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X-Ray absorption and X-ray photoelectron spectroscopic measurements of specular surfaces using grazing incidence soft
X-rays carried out by the present authors are summarized. The merits of using a sample current induced by totally
reflected X-rays are discussed. The probing depth of the sample current has been found to be restricted to within a very

shallow surface.

The application of the sample current X-ray absorption experiment to the depth profile analysis of fly-

ash powders is described.  Very clear X-ray photoelectron spectra excited by totally reflected X-rays are for the first time

reported.

Keywords

Total reflection (TR) or grazing incidence X-ray
analysis (GIXA?") make it possible to perform: (1) surface
sensitive analysis, (2) trace analysis, and (3) surface layer
structure analysis. The GIXA technique has so far been
used with X-ray fluorescence (GIXF)> and X-ray
diffraction (GIXD) or scattering (GIXS).! However,
GIXA has a potential to be combined with X-ray
absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS). We overview in the present paper
our ongoing work concerning total reflection X-ray
absorption spectroscopy (TRXAS) and total reflection
X-ray photoelectron spectroscopy (TRXPS) using soft
X-rays. Soft X-rays ranging from 1500 — 2500 eV have
an advantage in that the total reflection experiment is
easy because the critical angle of the total X-ray reflection
is larger (a few degrees) than that of hard X-rays.

Total Reflection X-Ray Absorption Spectroscopy

X-Ray absorption spectroscopy in the soft X-ray
region has been technically difficult because of problems
concerning (i) the lack of appropriate X-ray sources and
(ii) a too large X-ray absorption coefficient for preparing
sufficiently thin samples. The first problem was solved
by the development of synchrotron radiation facilities.
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An answer to the second problem was found in the 1980s
using various techniques for measuring the quantum
yields, which are equivalent to the X-ray transmission
method.? Thus, measuring the X-ray absorption
spectrain the soft X-ray region is now not difficult. The
guantum yield techniques are appropriate for applying
the total X-ray reflection technique to X-ray absorption
spectroscopy.

Figure 14 illustrates varicus methods for measuring the
X-ray absorption spectra. Figure la shows the
traditional X-ray transmission method, by which one can
obtain the X-ray absorption (i) by calculating g=log(fy/
I, where I is the incident X-ray intensity, and [ is the
transmitted X-ray intensity. Since u becomes very large
in the soft X-ray region, it is practically difficult to
prepare sufficiently thin films to transmit soft X-rays.
Therefore, the method illustrated in Fig. 1ais technically
impossible. We sometimes receive a sample which
cannot form a film, and sometimes must analyze samples
without any pretreatment because some kind of
pretreatment might change the chemical state of the
sample. The traditional X-ray transmission method of
XAS is thus inappropriate to be combined with the total
reflection technique.

The methods illustrated in Figs. 1b, ¢ and d are
variations of the electron yield method. If the X-rays
are strongly absorbed by matter, the photoelectrons,
Auger electrons, or secondary electrons are strongly
emitted. We can use an electron energy analyzer prior
to detection in order to select these electrons with respect
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Fig. 1 Various methods for measuring the X-ray absorption
spectra. (a) Transmission method, (b-d) electron-yield

method, and (e) fluorescence-yield method (taken from
ref. 4).
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to their origins. The sample current (Fig. 1d) contains
information concerning all of the electrons emitted from
the sample surface. Although the sample current
_detection method is simple, it is the most surface
sensitive, as described below. These electron-yield
methods are easily combined with total X-ray reflection
technique.

Figure leillustrates the X-ray fluorescent yield method
used to measure the X-ray absorption. This method can
also be combined with the total X-ray reflection
technique. The X-ray fluorescent yield is also surface
sensitive when used with total X-ray reflection. The
detection limit of the fluorescent-yield method is usually
lower than that of the sample current method.

