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Abstract — Photoluminescence (PL) imaging is widely used to
identify defective regions within mec-Si PV cells. Recent PL
imaging investigations of defect band luminescence (DBL) in mc-
Si have revealed a perplexing phenomenon. Namely, the reversal
of the DBL intensity in various regions of mc-Si PV material
upon the application of a SiN,:H anti-reflective coating (ARC).
Regions with low DBL intensity before ARC application often
exhibit high DBL intensity afterwards, and the converse is also
true. PL imaging alone cannot explain this effect. We have used
high resolution cathodoluminescence (CL) spectroscopy and
electron beam induced current (EBIC) techniques to elucidate
the origin of the DBL intensity reversal. Multiple sub-bandgap
energy levels were identified that change in peak position and
intensity upon the application of the ARC. Using this data, in
addition to EBIC contrast information, we provide an
explanation for the DBL intensity reversal based on the
interaction of the detected energy levels with the SiN,:H ARC
application. Multiple investigations have suggested that this is a
global problem for mc-Si PV cells. Our results have the potential
to provide mc-Si PV producers a pathway to increased
efficiencies through defect mitigation strategies.

Index Terms — defect luminescence, photoluminescence,
silicon processing, silicon, silicon nitride.

[.  INTRODUCTION

Photoluminescence imaging of silicon has proven to be a
valuable tool in studying the spatial distribution of minority
carrier properties over entire wafers[1]. In addition to the
study of unprocessed wafers and finished cells, PL imaging
can also be successfully performed on the wafer after other
processing steps[2]. This is particularly useful for studying
defects in mc-Si PV cells as the change in activity after
various processing steps can yield information regarding the
nature of the defects. Changes in luminescence intensity after
a phosphorus diffusion step can reveal whether the defects are
in too great a density or if enough oxygen is present to limit
the effectiveness of the external gettering step[3]. An increase
in luminescence intensity after SiN,:H ARC is applied could
suggest that the defects were passivated by the hydrogen
contained in the coating[4].

The temperature at which the SiN,:H ARC is applied also
needs to be considered. Typical temperatures for PECVD
deposition of SiN,:H ARC range from 25Q to 450°C [5].

Thermal treatments in this range of temperatures has been
shown to reduce the concentration of interstitial iron through
internal gettering associated with extended defects and grain
boundaries[6]. This gettering of impurities by various defects
can change their electrical and optical activity and it is
important to consider this mechanism when investigating
these types of changes.

Recently, the use of InGaAs cameras instead of Si CCDs
has enhanced the range of detectable wavelengths into the
near IR allowing for the imaging of radiative transitions
associated with sub-bandgap energy levels, provided that the
band-to-band emission is removed using appropriate filters[7].
While this provides information about the intensity of the
DBL, precisely determining the energy of the emitted photons
requires spectroscopic techniques. Cathodoluminescence
spectroscopy studies of defect band emission in Si have
identified several common levels and provided insights into
their probable origin[8, 9]. However, there has not been
conclusive work detailing the origin of the sub-bandgap
energy levels. The EBIC technique has been used extensively
to study the nature of various extended defects in Si[10, 11].
The temperature dependence of EBIC contrast can also be
used to reveal information about the origin of various sub-
bandgap energy levels[12].

II. EXPERIMENTAL

A series of adjacent wafers cut from a mc-Si ingot were
selected and processed to various levels of completion. This
work focused on the step in which the SiNy:H ARC is applied.
The wafers studied before and after the ARC application both
experienced the same texturing, P-diffusion, and
phosphosilicate glass (PSG) removal processes. A NIR
InGaAs Camera (320 x 256 pixels) was used for DBL
imaging. The excitation source was 4 30W 810nm laser
diodes that provided the intensity of approximately 1 sun. The
band-to-band emission was filtered using RG1000 Schott
glass filters. CL spectroscopy was performed on a JEOL 5800
SEM at a specimen temperature of 15K. EBIC analysis was
performed on the same JEOL 5800 SEM, while using a stage



cooled with liquid nitrogen capable of achieving temperatures
near 80K.

III. RESULTS

Fig. 1 shows an example of the intensity reversal of DBL.
Figures la and 1b are the same region before and after the
ARC step, respectively. Note the center of 1a where the bright
spot (high intensity) changes to a darker spot (lower intensity)
in 1b, this will be referred to as region 1. The opposite effect
can be seen in 1c and 1d, which represents region 2.

