, are accessible directly after structural,
electric and magnetic characterizations. We have
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applied this method to high-k thin films [8], diluted
magnetic semiconductors [9,16], compound semi-
conductors [17], and strongly correlated materials
[18-24]. The combination of HX VB and core-level
spectra will provide important information on
electronic properties of various materials in the
field of basic science and technologies.

This work was partially supported by the
Ministry of Education, Science, Sports and Cul-
ture through a Grant-in-Aid for Scientific Re-
search (A) (No. 15206006).
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