Figure 25 illustrates the experimental setup for
measuring the total reflection X-ray absorption spectra
using the method described in Figs. 1b and d, which was
performed on beam-line BL-11B at the Photon Factory,
National Laboratory for High Energy Physics (KEK),
Tsukuba, Japan. Monochromatized synchrotron ra-
diation impinged on a semiconductor single crystal wafer
in an ultra-high vacuum, also, the sample current and
high energy electron (kinetic energy was larger than a
few hundreds electron volts) intensity emitted from the
sample surface were measured while changing the
glancing angle. We measured a GaAs wafer; the
resulting glancing-angle dependence of these two signals
are shownin Fig, 3a.¢ Figure 3b%shows the numerically
simulated glancing-angle dependence of signals emitted
from 0 (surface), 10 and 100 A depths from a GaAs
surface. Comparing Figs. 3a and b, it can be seen that
the experimental sample current curve in Fig. 3a is
intermediate between simulated 0 and 10 A curves in
Fig. 3b; also, the experimental curve for electrons having
kinetic energy larger than 500 eV (Fig. 3a) is intermediate
between the simulated 10 and 100 A curves (Fig. 3b). It
can therefore be concluded that the sample current
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probes a 0-10 A surface, and high energy (>500 V)
electrons probe 10-100A depth from the surface.
Note here that the experimental result given in Fig. 3a
contains a geometrical factor, 1/cos8. The sample
current contains all the electrons, the major portion of
which is secondary electrons whose kinetic energy is less
than 50eV.” These low energy electrons are emitted
from the top of the surface. Thus, the probing depth of
the sample current is shallower than that of those
electrons having a kinetic energy greater than 500 eV.

We have measured the X-ray absorption spectra of
chemisorbed sulfur on a GaAs surface using the S K, X-
ray fluorescence yield and the sample current. X-Ray
fluorescence was detected by a proportional counter.
Although the X-ray fluorescence yield exibited a clear -
S K absorption edge, the sample current did not show
any edge structure around the S K threshold region.
Thus, the detection limit of the X-ray fluorescence
method is lower than that of the sample current method.
This was because although the sample current contained
the total signal from the minor component (S) and major
components (Ga and As), the X-ray fluorescence yield
only contained the sulfur signal.

The surface of a single crystal Si wafer is usually
oxidized, having a thickness of ca. 5 A. We measured
the SiK X-ray absorption spectra of a 2-in. Si wafer
using a grazing incidence X-ray beam. We observed the
difference between the surface and bulk chemical states
while changing the glancing angle of the incident X-rays
during the measurement of the X-ray absorption spectra.
Figures 4a and b¢ show the Si K edge absorption spectra
measured by a glancing angle larger (Fig. 4a) and smaller
(Fig. 4b) than the critical angle of the X-ray total
reflection. Figure 4b is the total X-ray reflection X-ray
absorption spectra. Peaks at 1842 and 1849eV are
characteristics of Si and SiQ,, respectively. The
spectrum measured by the sample current under the total
reflection condition is the most surface sensitive because
the relative oxide peak intensity is strongest, as shown in
Fig. 4b; the spectra which are measured by a sample
current or electrons (E:>> 1200 eV) at angles larger than
the critical angle contain bulk information. The sample
current spectra are somewhat saturated, ie. the peak
intensity is too weak, due to the reason described by
Stohr.8

Sample-current detection X AS is very surface sensitive
when it is combined with the total reflection X-ray
technique. However, sample current detection alone is
also surface sensitive. To illustrate the surface sen-
sitiveness of sample-current detection, we measured
sulfur X-ray absorption spectra of a coal fly-ash powder
by using both the sample current and the X-ray
fluorescence yield (Fig. 5°). In this case the incident X-
rays were not totally reflected, because the analyte was in
the powder form on a flat sample holder. The sample
current method is used to detect the surface (ca. 100 A)
oxide layer of um size particle powders when the X-rays
impinge on the sample from the normal direction. The
sample current XAS of fly ash shown in Fig. 5b has a
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Fig. 2 Schematic illustration of the experimental setup used to measure
the total reflection X-ray absorption spectra of semiconductor wafers

(taken from ref. 5).
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Fig. 3 (a) Experimental glancing-angle dependence of the electron intensity, whose
kinetic energy is larger than 500 eV (thin solid line), and the sample current
including all electrons emitted from the sample (heavy solid line) for a 2 keV X-ray

beam impinging on a GaAs wafer.

(b) Calculated glancing-angle dependence of

the electron intensity emitted from places shallower than 0, 1¢ and 100 A from the

surface (taken from ref. 6).
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Fig. 4 (a) Measured X-ray absorption spectra of a Si wafer using the sample current
(dotted line) and the partial electron yield (solid line). The glancing angle is larger than
(b) Measured X-ray absorption spectra of a Si

the critical angle of the total reflection.

wafer using the sample current (dotted line) and the partial electron yield (solid line).

