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Abstract A prototype Mössbauer Spectroscopic Microscope is applied for the feasibility
study of 57Fe impurity diffusion in Si wafers. A 2nm-57Fe deposited Si wafer is annealed
at 430 ◦C for 1 hour, and subsequently the 1/3 area of the wafer is further grinded with an
angle of 6 degrees to the original surface to get a higher depth resolution for the mapping.
Subsequently, the mapping images for Fe0sub, Fe

0
int, and Fe+

int states are measured separately
for the two different areas: one area (A) along the grinded surface, and the other (B) along
the original wafer surface crossing through the 57Fe-deposition boundary. By integrating the
mapping intensity the diffusivity of each Fe component along the two different directions
can be evaluated and compared with an average Fe diffusivity in Si, which is measured by
EDS mapping data obtained for the same area.
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1 Introduction

Recently, direct observation on atomic diffusion is essential to control and improve
material characteristics on an atomistic scale. Immediately after the discovery of the
Mössbauer effect in 1958, Singwi and Sjölander [1] predicted theoretically in 1960 that a
Mössbauer spectrum σ (k, ω) can be described as a space-time Fourier transformation of a
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self-correlation function Gs (R, t) , and therefore, the atomic jumps within the lifetime can
be directly observed as a line broadening of the spectrum.

σ(k, ω) = f Re
1
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Based on their prediction, many groups tried to observe the broadenings, and to inter-
pret the experimental results in terms of the jump models. At the early stage, however, there
remained still a large discrepancy between the “tracer diffusivity” obtained from a radioac-
tive tracer experiment and the “Mössbauer diffusivity” from a line broadening of Mössbauer
spectrum. To know the historical development until early 1980’, we refer the following pub-
lications by Chudley and Elliot [2], Dibar-Ure and Flinn [3], Wolf [4], Mullen [5], Mantl,
Petry, Schroeder and Vogl [6], Nowik, Cohen and Bauminger [7, 8], and Dattagupta [9].

At the Hahn-Meitner Institute Berlin, a “high temperature UHV-furnace” was
developed in the middle of 1980’, and was applied for the study on the
self-diffusion of pure Fe via thermal vacancies: The Mössbauer spectra were success-
fully measured in both the γ - and δ-phases up to 1740 K [10], and finally
shown that the Mössbauer diffusivities reduced from the line broadenings agreed
well with the values of the tracer diffusivities. This was the first clear experimen-
tal proof that Mössbauer spectroscopy is able to provide the atomistic information
on the long-range self-diffusion based on the Singwi and Sjölander theory. For a
fast impurity diffusion of Fe in metals and in semiconductors [11], on the other hands,
where an interstitial diffusion mechanism was expected, an in-beam experimental set-up,
which combined Coulomb-excitation with a recoil-implantation technique, was constructed
at a VICKSI heavy ion accelerator to study the fast diffusion of Fe in α-Zr [12] and Alka-
line metals [13], and later in Si [14]: A local jump process of 57Fe atom (i.e. cage motion)
on interstitial sites in α-Zr were clearly detected at about 50 K in terms of a sudden area
decrease accompanied with a quadrupole relaxation [12], while a long-range interstitial dif-
fusion of Fe in Si was detected at about 500 K in terms of the line broadenings [14]. At
CERN-ISOLDE, the line broadenings of interstitial Fe in Si were also observed at around
500 K in an on-line 57Mn implantation experiments [15]. Furthermore, GeV-57Mn beam
was extracted via an on-line projectile fragment separator at RIKEN, and was subsequently
implanted into Si wafers: interstitial and substitutional 57Fe diffusion could be followed as
the line broadenings and the relaxation of two corresponding components [16].

All the experimental results [2–7, 9–15] mentioned above were obtained in
homogeneous solids mainly, and the diffusion lengths and times characteristic for the self-

correlation function were considered to be up to a few nanometers and 10−6 to 10−8 s,
respectively. When we consider to measure diffusion in a material, however, we notice the
material contains always inhomogeneity, i.e., microstructures, which must influence and
change the diffusivities in the microstructures: for instance, multi-crystalline Si solar cells
contain crystal grains, dislocations, precipitations and lattice defects [17], and the diffusion
of Fe impurities must be strongly influenced by internal stress fields originated from such
microstructures. The Fe impurities are considered to be strong trapping sites of electrical
carriers created by the sun light, leading a low efficiency of the solar cells, and therefore,
it is inevitable to control the diffusion and segregation of Fe impurities in mc-Si wafer dur-
ing the production processes [17]. This indicates clearly that a new methodology must be
developed for controlling the microstructures.
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Here we report the first results from the study on Fe diffusion in Si wafer using
“Mössbauer spectroscopic microscope (MSM)”, which enables us to measure the Fe dif-
fusion profiles separately for different Fe states in Si with a spatial sensitivity of several
micrometres. This new method provides a possibility to investigate the diffusion processes
by taking into account of the interactions and the correlations between Fe impurities and
lattice defects such as dislocations, grain boundaries, and residual stresses in different
grains.