The regions where the intensity reversal was observed were
isolated and CL spectroscopy and spectroscopic imaging were
performed. The images in Fig. 2-5 represent a) band-to-band
emission, b) defect band emission, and c) photon energies of
the two analysis regions before and after ARC application.
The monochromatic images in a and b represent

After ARC

Before ARC

Fig. 1. Defect-band PL images of intensity reversal.

emission of 1.1eV 0.83ev signifying the band-to-band and
defect band Iuminescence respectively. The photon energy
maps (c) represent a 200meV energy window centered at
0.95eV and the coloration is interpreted as blue, indicating
higher energy photon emission, and red, indicating lower
energy emission. The positions where the spectra in Fig. 6 and
7 were taken are marked in Fig. 2-5, with circles where the
circle color corresponds to the spectra color. The defect
luminescence in region 1, before ARC, has reduced intensity
and contains a peak at approximately 0.83¢V, in contrast to
the spectra from the bulk that contains only the band-to-band
transition peak. After the ARC is applied, there is a change in
the DBL as shown in the bottom two spectra in Fig. 6b.
Defect 1 (red) has a broad peak at approximately 0.87eV that
has higher intensity than the band-to-band peak. Defect 2
(blue) contains the 0.83eV peak (as does the bulk spectra in
black) as well as a broad peak at approximately 1.00eV. The
spectra of region 1 before and after the ARC application are

fundamentally different than the region 2, as shown in Fig. 7,
where the spectra do not change before (a) and after (b) the
ARC step. The defect luminescence is essentially the same as
the bulk luminescence, except that the intensity is decreased.

The EBIC images in Fig. 8 show the defect contrast at 300K
and 80K for region 1, region 2, and a reference region. There
is a similar change in defect contrast, from 300K to 80K in
both regions 1 and 2, as the contrast of all the defects
increases. The only apparent difference is that in region 2,
there appears to be a higher density of current-limiting
features.
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Fig. 2. CL spectral images showing the a) band-to-band, b) defect-
band , c) photon energy maps for region 1 before ARC application.
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Fig. 3. CL spectral images showing the a) band-to-band, b) defect-
band , ¢) photon energy maps for region 1 after ARC application.
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Fig. 4. CL spectral images showing the a) band-to-band, b) defect-
band , c¢) photon energy maps for region 2 before ARC application.

Defect Band Fheton Energy

. b} t:J

Fig. 5. CL spectral images showing the a) band-to-band, b) defect-
band, c) photon energy maps for region 2 after ARC application.
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Fig. 6. a) CL spectra from region 1 before (Fig. 2) and b) after ARC
application (Fig. 3).
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Fig. 7. a) CL spectra from region 2 before (Fig. 4) and b) after ARC
application (Fig. 5).
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Fig. 8. Room temperature EBIC images (a-c) and images of the
same regions at 80K (d-f).

IV. DiscuUssION

The spectra collected from regions 1 (low to high DBL) and
region 2 (high to low DBL) show fundamental differences in
the radiative transitions associated with the defects. Defects in
region | before the ARC step emit photons of 0.83eV which is
slightly higher in energy than the D1 band associated with
dislocations in silicon[13]. This peak is not present in the bulk
of region 1 before the ARC application. Defects in region 1
after the ARC application display multiple luminescence
signatures (Fig. 6b). One defect contains a peak at 0.87eV,
which has been associated with D2 band in silicon that has a
higher intensity than the band-to-band transition peak.
Another defect exhibits a shallow peak at 1.00eV (D4), as

well as the 0.83eV identified in the defect before the ARC
step. It is important to note that the bulk signature after the
ARC step also contains this 0.83eV peak. In one study, an
increase in defect band intensity was found to correspond with
hydrogen treatment, but the origin of the increase was not
determined[14]. What is clear is that the ARC application step
has altered the defect luminescence in region 1 and created
pathways for more sub-bandgap radiative transitions. Defects
in region 2 before and after the ARC application do not show
any peaks other than the band-to-band peak, which decreases
in intensity. This is interesting, as the DB PL shows high
intensity before the ARC step. However, the detector for CL
is sensitive to approximately 0.79eV and the detector used for
PL is sensitive to approximately 0.72eV. This suggests a
transition corresponding to emission with energy below
0.79eV but above 0.72eV. This needs to be investigated
further. The EBIC images do not provide any further
understanding the of DBL intensity reversal at this time.
However, the interpretation of thorough measurements of the
defect contrasts will provide information about the presence
and alteration of the various energy levels active in the
recombination process.

V. SUMMARY

This study investigates the DBL intensity reversal based on
the variation in CL spectra obtained before and after ARC
application in two regions. The SiN,:H coating is reacting
with defects in such a way that more sub-bandgap energy
levels are involved in radiative transitions during the
recombination process in the region where DB PL is
decreased after the ARC step. However, in the region where
the DB PL increases the ARC coating may be passivating
deep level defects where the transitions involved are not
visible to the detector. It is currently unclear whether the
origin of the change in DBL intensity is related to the H in the
SiN,:H ARC or the temperature associated with ARC
deposition. A thorough investigation of the character of these
defects may reveal the nature of their behavior during the
ARC application step, and this will be the focus of future
work on this topic.
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