Journal of ELECTRICAL ENGINEERING, VOL. 54, NO. 1-2, 2003, 52–56

COMMUNICATIONS

AUGER DEPTH PROFILING AND FACTOR ANALYSIS
OF SPUTTER INDUCED ALTERED LAYERS IN SiC
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The thickness of the altered layer created by ion bombardment of the 6H silicon carbide single crystal was determined by
means of Auger depth profiling combined with factor analysis. After pre-bombardment of the surface until the steady state
by argon ions with energies 1, 2 and 4 keV, the micro profiles of the altered layers were recorded by sputtering with low
energy argon ions of 300 eV. As the position and shape of the carbon Auger signal depend on the perfection of the crystalline
structure, they were used for depth profile evaluation by factor analysis. In this way the depth profiles of the damaged surface
region could be estimated in dependence on the ion energy. The thickness of the altered layer of SiC bombarded with keV
Ar ions using an incident angle of 80◦ was obtained.
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1 INTRODUCTION

Various steps in device technology as well as a number of surface sensitive analytical techniques often employ sputtering of the surfaces under study by ions. A
surface sensitive analytical technique like Auger electron
spectroscopy (AES) in combination with low energy ion
sputtering is a valuable tool for high resolution depth profiling. However, sputtering of the surface by energy ions
often brings about changes in morphology, structure an
composition of the subsurface region, giving rise to an altered layer with characteristics different from those of the
bulk. The thickness of the altered layer and its properties
depend on the ion beam parameters (energy, ion species,
angle of incidence) as well as on the investigated material itself. AES is a well suited method for investigations
of the sputter induced compositional micro profiles close
to the surface [1] and for thickness determination of the
altered layer. One of the methods how to investigate the
properties of such altered layers is sputter depth profiling
of the altered layer under conditions of very shallow ion
damage, ie, with a grazing incidence angle and/or with a
use of low energy ions (some hundreds of eV) [2].
The present paper reports on investigations of the altered layers of SiC single crystal surfaces due to ion bombardment. Compositional changes at the silicon carbide
surface caused by low energy ion bombardment are not
well understood up to date. Publications with very different results can be found in the literature reporting on
preferential sputtering and accompanying surface compositional changes of the SiC surface. Surface enrichment
in silicon [3, 4, 5], restored stoichiometry [6, 7] and also

carbon enriched surfaces [8, 9] after sputtering with argon were reported. These discrepancies strongly motivate
evaluation of the measured data in order to get a detailed
picture of the silicon carbide surface after sputtering.

2 EXPERIMENTAL

All experiments were conducted on n-type 6H-SiC
single crystal substrates with a smooth surface (rms=
0.5 nm). The samples were transferred without any pretreatment into the UHV chamber of the Riber ASC
2000 Auger electron spectrometer. During Auger measurement, the chamber pressure was 10−7 Pa. First, the
sample surface was sputtered with argon ions of x keV
(x = 1, 2 and 4) under an incidence angle of 80◦ with
respect to surface normal until the steady state was
reached. Afterwards, the ion gun was adjusted down to
the value of 300 eV. This procedure took approximately
5 minutes. Then, Auger depth profiling was carried out
of the pre-bombarded surface in a sequential mode, ie, by
alternating signal measurement and sputtering. The incidence angle of the ion beam was not changed. The current density of the ion beam was 3.65 µA/cm2 and was
constant during the whole experiment. Pre-bombardment
with the keV ion beam was carried out with current density equal to 7.3 µA/cm2 . The following spectra were
recorded with 0.5 eV energy steps: silicon LVV and KLL
transitions at 92 and 1615 eV, respectively, and carbon
at 272 eV. The oxygen spectra at 512 eV were recorded
with 1 eV energy steps. The electron gun was directed
perpendicularly to the sample surface and operated at
3 keV energy of the primary beam with spot diameter

∗

Center for Micro- and Nanotechnologies, TU Ilmenau, Gustav-Kirchhoff-Str. 7, D-98693 Ilmenau, Germany
∗∗
Department of Microelectronics, Slovak University of Technology, Ilkovičova 3, 812 19 Bratislava, Slovakia
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Fig. 1. Auger depth profile of an altered layer at a silicon carbide
surface obtained by 300 eV argon sputtering. The altered layer was
created by pre-bombardment with 4 keV argon ions. The sputtering
with 300 eV ions started at time zero.

Fig. 2. Derivative Si LVV Auger spectra recorded at the SiC surface
after bombardment with 4 keV Ar ions (a) and after exposure to
the residual atmosphere in the UHV chamber (b).

