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Metallic impurities are detrimental to many silicon devices
and limit the efficiency of multicrystalline silicon solar cells.
Therefore they are a major subject of ongoing research. Pho-
toluminescence spectroscopy is a promising technique for de-
tecting precipitated metals in silicon because of its sensitivity
to the minority carrier density and to specific types of defects;
however the impact of impurities on the defect luminescence

1 Introduction The performance of many silicon de-
vices heavily depends on the metal contamination. In par-
ticular the efficiency of solar cells made of block-cast mul-
ticrystalline (mc) silicon with its inevitable high transition
metal content is significantly reduced. Two of the most
common and at the same time detrimental impurities are
iron and copper. While at least the interstitial iron concen-
tration is detectable with minority carrier lifetime meas-
urement techniques [1, 2], the detection of single metal
precipitates is only possible with technically demanding
methods such as X-Ray Fluorescence spectroscopy (XRF)
[3] or Transmission Electron Microscopy (TEM), which
requires a time-consuming sample preparation and pre-
characterisation [4]. The precipitation of metals is relevant
for mc silicon solar cells in many ways: Metal precipitation
at crystal defects during the crystal growth can clean grains
from impurities and thus, improve the performance [5], or
can cause shunts and sites of pre-breakdown and damage
the cell or module respectively [6, 7]. These effects make
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could not be clarified yet. In this letter we examine the role of
micron-sized iron and copper precipitates in direct bonded
wafers by micro-photoluminescence spectroscopy. Both kinds
of precipitates are detectable by means of the reduced band-
to-band luminescence. An element-specific effect on the de-
fect luminescence is observed. The results are confirmed by
X-ray fluorescence spectroscopy.
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the development of an accessible, fast and non-destructive
technique for the detection of metal precipitates highly
relevant for the further improvement of mc silicon solar
cells. A promising approach for the detection of metal pre-
cipitates is photoluminescence (PL) spectroscopy with a
high spatial resolution. PL spectroscopy provides comple-
mentary material parameters in one measurement: The in-
tensity of the band-to-band (BB) peak is a qualitative
measure for the recombination activity [8], the intensity
and energy position of the defect PL peaks between 0.8 eV
and 0.99 eV at room temperature or below yield additional
information about the nature of the defects [9, 10]. The
role of impurities in the defect PL has been widely dis-
cussed [11], but is far from being clarified yet. To obtain
meaningful experimental results our study is based on well
defined samples and maximum spatial resolution. As
highly defined samples we choose Direct Bonded Wafers
(DBWs) [12], whose clean dislocation networks represent
an ideal model system for mc silicon. The DBWs are con-
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taminated with iron or copper, which precipitate at the dis-
location network or close to the interface. These defect
systems, which consist of the dislocation network and the
metal precipitates, are examined with micro-PL spectros-
copy at ambient temperature and the results are compared
to XRF measurements with similar resolution, which were
conducted at ID22 at the European Synchrotron Radiation
Facility (ESRF).

2 Experimental Details on the preparation of the
DBWs can be found in [12]. For this work two 600 um
thick n-type float-zone wafers with a phosphorous doping
below 10" cm™ were taken as starting material for the
bonding. The DBWs are contaminated either with iron or
with copper by in-diffusion at 1030 °C and 1200 °C re-
spectively. In addition, a reference DBW is subject to the
same heat treatment without any contamination. For the
analysis of cross contamination effects one DBW is con-
taminated with iron and copper with the same heat treat-
ment as for the iron contamination.

After the in-diffusion the contaminants are allowed to
precipitate at the dislocation network within 2 h at ap-
proximately 850 °C. Finally the DBWs are prepared with a
bevelled polish and a subsequent surface cleaning etch in

order to allow PL measurements at the dislocation network.

The PL spectroscopy setup is a confocal microscope with
an excitation laser (532 nm wavelength) with a power of
10 mW on the sample. The PL light is split up by a
150 gmm™' grating and detected by an InGaAs detector.
For these experiments a 50x lens with a resulting depth of
focus of 3 um is used. This confocal setup provides a ra-
dial resolution of about 0.8 um and a spectral resolution of
0.5 nm. The XRF measurements were conducted with a
10 keV X-ray microbeam at the beamline ID22 of the
ESRF. The hard X-ray microprobe provides a spatial reso-
lution of 4 pum in the horizontal and 1 um in the vertical di-
rection.

3 Results In the iron contaminated sample the inten-
sity of the BB PL peak is reduced at the dislocation net-
work (which intersects the surface of the bevelled sample
to the right side of the blue line in Fig. 1a) due to its re-
combination activity. At some distinct spots of a size be-
tween | um and 4 pm the BB PL peak is particularly low
(circles in Fig. 1a). At these spots iron precipitates were
detected by XRF (Fig. 1b). Both measurements show a
good agreement though the escape depth of the PL is
smaller than the information depth of the fluorescence,
which demonstrates the potential of micro-PL spectros-
copy to detect precipitates due to their increased recombi-
nation activity. As expected, XRF did not detect any impu-
rities other than iron in this sample. The dashed circle
shows a limitation of the micro-PL setup. The sensitivity is
limited to an area close to the surface because of the short
absorption length of the excitation laser (about 1 pum).
Since the iron precipitate in the dashed circle lays deeper
in the sample, it cannot be detected by the current micro-
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Figure 1 (online colour at: www.pss-rapid.com) Top: Scheme of
the sample preparation with the polished angle. Bottom: Intensity
of the BB PL peak at room temperature (a) and of the iron X-ray
Ka fluorescence (b). The dislocation network intersects the sur-
face to the right of the dashed blue line. The spots with reduced
BB PL intensity (white circles) are caused by recombination acti-
ve precipitates, which were detected with XRF (b). The PL mea-
surement clearly shows more details than the XRF measurement,
which suggests a higher sensitivity.

