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The validity of the electron effective attenuation length database developed by National Institute of
Standards and Technology (NIST) is examined for x-ray photoelectron spectroscopy (XPS)
measurement of HfO, (2.7 nm)/SiON (0.8 nm)/Si. The angular dependences of photoelectron
yields are calculated using the NIST database and composition depth profiles measured by
high-resolution Rutherford backscattering spectroscopy. The calculated result reproduces the
observed XPS result fairly well even at larger emission angles up to 80°, indicating that the accuracy
of XPS depth profiling can be improved using the NIST database. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2772769]

There is an increasing demand to analyze ultrathin films
with high accuracy across many industries and research
fields, especially in the microelectronics industry. Angle-
resolved x-ray photoelectron spectroscopy (AR-XPS) is fre-
quently used for this purpose. Recent development of high
energy XPS has extended the analyzing depth up to 10 nm,'
expanding the application field of AR-XPS. In the AR-XPS
analysis, the escape probability of photoelectrons emitted at
a certain depth without inelastic scattering, which is called
the depth distribution function (DDF), is usually assumed as
an exponential decay function with a decay constant equal to
the inelastic mean free path (IMFP) for the photoelectrons.
This simple assumption, however, is not correct due to elas-
tic scattering. For accurate analysis, the effects of elastic
scattering must be properly taken into account; i.e., the ef-
fective attenuation length (EAL) should be used instead of
the IMFP.”

A database providing EALs has been published bgf the
National Institute of Standards and Technology (NIST).” The
EALs were estimated from a solution of the kinetic Boltz-
mann equation within the so-called transport approximation.4
The calculated EAL is smaller than IMFP and is almost con-
stant for emission angles 6, less than ~60° and increases
very rapidly when 6, exceeds ~60°. A careful measurement
of EALs was conducted for Al Ka-excited Si 2p photoelec-
trons in SiO, and Al,O3 to test the validity of the NIST
database.® The measured EAL for SiO, was 3.62+0.13 nm at
0,=51.5°, which is about 93% of the IMFP calculated with
the Tanuma-Powell-Penn (TPP-2M) formula’ and was in
good agreement with the value (3.593 nm) predicted by the
NIST database. Similar agreement was also observed for
Al,O3, although the experimental EAL (2.71+0.16 nm) was
slightly smaller than the predicted value (2.853 nm). Thus,
the NIST database is commonly believed to be reliable at
least for emission angles less than 60°, while the validity at
larger emission angles has not been examined yet.

Recently, the distinguishability of nitrogen composition
profiles in SiON/Si by AR-XPS was studied by Powell et
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al® They calculated N 1s peak intensities as a function of 6,
for five different N concentration distributions using an XPS
spectrum-simulation tool.” They found that appreciable dif-
ference in the N 1s intensity can be seen only at 6,>60°,
indicating that detailed analysis at ,>60° is crucial for pre-
cise composition-depth profiling in AR-XPS. Thus, for depth
profiling in AR-XPS, it is of great interest to see if the NIST
database is reliable up to larger emission angles. In the
present letter, we examine the validity of the NIST EAL
database over a wide 6, range up to 80° for HfO,/SiON/Si.
The observed AR-XPS results are compared with AR-XPS
yields calculated with DDFs predicted by the NIST database.
In this comparison, we need accurate composition depth pro-
files for calculation of AR-XPS yields. We employ high-
resolution Rutherford backscattering spectroscopy (HRBS)
for depth profiling because HRBS is one of the most reliable
techniques for quantitative depth profiling with a subnanom-
eter depth resolution.'”

A thin SiON layer was prepared by a direct plasma ni-
tridation on a cleaned Si(001) surface and, subsequently, a
thin HfO, layer was grown on SiON/Si by atomic layer
chemical vapor deposition at 300 °C. The nominal thick-
nesses of SiON and HfO, were 1.6 and 2.5 nm, respectively.
The composition depth profiling was performed by HRBS
using 400 keV He* ion beam as a probe. The details of the
HRBS measurement are described elsewhere. ' Briefly, en-
ergy spectra of He* ions scattered at 50° were measured by a
90° sector magnetic spectrometer. In addition to the so-called
random spectra, the [111] axial channeling spectra were mea-
sured to reduce the Si substrate signal. The channeling spec-
trum allows precise measurements of light elements, such as
oxygen, nitrogen, and carbon.