2 Mössbauer spectroscopic microscope (MSM)

A prototype set-up (Fig. 1) of “Mössbauer Spectroscopic Microscope (MSM)” has been
recently built and completed in our group [18, 19], combining with different evaluation
equipment such as a scanning electron microscope (SEM), an electron beam induced current
(EBIC), an energy dispersive X-ray spectrometer (EDS), an electron backscatter diffraction
(EBSD), and a cylindrical sector electron analyser (FOCUS, HV-CSA). We use a multi-
capillary X-ray (MCX) lens to focus 14.4keV γ -rays on a sample which is mounted on a
precision XYZ-θ stage. The electrons and transmitted γ -rays are measured as function of
the sample position by a funnel type-MCP detector and a Si-PIN diode detector, respec-
tively. 3.7GBq-57Co source is mounted on a linear motion driver operated with a constant
Doppler velocity corresponding to the isomer shift of a Mössbauer spectral component,
enabling us a mapping of each Fe component selectively with a spatial sensitivity of several
micrometres.

3 Experimental procedure

A CZ-Si wafer (1015 B/cm3) was cut into a square plate of 30 mm×30mm×500μm. After
removing a natural oxide layer by 5%-HF, 2nm-thick 57Fe was deposited in an area of
10mm×10mm on the wafer, which is shown in Fig. 2a, and subsequently annealed at 430◦
for 1 hour in a vacuum furnace. Mössbauer spectrum was measured in air at room temper-
ature. Furthermore, about 1/3 of the sample on the right hand side was angle-polished with
an angle of 6 degrees to the surface, as is seen in Fig. 2a. Finally, three mapping images
of conversion and Auger electrons due to Mössbauer effect were measured as function of

Fig. 1 Mössbauer spectroscopic
microscope (MSM)
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Fig. 2 a 57Fe-deposited Si wafer, and 57Fe-deposited area is shown by red broken-line rectangular, b MSM
mapping for red-line square area in Fig. 1a, c EDS mapping of Fe-Lα1 X-ray. The mapping areas of (A) and
(B), which are shown in Fig. 1b, are evaluated for the 57Fe diffusivities along the angle-polished area and
along the surface crossing through the 57Fe-deposition boundary, respectively

sample position by adjusting the resonant absorption conditions of 14.4keV-γ -rays corre-
sponding to different spectral components, i.e., substitutional Fe0sub, and interstitials Fe0int
and Fe+

int, respectively. We accumulated the electrons and the γ -rays simultaneously for 35
s at 80×80 points with a mapping step of 50μm. The focal distance and size of the Multi-
capillary X-ray lens was 50 mm and 250μmϕ, respectively, for the whole experiments. In
order to compare the diffusivity of Fe in Si reported so far [20], two different areas were
evaluated: one area (A) along the grinded surface, and the other (B) along the original wafer
surface crossing through the 57Fe-deposition boundary. By integrating the mapping inten-
sity of the electrons, the diffusivity of each Fe component along two different directions
could be evaluated and compared with the total Fe diffusivity in Si, which was measured by
EDS mapping of Fe-Lα1 X-ray obtained for the area presented in Fig. 2c.

Fig. 3 Mössbauer Spectrum of
57Fe deposited Si wafer, which
was annealed at 430 ◦C
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Fig. 4 Three mapping images along angle-grinded surface, corresponding to different spectral components,

i.e., (a) substitutional Fe0sub, and (b) interstitials Fe0int 0 and (c) interstitial Fe+
int, respectively. The diffusion

profiles are plotted as function of depth, which is deduced by correcting the angle of 6 degrees

Fig. 5 Three mapping images along the surface, corresponding to different spectral components, i.e., (a)

substitutional Fe0sub, and (b) interstitials Fe
0
int and (c) interstitial Fe

+
int, respectively. The diffusion profiles are

plotted as function of surface distance from the 57Fe-deposited boundary
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Table 1 Diffusivities of Fe in Si evaluated from the MSM mapping images.

Methods Diffusion profiles Fe states D / cm2s−1

EDS depth total 8.0 × 10−9

Parallel to surface 1.1 × 10−9

MSM depth total 5.7 × 10−9

substitutional Fe0sub 8.3 × 10−9

interstitial Fe0i 5.6 × 10−9

interstitial Fe+
i 4.5 × 10−9

Parallel to surface total 6.1 × 10−6

substitutional Fe0sub 7.4 × 10−6

interstitial Fe0i 4.4 × 10−6

interstitial Fe+
i 7.0 × 10−6

Reference [20] total 1.7 × 10−8 at 430◦C

4 Results and discussions

Figure 3 shows Mössbauer spectrum of 2nm-57Fe deposited Si wafer (1015 B/cm3) mea-
sured at room temperature after the annealing at 430oC for 1 hour. The spectrum can be
fitted by the superposition of three Lorenz functions corresponding to substitutional Fe0s ,
and interstitial Fe0i and Fe

+
i . The isomer shifts of Fe0s (green) and Fe

+
i (red) are -0.15±0.03

and +0.77±0.02mm/s, respectively. These values are in rather good agreement with those
of -0.13 and +0.67 mm/s obtained theoretically by Wright et al. [21]. The isomer shift of
neutral interstitial Fe0i (yellow), however, is 0.42±0.05 mm/s, which is different from that
of the calculation, 0.72 mm/s. Our value of Fe0i is close to that of FeV2, 0.39 mm/s, in their
calculation. There remains still some problems in the assignments of the Fe components in
Si. In the following, we use our assignment to discuss the diffusivities.