PL setup. This limitation might be overcome by an excita-
tion laser with a longer wavelength and absorption length
in silicon.

The iron precipitates alter not only the BB PL but also
the defect PL. In Fig. 2 four normalised PL spectra are
compared: (1) At an iron precipitate (white x in Fig. 1a),
(2) at a position without precipitate (black x in Fig. 1a), (3)
the reference DBW, which was subject to the same tem-
perature steps as the iron contaminated sample, without
contamination and (4) at a copper precipitate (white x in
Fig. 4a).

The iron contaminated sample shows an enhanced de-
fect PL at 1.3 pm compared to the uncontaminated sample,
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Figure 2 (online colour at: www.pss-rapid.com) Comparison of
the normalised room temperature PL spectra at an iron precipitate
(white x in Fig. 1a), at a position without precipitate (black x in
Fig. 1a), the bonded wafer without contamination and at a copper
precipitate (white x in Fig. 4a). The defect PL at the iron precipi-
tate is shifted to longer wavelengths, which can be seen from the
fit of the defect PL (thin orange curve — no precipitate, thin black
curve — precipitate) with the thick vertical lines marking the peak
positions. The BB peak is also fitted, but the fit function is not
shown for the sake of clarity.
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1.3 pm
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Figure 3 (online colour at: www.pss-rapid.com) This figure
shows the position of the Gauss peak (compare to Fig. 2), which
fits the defect PL. A clear shift to longer wavelengths at iron pre-
cipitates can be observed. Shown is a detail from the lower left
side of Fig. la. This figure demonstrates the ability of PL spec-
troscopy to identify precipitates in the size of 1 um or smaller,
since the signal might be broadened.

when the spectra are normalized to the BB PL. The spectra
are multiplied by the factors: 1 for the iron precipitate, 0.72
for the iron contaminated sample at no precipitate, 7.8 for
the copper precipitate and 0.74 for the uncontaminated
sample. In the copper contaminated sample the defect PL
is drastically reduced.

At the iron precipitate the broad defect PL band is
shifted to longer wavelengths. If this is due to an additional
peak with a longer wavelength, which is suggested by the
decreased quality of the fit for the defect PL with one
Gauss peak (see Fig. 2), or due to an energy shift of the
peak cannot be conclusively decided from these data. The
defect PL is weaker in the uncontaminated sample.

In a sample with copper and iron contamination where
both iron and copper were precipitated at the dislocations,
the spectrum is a composition between the pure iron and
pure copper spectrum. The effect of the defect PL shift at
precipitates is demonstrated for a detail from the lower left
side of Fig. 1 with longer integration times in Fig. 3. For
this the entire spectrum was fitted at each point with four
Gauss peaks (three for the BB peak and one for the defect
PL). The shift to higher wavelengths at the iron precipi-
tates can be clearly seen and is higher for comparatively
big precipitates.

While the defect PL is almost completely suppressed in
all of the sample with only copper, the intensity of the BB
PL peak can be used to locate the copper precipitates at the
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Figure 4 (online colour at: www.pss-rapid.com) Intensity of the
PL BB peak on the left side (a) and the intensity of the copper Ko
X-ray fluorescence (b). The dislocations are on the left to the blue
dashed line. The spots with decreased PL BB peak intensity
(white circles) can be clearly correlated to the copper precipitates,
which are identified by XRF (b).
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dislocation network, which is demonstrated by the com-
parison to the intensity of the copper Ko X-ray fluores-
cence in Fig. 4. At 4.2 K the suppression of defect PL by
high copper concentrations was reported in [13].

4 Conclusion In this paper we showed that micro-
photoluminescence is an excellent tool for identifying me-
tal precipitates in silicon. The minimum size for the detec-
tion is 1 pm or even smaller, since the PL signal might be
broadened. By plotting the intensity of the BB PL peak the
position of precipitates correlates to spots of decreased in-
tensity. This was demonstrated for contaminated direct
bonded wafers by comparison with XRF. Iron and copper
were found to have a different effect on the defect PL
around 1.3 um at room temperature. While the defect PL
was increased in the iron contaminated sample and shifted
to longer wavelength at iron precipitates, it is suppressed in
the copper contaminated sample. This dependence of the
defect PL on the contaminant may be utilized in order to
identify the chemical composition of precipitates. So far
the detection of precipitates is limited to near surface pre-
cipitates. This limitation might be overcome by an excita-
tion laser with a longer wavelength and a longer absorption
length in silicon.
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