
AU0019171

Shallow surface depth profiling with atomic resolution
J. Xi, P.C. Dastoor, B.V. King and D.J. O'Connor

Department of Physics, The University of Newcastle, Callaghan, NSW 2308, Australia

Introduction
It is possible to derive atomic layer-by-layer composition depth profiles from popular electron
spectroscopic techniques, such as X-ray photoelectron spectroscopy (XPS) or Auger electron
spectroscopy (AES). When ion sputtering assisted AES or XPS is used, the changes that occur
during the establishment of the steady state in the sputtering process make these techniques
increasingly inaccurate for depths less than 3nm. Therefore non-destructive techniques of
angle-resolved XPS (ARXPS) or AES (ARAES) have to be used in this case. In this paper
several data processing algorithms have been used to extract the atomic resolved depth
profiles of a shallow surface (down to lnm) from ARXPS and ARAES data.

Methods
It is generally assumed that the solution of composition depth profiles C(x) can readily be
reduced to the well-known inversion of Laplace transforms if an appropriate set of
experimental measurements is available. However, it has been proven both mathematically
and practically that typically there exists a host of possible solutions for C(x) for any given
experimental dataset [1]. Thus, the challenge is to obtain the true solution for C(x) from a set
of possible solutions and a number of different algorithms for achieving this goal are outlined
below.

I. Simple search method [1]
One approach to this problem is to minimise the difference between the experimental
measurements and the calculated intensities by searching for C(x), when the depth profile
shapes are modelled with the benefit of a priori information about the system. For multilayer
systems, however, as little as 1 % of simulated noise added to the data can produce unphysical
results. In order to overcome this problem the structure can be fitted by only allowing the
composition of the fitted structure to vary one layer at a time. Thus, initially only the surface
composition is searched with the composition of the rest of the surface held equal to the
substrate composition. Then, using the fitted top-layer composition, the subsurface
composition is searched with the composition of the rest of the surface equal to the substrate
composition. This process is continued iteratively until the surface composition is obtained.

II. Regularisation method
Another way to eliminate the simulated noise is to regularise data; that is to filter the
unwanted higher spatial frequency components of C(x) by sacrificing the depth resolution. In
this case there is no need for prior information about the depth profile shape and thus this
algorithm is often considered to be only a semi-quantitative technique [2].

III. Self-ratio method
Gries [3] linked the peak intensity to the moments of the depth distribution of an analyte
based on the Gries-Wybenga moment equation. By means of this equation the first algebraic
moment of any distribution (ie. the centroid depth) was shown to be of overriding importance
and the higher central moments (variance, skewness, kurtosis. etc.) to be of rapidly decreasing
significance. Hence, ARXPS or ARAES data alone is practically never sufficient for a unique
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reconstruction of the depth distribution, unless the shape of the depth distribution is known.
Therefore, Gries has developed a self-ratio procedure to extract the depth profile information.
In this procedure the Gries-Wybenga moment equation is used to produce a chart of the model
peak intensities at different emission angles for a series of depth profile shape. Then compare
it with the ratios of the signal intensities at the same angles to obtain the most likely depth
profile.

IV. Partial intensity method
Tilinin [4] proposed that the Laplace transform only holds when the photoemission anisotropy
and elastic scattering of ejected electrons is ignored. A more realistic model is incorporated in
the algorithm recently developed by Werner [5], which extracts the depth profile directly from
the measurement spectrum by solving a set of linear equations derived from a Boltzmann-type
kinetic equation. This kinetic equation describes the emission process of an electron after
several inelastic and elastic collisions within the surface. However, adequate a priori
information about the depth profile shapes is required.

Results and Discussion
The model system used to reconstruct the depth profiles is based upon the CU3AU system,
whose well-ordered depth profile at atomic level is known to be 0.5/1.0/0.5/1.0... for Cu and
0.5/0.0/0.5/0.0... for Au. As the contributions from the deeper atomic layers to the electron
emission yields decrease exponentially, it is reasonable to assume that the compositions of
deeper atomic layers approach that of the bulk. Figure 1 shows the results of the simple search
method and includes the assumption that the sums of the concentration of Cu and Au are unity
for all depths (which further restrains the search range).

atomic layer atomic layer

Figurel Reconstructed depth profiles on the simulated data with 1% (left) and
5% (right) error compared with the assumed depth profile (bar)

Figure 1 demonstrates that the concentrations could be well reconstructed for only the top two
atomic layers and the substrate. This is understandable since the attenuation of contributions
to the peak intensity from the deeper layers increases exponentially and thus the algorithm is
much less sensitive to the variation in those layers' concentration, while the contribution from
the substrate is always be bigger than that from single atomic layer.

Figure 2 represents the restored depth profile results with the regularisation method using
Tyler's algorithm [2]. From the left graph, we see that the Cu concentration drops from the
surface layer to the second layer (at a depth of about 0.2nm) while that of Au rises, following
the trend in the assumed depth profile. However, the algorithm smears the features in deeper
layers out. Using smaller regularisation parameters led to instabilities in the reconstructed
profiles, as illustrated in the right graph of figure2.
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Figure2 Reconstructed depth profiles with Regularisation Method. The left graph is
the profile with the large regularisation parameter, and the right one is with the
small parameter, where the solid lines represent Cu and the dash lines Au.

Figure 3 shows the results of the depth profiles reconstructed using the self ratio method. It
appears that more uncertainties in composition are introduced when the simulated intensities
contain more noise. However, the advantages of Gries' method are that it is easily understood,
accurate in error analysis and transparent in data handling.
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Figure3 The reconstructed concentrations with 1% (left graph) and 5% (right
graph) error introduced at top five atomic layers (error bar) compared with
the assumed ones (dash line)

Table 1 showed the reconstructed concentrations by the partial intensity method. It is
interesting to note that the restored depth profile became unstable when only 0.1% error is
introduced in the simulated intensities. This is because the expected depth resolution of this
method is more than the depth of the surface.

assumed

restored (no error)

restored (0.1 % error)

layer 1

0.5

0.5143

-6.89

layer 2

0

-0.1128

4.626

layer 3

0.5

0.602

-6.291

layer 4

0

-0.0491

3.051

Table 1. Comparison of assumed and restored depth profiles with the partial
intensity analysis
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Figure 4 Intensity variation due to the concentration change (for 0.05, 0.1, 0.2 and
0.5 respectively) of different atomic layers, where the left graph is for 90 degree
take-off angle and the right is for 10 degree angle.

Figure 4 shows the degree of depth profile information the ARXPS or ARAES could actually
deliver, where the concentrations of other atomic layers are assumed to be unchanged, when
the concentration at one atomic layer is varied. From this, it is seen that the measured
intensities would experience significant changes only when the concentrations of the top two
layers or substrate are changed. The deeper the atomic layer is located, the less the intensity
varies, and hence, the more uncertainty there is in the concentration of the layer. This is in
agreement with the work of Mroz [6], who extracted the top two atomic layers' concentration
with the uncertainty of 0.05 and 0.20 respectively. It is well known that the shallow region of
the surface dominates the contribution from the ejected electrons from the lower take-off
angle.

Conclusions
It is possible for the simple search method to extract the composition concentration for the top
two atomic layers from angle resolved electron spectroscopic measurements, and for the self
ratio method to obtain such information for up to the fifth atomic layer (albeit with reduced
accuracy). Atomic resolved depth profiles appear to be too fine for the regularisation and the
partial intensity methods to extract meaningful compositional information. The limit of the
depth profile information, that the angle resolved electron spectroscopy is able to extract, is
also demonstrated.
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