The

glancing angle is less than the critical angie of the total reflection (taken from ref. 6).
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Fig. 5 (a) Experimental setup for measuring the depth sclective analysis of

powder samples,
ash (taken from ref. 9).

strong S¢ peak, which originated from the surface oxide
layer; the X-ray fluorescent yield XAS shows both S
and S* peaks. The S existed in a deep place of a fly-
ash particle, which had not been oxidized in a
combustion process of coal. We can obtain infor-
mation concerning the surface and bulk chemical states
simultaneously by measuring the sample current and the
X-ray fluorescent vield concurrently.

We can not define the critical angle of the X-ray total
reflection when the incident X-ray energy ranges over
1000 eV. To measure EXAFS (extended X-ray absorp-
tion fine structure) we need to measure at least 500 eV
above the absorption edge. On the other hand,
NEXAFS (near edge X-ray absorption fine structure)
spectroscopy measures 50eV above and below the
absorption edge. However, in this X-ray region, the
absorption coefficient drastically changed pathing
through the X-ray edge. Thus, the critical angle as well
as the X-ray evanescent depth drasticaly changed both
above and below the threshold energy. The saturation
effect described above and this probing depth change are
two problems in interpreting the total reflection X-ray
absorption spectra.

Total reflection X-ray absorption spectral measure-
ments have been reported by other researchers for the
SisN4/GaAs system', a Si/Ge/Si monolayer system'!!
and an aqueous solution surface.!? Total reflection
X AS has been reviewed by Stohr® and Pandya ef al.13

Total Reflection X-Ray Photoelectron Spectros-
copy

If we measure the photoelectron energy distribution
using the same system as shown in Fig. 2, but attached to
a high resolution electron energy analyzer, we can
measure the total reflection X-ray excited photoelectron
spectra (TRXPS). Henke!* first demonstrated the total
reflection effect regarding the photoelectron intensity;
recently, Jach and coworkers!51# demonstrated the use

{b) Measured sulfur K X-ray absorption spectra of coal fly
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Fig. 6 Schematicillustration of the surface sensitivity of total

reflection X-ray photoelectron spectroscopy (taken from ref.
19).

of total reflection X-ray photoelectron spectroscopy for
surface chemical state analysis. In this method the
incident X-ray energy is fixed, and the electron kinetic
energy detected is scanned. Using this method, it has
been predicted that the surface sensitivity is enhanced, as
shown in Fig. 6." The standing wave at the surface is
four times as strong as the incident X-ray intensity.
Contrary to this, the total reflection X-ray fluorescence
intensity is twice because the incoming and outgoing X-
rays exite the analyte at the surface,

It is also predicted that the total reflection X-ray
photoelectron spectroscopy has a characteristic that the
spectral backgrounds originating from inelastically
scattered electrons are reduced to less than one half
(Fig. 7a"?). This is because the excitation X-rays exist
on and near the surface region, and that the excited
electrons are restricted in this region. Thus, photo-
electrons hardly lose their kinetic energy through
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Fig. 7 (a) Numerical simulation of a comparison between {A) normal incidence and (B)
(b) Measured X-ray photoelectron spectra
changing the glancing angle of the incident X-rays: (A) above the critical angle and (B)

total reflection XPS (taken from ref. 19).

below the critical angle.

inelastic scattering. On the other hand, normal
incidence XPS excites electrons located deeper than
1000 A in a solid; these electrons lose their kinetic energy
while traveling from a deeper place to the surface of the
solid. These energy loss electrons form very high
intensity backgrounds in the XPS spectra. We have
measured the total reflection XPS of Agevaporated ona
Si wafer (Fig. 7b). It is found from this figure that the
background of the TRXPS is proven to be reduced, as
predicted inref. 19. A comparison between Tougaard’s
background formula?® and the experimenial TRXPS
makes it possible to determine the inelastic mean free
path of a particular kinetic energy electron in a solid.

1t is shown that the total reflection X-ray technique,
which is used with the sample current measurement,
enhances the surface sensitivity. The probing depth of
this method is typically 5A. The direct electron
detection method excited by the total reflection X-rays
probes somewhat deeper places (10 A) compared with the
sample current method. This is because electron
detectors sometimes detect higher Kinetic energy
electrons more efficiently. The sample current is also
surface sensitive, even when used with normal incidence
X-rays (20100 A). We have shown a clear total
reflection X-ray photoelectron spectrum for the first
time. It has been shown that the photoelectron
spectrum of Ag excited by total reflection X-rays has low
backgrounds due to the reduction of inelastic electron
scattering, This method has a potential for determining
the electron mean free path in solids experimentally.

This is a summary of going work financially supported by a
Grant-in-Aid for Scientific Research (No. 05555226) from the
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Photon Factory Program Advisory Committee (PF-PAC
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