Observed HRBS spectra are shown in the inset of Fig. 1.
The composition depth profiles were obtained after a simu-
lation of HRBS spectra and are shown in Fig. 1. The ob-
tained profiles show the formation of an almost stoichio-
metric HfO, layer. The observed total amount of Hf is 7.5
X 1015 atoms/cm?, which corresponds to 2.7 nm of HfO,.
The oxygen profile extends deeper than Hf and the nitrogen
peak is seen in the same deeper region, indicating that there
is an interfacial layer of SiON. Thus, except for a thin sur-
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FIG. 1. Composition depth profiles of HfO,/SiON/Si measured by HRBS.
The inset shows the observed HRBS spectra.

face contamination layer (3 X 10'# atoms/cm? of carbon), the
observed profiles are in good agreement with the intended
sample structure.

AR-XPS measurements were performed on a Thermo
instrument equipped with an Al K« source. This instrument
allows us to collect AR-XPS data in parallel without tilting
the sample. Photoelectron spectra of Hf 4f, Si 2p, O 1s, and
N 1s were measured at emission angles from 20° to 80° with
respect to the surface normal. Shirley background subtrac-
tion and peak fitting were used when extracting peak areas.
Figure 2 shows the observed photoelectron yield ratios,
(Hf 4£)/(Si 2p), (Ols)/(Si 2p), and (N 1s)/(Si 2p). Here,
the Si 2p yield includes the signals from the substrate Si and
the SiON film. The observed ratios, (Hf 4/)/(Si 2p) and
(O 1s)/(Si 2p), increase with emission angle, indicating that
both Hf and O exist at a shallower region than Si, while the
ratio of (N 1s)/(Si 2p) is almost constant, indicating that
nitrogen exists at a relatively deeper region. These results are
qualitatively consistent with the HRBS profiles.

Photoelectron yields were calculated with a simple ex-
ponential decay function with a decay constant equal to the
IMFP to examine the effect of the elastic scattering. Because
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FIG. 2. Comparison between experimental (symbols) and calculated (lines)
emission-angle dependences of XPS yields. The yield ratios
(Hf 4/)/(Si 2p), (O 1s)/(Si 2p), and (N 1s)/(Si 2p) are shown. Calculated
results with IMFP (dotted lines), modified IMPF (dashed lines) and DDF
(solid lines), are shown.
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FIG. 3. Schematic illustration of the effects of elastic scattering at small
emission angles (a) and large emission angles (b).

the composition is not uniform with depth, we used a
composition-dependent ~ IMFP  defined by  Apypp
=1/[Z0(A)N(A)], where o(A) and N(A) are the inelastic
cross section and the atomic density of element A, respec-
tively. Inelastic-scattering cross sections of elements were
estimated from the IMFPs for Si, SiO,, HfO,, and SizN,. The
estimation of the inelastic cross section of Si is straightfor-
ward; i.e., o(Si)=1/(\giNg;), where \g; is the IMFP for Si
and Ng; is the atomic density of Si. For other elements, the
inelastic cross section of O, for example, was estimated by
O'(O) 2[1 /)\Sioz— O-(Si)NSiOZ(Si)]/NSiOZ(O)’ where )\Sioz is
the IMFP for SiO, and Ny (Si) and Ngio,(O) are atomic
densities of Si and O in SiO,, respectively. Similar formulas,
ie., a(Hf):[l/)\Hfoz—cr(O)NHfoz(O)]/NHfoz(Hf) and o(N)
=[1/Nsiyn,— o(SDNsi N, (S1)]/Nsin, (N), were used for the
estimation of the inelastic cross sections of Hf and N. In
these calculations, the TPP-2M formula’ was employed for
the estimation of IMFPs. This procedure provides simplistic
estimates of the composition-dependent IMFPs. Precisely
speaking, the IMFPs in compounds cannot be related to the
inelastic-scattering cross sections of the constituent
elements.'! In the present case, however, this simple estima-
tion gives rather good results because the specimen consists
mainly of a stoichiometric HfO, film on a pure Si substrate.