10 µm, the electron beam current was 1 µA. The signal
from the sample was recorded in differential mode with
a CMA analyzer (the electron gun was placed co-axially)
working with energy resolution 0.3 %. The take off angle
of CMA was 42◦ with respect to the surface normal.

is factor analysis [11]. In factor analysis, the whole series
of spectra are evaluated, so that the peak shape changes
can be taken into account.
Factor analysis has often been applied to evaluate AES
depth profiles [12–16]. The main precondition for applying factor analysis to evaluate spectroscopic data is the
assumption that all spectra can be described by a linear
combination of a low number of basic spectra. The evaluation procedure consists of two main parts. In the first
part, the principal component analysis (PCA) determines
the number of basic spectra as well as the basic spectra
themselves needed for sufficient reproduction of the whole
spectra set. In the second part, the basic spectra obtained
from the principal component analysis, which have an abstract form, are transformed into spectra with a physical
meaning. The transformation can be performed either by
means of target testing or rotation of the basic spectra.
Details of these procedures can be found in [11]. Let us
shortly introduce the idea of factor analysis. The data
matrix D is composed from the measured spectra. The
spectra are introduced as column vectors. The dimension
of D matrix is m × n, m is the number of measured
points in a single spectrum and n is the number of the
spectra within the depth profile. Then the data matrix is
decomposed as

3 RESULTS AND DISCUSSION

In order to produce an altered layer, the surface of
the 6H SiC single crystal was bombarded with argon ions
of energies from 1 to 4 keV. The constant silicon-tocarbon Auger signal ratio with prolonged ion bombardment served as the indicator for the steady state. After
the steady state was reached, the sputter depth profiling
procedures were carried out through these altered layers
by means of AES. For the sputter depth profiling procedure, the energy of the ion beam was reduced to 300 eV
in order to keep the distorted depth small enough in comparison with that from the preceding bombardment. Figure 1 presents the Auger depth profile measured on the
silicon carbide single crystal pre-bombarded with 4 keV
argon ions. Here, the Auger peak-to-peak heights (Ipph )
are displayed as a measure for the Auger signal. Replacement of the Auger signal by the peak height is acceptable
for quantification in such cases only, if the shape of the
Auger peak is not affected by the chemical state of the investigated sample [10]. In our experiments, however, we
did not observe any changes in the peak shape of both
silicon and carbon Auger transitions. The obvious reduction of the silicon signal occurring during ion gun adjustment was attributed to the adsorption of oxygen from
the residual atmosphere. Due to the Si-O bonds at the
surface, the silicon Auger peak became broader and its
height decreased. A well established and reliable quantification tool in the case of peak shape changes in AES

Dm,n = Rm,n · Cn,n .

(1)

The columns of the R matrix represent n basic spectra,
the rows of the C matrix contain the weighting factors,
the so-called loadings for respective basic spectra. Decomposition procedure is based on the linear least square
method so that the basic spectra are ordered with their
importance in the R matrix. The first columns of the
R matrix contain basic spectra reflecting the useful signal, the last columns are connected with the noise in the
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Fig. 3. Projection of the carbon spectra recorded during sputter
depth profiling of the silicon carbide pre-bombarded with 4 keV Ar+
ions onto the factor space as determined from the principal component analysis. The spectra from the beginning of the depth profile
are projected in region A, the spectra from the end of the depth
profile are projected in region B.
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Fig. 4. Spectroscopic form of the principal components PC1 (A)
and PC2 (B) as displayed in Fig. 3.

measured spectra. The number of basic spectra can be
reduced and Eq. 1 can be rewritten as
Dm,n = Rm,k · Ck,n + Em,n ,

(2)

where E is a matrix representing the noise in the measured spectra, k is the number of the basic spectra necessary for sufficient reproduction of the data matrix. Malinowski [11] and Pieterwas et al [17] proposed some methods and empirical functions how to determine the number
of basic components (spectra). The basic spectra in matrix R build the so-called factor space. They are orthogonal and have an abstract form. In order to get useful
information, a new basis of the factor space should be
found. Either the assumed spectra are tested, if they lie
within the factor space, or the basic spectra are rotated

within the factor space and are compared with other spectra.
Due to its small information depth and thus the high
surface sensitivity, the silicon LVV transition would be
the most appropriate for the factor analysis. The information depth can be calculated as 3Qλ(E) cos(α), where
λ is the inelastic mean free path of electrons with energy E in the solid, α is the take off angle of the analyzer, and Q is the correction factor due to the elastic
scattering of electrons (∼ 0.8). Using the TPP-2M formula for the calculation of the inelastic mean free paths
in SiC [18] we get the information depths of 0.95 nm and
1.6 nm for silicon LVV and carbon Auger transitions, respectively. Nevertheless, we decided not to use the silicon
peak for factor analysis. It is apparent that the Si LVV
signal Ip ph(Si) decreased during switching the ion energy
down to 300 eV (Fig. 1), whereas carbon and silicon KLL
signals did not change. There was a small oxygen signal
present in the spectra after pre-bombardment with a keV
argon ion beam. The oxygen signal became twice higher
within the time of ion gun adjustment and decreased only
slightly with prolonged sputtering by 300 eV argon ions.
It is known that oxygen is bond preferentially to silicon
atoms at SiC surfaces [19–21]. The LVV transitions involve the valence band and therefore their peak shapes
are very sensitive to the chemical environment of respective species in the solid. There were only minor differences
in the carbon peak shape (core-valence-valence transition) after surface exposure to the residual atmosphere,
whereas a slight peak shift and peak broadening of 0.8 eV
could be observed for the silicon LVV peak (Fig. 2). The
peak broadening in the lower energy direction indicates
creation of Si-O bonds at the surface. Thus, in the following we will concentrate on the carbon Auger signal due
to its insensitivity to oxygen. The silicon KLL transition
due to its great information depth (5.8 nm) and the low
energy resolution of the analyzer at such high energies
(1615 eV) was not taken into account for quantification.
As the first attempt, the principal component analysis
was carried out on a set of carbon Auger spectra without any data pre-treatment. It resulted in three principal
components needed for the reproduction of the data matrix. Target testing made with a constant spectrum as a
test vector showed that one of these three components
could be described by a constant. Thus, after subtraction
of a constant part from all Auger spectra prior to PCA,
the number of principal components in the data matrix
could be reduced to two. The spectra were measured in
a narrow energy window, therefore it was not possible to
determine the constant part of the particular spectra from
the high energy side of the spectra as proposed by Baunack [22]. However, subtraction of a unique constant spectrum from all carbon Auger spectra led also to the reduction of the number of principal components. The number
of principal components was determined by an indicator
function and imbedded error function [11] as well as by
visual inspection of the residual spectra. The background
due to inelastically backscattered primary electrons and