4.1 57 Fe diffusion profile along the angle-polished area

Three mapping images of conversion and Auger electrons due to Mössbauer effect were
measured by adjusting the Doppler velocities of 57Co source, i.e., the resonant absorption
conditions of 14.4keV-γ -rays corresponding to different spectral components, i.e., (a) sub-
stitutional Fe0sub, and (b) interstitials Fe

0
int and (c) interstitial Fe

+
int, respectively. The mapping

images are shown in Fig. 4a, b and c, respectively. The same colouring scale is used for all
images between 500 and 800 counts/mapping point. The broken line on the left-hand side of
each mapping indicates the position of the surface deposited with 57Fe. After the diffusion
annealing at 430◦C for one hour, the 57Fe diffusion profiles of Fig. 4a, b and c appear to be
different each other, suggesting different diffusivities for different Fe states in Si. The map-
ping intensity is essentially proportional to the number of the Fe atoms distributing in the
region down to about 100 nm below the surface, from where the electrons can be emitted.

The average intensity of Fig. 4a is clearly higher than those of Fig. 4b and c. This might
be due to the depth distribution of substitutional Fe0sub. In addition, the mapping image
might contain information on a density fluctuation of Fe atoms, which could be originated
from the atomic correlations. For the simplicity, however, we will not be discussing on these
problems. We will, therefore, analyse only the relative changes of the integrated mapping
intensity as function of the distance from the surface. These 1D-diffusion profiles can be
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Fig. 6 A Diffusion profiles along the depth obtained from EDS mapping of (a) Fe-Lα1 X-ray, MSM map-
pings of (b) total electron intensity, (c) substitutional Fe0sub, (d) interstitials Fe

0
int and (e) interstitial Fe+

int,
respectively. B Diffusion profiles along the surface obtained from EDS mapping of (a) Fe-Lα1 X-ray, MSM
mappings of (b) total electron intensity, (c) substitutional Fe0sub, (d) interstitials Fe

0
int and (e) interstitial Fe

+
int,

respectively

obtained by summing up the counts along the direction perpendicular to the depth. By taking
into account of 6 degrees, i.e., the angle between the grinding plane and the surface, we
can estimate the diffusion depth. Accordingly, the diffusivity for each Fe component can be
deduced as function of depth from the surface by assuming a simple Gaussian distribution.
The total diffusivity of all Fe components is evaluated as 5.7 × 10−9 cm2/s, the value of
which is close to those obtained from the EDS mapping image, 8.0 × 10−9 and 1.7 × 10−8

cm2/s from the reference [20]. The results are summarized in Table 1.

4.2 57Fe diffusion profile along the surface crossing through the 57Fe-deposition
boundary

The mapping images along the surface and their diffusion profiles are shown in Fig. 5a, b

and c, respectively. The broken line on the left hand side indicate the 57Fe-deposition bound-
ary. The diffusivities are summarized in Table 1. Surprisingly seen is that the diffusivity
along the surface is three orders of magnitude larger than that of along the depth, although
the diffusivity estimated by the EDS mapping image shows only 1.1 × 10−9 cm2/s. This
big discrepancy may be due to the detection range: 100nm for MSM and 300nm for EDS.
Moreover, further investigation is necessary to clarify the problem. It should be noticed
that there is oxygen distribution which coincides the 57Fe-deposition area. Accordingly, the
experimental conditions must be also improved to clarify the problems of Fe diffusion and
segregation in Si matrix.
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Figure 6A and B show the summary on the diffusion profiles obtained for both direction,
i.e., perpendicular and parallel to the Si surface, and the results are compared with those
from the EDS mapping of Fe-Lα1-X-ray (Fig. 2c) as well as other references [20]. The dif-
fusion profiles of the total Fe, (b) in Fig. 6A and B, are deduced from the sum of the Fe
components, corresponding to (c) substitutional Fe0sub, (d) interstitials Fe

0
int and (e) intersti-

tial Fe+
int, respectively. The sum profile is expected to be equivalent to the profile obtained

by the EDS measurement. There appears, however, to exist a difference close to the surface
in (A) and the deposition boundary in (B).

5 Summary

A new set-up of “Mössbauer Spectroscopic Microscope (MSM)” has been recently
built and completed in our group. The mapping images of a 57Fe-deposited
and annealed Si wafer are compared in two different areas (A) and (B), indi-
cating different diffusion profiles, which provides us a possibility to investigate
the diffusion processes selectively for the different states of Fe atoms in Si matrix. This
method can be also applied for the diffusion study of Fe in Si-solar cells, where the inter-
actions and the correlations must be playing an important role between Fe impurities and
lattice defects such as dislocations, grain boundaries, and residual stresses in different
grains.
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