In the calculation of photoelectron yields, the sample
was divided into thin layers (thickness of each layer was 3
X 105 atoms/cm?) and the IMFPs for each layer were cal-
culated using the composition profile shown in Fig. 1. The
results of the calculation are shown by dotted lines in Fig. 2.
This calculation roughly reproduces the experimental results
although the angular dependences of the yield ratios,
(Hf 4f)/(Si 2p) and (O 1s)/(Si 2p), are somewhat steeper
than the experimental data. If we reduce the IMFPs by 15%,
better agreement can be obtained at emission angles smaller
than 55° as shown by the dashed curves. This behavior is
consistent with the previous experimental study, which indi-
cated that the EAL for Si 2p photoelectrons in SiO, is
smaller than the IMFP by 7% at 06=51.5°.6 This reduction is
attributed to the effect of elastic scattering. Due to elastic
scattering, the actual path length becomes longer than the
geometrical path length, as shown by Fig. 3(a). As a result,
the EAL becomes smaller than the IMFP. This effect can be
theoretically estimated by the NIST database. The DDFs for
photoelectrons in HfO, were calculated by the NIST data-
base using the TPP-2M formula at various emission angles.
Figure 4 shows examples of the calculated DDFs for Si 2p
photoelectrons as a function of the geometrical path length,
x/cos 6,. Essentially the same results are obtained for other
photoelectrons of energy E, if the path length is scaled by
ESM. The DDFs can be approximated by an exponential de-
cay function at x/cos 6,<4 nm irrespective of the emission
angle. The decay constant for this exponential function is
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FIG. 4. Emission depth distribution functions for Si 2p photoelectrons ex-
cited by Al K« at different emission angles in HfO, calculated by the NIST
EAL database with the TPP-2M formula. The result excluding elastic scat-
tering is shown by a dashed line for comparison (IMFP).

1.86 nm, which is 86% of the IMFP (2.16 nm) indicating
good agreement with the above obtained value of 85%. The
relatively large effect compared to the previous result for
Si0, [EAL is 93% of IMFP (Ref. 7)] can be ascribed to the
larger elastic-scattering cross section of Hf. Thus, the effect
of the elastic scattering can be taken into account by just
reducing IMFP at 6,<<55°. For precise depth profiling, how-
ever, analysis at 6,>60° is crucial,® and such a simple cor-
rection cannot reproduce the experimental results for large
emission angles (see dashed curves in Fig. 2).

At larger 6,, the DDF deviates considerably from the
exponential decay function, as can be seen in Fig. 4. This is
also the effect of elastic scattering. At larger emission angles,
photoelectrons may escape from the surface by a shortcut, as
shown by Fig. 3(b). This effect is pronounced for photoelec-
trons produced at deeper depths. Due to this effect, the es-
cape probability of Si 2p photoelectrons, which are produced
in a relatively deeper region than Hf 4f and O 1s, is en-
hanced from a simple exponential decay function. As a re-
sult, better agreement between the experimental and calcu-
lated XPS yields could be obtained if DDFs are used instead
of the simple exponential decay function. We now examine
the extent to which DDFs predicted by the NIST database
can improve the calculation of XPS yields.

The photoelectron yields calculated with the DDFs are
shown by solid curves in Fig. 2. In the calculation, DDFs for
photoelectrons in HfO, were used because the observed pho-
toelectrons travel mainly in the HfO, layer. The agreement
between the calculated and experimental results is improved
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remarkably for (Hf 4f)/(Si 2p) and (O 1s)/(Si2p) at 6,
>60°. Good agreement over the whole angular region up to
80° is now obtained, indicating that the NIST database is
reliable up to 80°. This allows AR-XPS analysis in a wide
angular region and so more precise depth profiling in AR-
XPS can be performed.

Finally, the relatively poor agreement between the ex-
perimental and calculated results for (N 1s5)/(Si 2p) in Fig. 2
can be attributed to the errors in nitrogen analysis for both
HRRBS and AR-XPS. Due to the small Rutherford cross
sections and the overlapping of nitrogen signals with the
substrate Si, the accuracy of nitrogen profiling in RBS is
rather poor. In XPS measurements, quantitative analysis of N
s peak in the present sample is also difficult because of the
accidental interference by the plasmon loss of the Hf 4d
peak.

In summary, the effect of elastic scattering in AR-XPS
was experimentally studied for HfO,/SiON/Si. The EAL is
reduced from the IMFP by ~15% at 6,<<55°, while it is
increased at 6,>60° due to elastic scattering. The observed
AR-XPS result can be reproduced fairly well over a wide
angular region up to 80° by simulations using DDFs pre-
dicted by the NIST EAL database.
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