55

Journal of ELECTRICAL ENGINEERING VOL. 54, NO. 1-2, 2003

loadings (au)
0

loadings (au)

depth (nm)
1

2

3

4

1,2

5

1,0

1 keV
2 keV
4 keV

1,0
0,8

0,8
0,6

PC1
PC2

0,6

0,4

0,4

0,2

0,2
0,0

0,0
0

10

20

30

40

50

60

70

80

0

1

2

3

4

5

depth (nm)

sputter time (min)

Fig. 5. Depth profiles of the principal components PC1 and PC2 of
a 4 keV pre-bombarded silicon carbide sample obtained by 300 eV
sputtering (Ar, 80◦ ).

Fig. 6. Set of the depth profiles of the principal component PC1
(standing for the altered layer) for 1, 2 and 4 keV bombardment by
Ar ions under 80◦ .

secondary electrons, which can be roughly described by
a linear function in the measured energy window, is the
origin for the constant part in the differentiated spectra.
Figure 3 presents the projection of the measured carbon spectra onto the factor space determined by PCA of
the set of carbon spectra after constant subtraction. The
factor space is determined by the first two basic spectra
in the R matrix, these being orthogonal. Spectra from
the beginning of the depth profile are projected in region
A, spectra from the end of the depth profile are projected
in region B of Fig. 3. Thus, the measured depth profile
shows a transition from one state of carbon at the surface to another state of carbon in the depth. The original
state is represented by vector PC1 (principal component)
and the final state by PC2. The principal components are
displayed in their spectroscopic form in Fig. 4. They were
calculated by rotation of the basic spectra. The shape of
the curve between A and B indicates that the sum of the
loadings is not everywhere equal to one. Otherwise the
points would lie on a straight line. The graphical presentation of the factor space can be transcribed into a depth
profile of the two principal components. In Fig. 5 the loadings (weighting factors) of the PC1 and PC2 for appropriate spectra are displayed as a function of the sputtering
time. In order to transform the time axes into depth, the
sputtering rate was measured. The surface of the SiC single crystal was partly covered by an Al foil. Then, the
surface was sputtered along the foil edge in order to create a sputter crater. After sputtering, the crater edge was
measured with AFM. From the achieved depth (80 nm),
sputtering time and ion current density, the sputtering
yield of 0.49 atoms/ion was calculated. With the help of
the measured sputter rate, the time axes could be transformed into the depth scale (upper axis in Fig. 5).
The same procedure as for 4 keV pre-sputtering was
carried out for the depth profiles obtained from the sur-

faces pre-bombarded with 1 and 2 keV ions. For all measurements, two components were necessary to reproduce
the measured matrix of the carbon spectra. The depth
profiles of the principal components referring to carbon at
the pre- sputtered surface are summarized in Fig. 6. The
region within the SiC sample, which refers to the carbon
state at the pre sputtered surface, exceeds deeper into the
sample with increasing energy. At the beginning of the
depth profiles in Fig. 6, there are plateaus with widths
of approximately 0.4 and 0.95 nm for 2 and 4 keV presputtered surfaces, respectively. For 1 keV, no plateau exists at the beginning of the depth profile. Then, transition
regions follow. The widths of these regions calculated as
the 90 %–10 % decrease are 0.9, 1.45 and 2.6 nm for 1, 2
and 4 keV, respectively. Finally, the depth of the altered
layers measured as the drop of the signal down to 10 %
are 1.00, 1.95 and 3.8 nm for 1, 2 and 4 keV, respectively.

4 CONCLUSIONS

The thickness of the layer altered by ion bombardment
of single crystalline SiC with 1 to 4 keV Ar ions under
80◦ were determined by means of low ion energy Auger
depth profiling. Factor analysis of the carbon Auger peak
was applied for identification of the damaged region. The
thicknesses of the altered layers measured as the drop of
the signal down to 10 % were 1.00, 1.95 and 3.8 nm for
1, 2 and 4 keV, respectively.
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