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Abstract—Micron-scale deep-level spectral photolumines-
cence from dislocations is investigated around the sub-grain
boundaries in multicrystalline silicon. The spatial distribution of
the D lines is found to be asymmetrically distributed across the
sub-grain boundaries, indicating that defects and impurities are
decorated almost entirely on one side of the sub-grain bounda-
ries. In addition, the D1 and D2 lines are demonstrated to have
different origins due to their significantly varying behaviors after
processing steps. D1 is found to be enhanced when the disloca-
tions are cleaned of metal impurities, whereas D2 remains un-
changed. Finally, the D4 and D3 lines are proposed to have
different origins since their energy levels are shifted differently as
a function of distance from the sub-grain boundaries.

Index Terms—Crystalline silicon, deep-level, dislocations,
grain boundaries, photoluminescence, photovoltaic cells.

I. INTRODUCTION

EEP-level photoluminescence (PL) spectroscopy has

been demonstrated to be a powerful characterization tool
for defects and impurities in photovoltaic silicon [1]. Distinct
spectral signatures have been reported for different defects and
impurities in crystalline silicon such as Fe precipitates [2],
oxygen precipitates [3], Cr-B pairs [4], and dislocations [5]. In
multicrystalline silicon (mc-Si), dislocations are a major limit-
ing factor for the cell efficiency, and often occur at small-
angle and other sub-grain boundaries (sub-GBs) due to high
thermal stresses during ingot growth and cooling [6]. There-
fore, understanding the deep-level spectra of dislocations is
important to improve the material quality, and thus the final
efficiency, of mc-Si solar cells.

The so-called D lines, emitted from dislocations, have been
studied intensively regarding their thermal behaviors [7]-[10],
spatial distributions [1],[11]-[16], process-related changes
[71,[17], and polarization features [1],[7],[18],[19]. The dou-
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blet D1/D2 has been hypothesized to originate from the sur-
rounding local conditions, such as neighboring dislocations or
stress by Arguirov et al. [8] and Lee et al. [15], or from deco-
rating defects and impurities located around dislocations by
Sugimoto et al. [13]. On the other hand, the doublet D3/D4
was believed to represent the intrinsic nature of dislocations
[8],[15]. This was confirmed recently by Tajima et al. [1],[20],
who employed micro PL spectroscopy with a high spatial
resolution to examine the distribution of D lines around the
sub-GBs, finding that D1/D2 were distributed around the sub-
GBs, whereas D3/D4 were located directly at the sub-GBs.

However, various authors have reported varying behaviors
of the D1 and D2 lines at cryogenic temperatures. Some re-
ported spectra in which the D2 line was a less significant peak
embedded on the high energy side of the intense D1 line
[71,111],[12],[14]. Others reported spectra with the D2 line
present, but with D1 absent [9],[13]. Some pointed out a large
change in the D1/D2 intensity ratio depending on locations in
the wafers [8],[21],[22], inconsistent thermal behaviors be-
tween D1 and D2 [8], or the difference in mapping images of
D1 compared to other D lines [15]. Therefore, some uncertain-
ty remains regarding the connection between D1 and D2.

In addition, although the intensity ratio of the doublet
D3/D4 does not vary as strongly as that of D1/D2, there is still
an inconsistency among reported works. Near liquid nitrogen
temperature, the D4 peak was reported to be higher than the
D3 peak in [7] and [11]. However, the opposite observation
was presented in other works [8],[23]. Sekiguchi et al. [21]
found the varying intensity ratio of D3/D4 along the slip lines
of dislocations, and suggested that D3 is not the phonon repli-
ca of D4. Recently, employing a hyper-spectral PL imaging
technique at 110 K, Burud et al. [22] had the same findings in
mc-Si wafers, and proposed that D3 and D4 could have differ-
ent origins.

In this study, utilizing a micro-PL (uPL) mapping system
with spatial resolution of about 3 um, along with well-
controlled sample preparation steps, we investigate the behav-
iors and origins of D lines in mc-Si wafers. We first study the
micron-scale spatial distribution of these D lines around sub-
GBs at 79 K, revealing a distinctly asymmetrical distribution
for D1/D2. We also compare the behavior of the D lines after
different processing steps including phosphorus diffusion get-
tering, high temperature annealing, and controlled contamina-
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tion with Fe. From these results, we clarify some of the uncer-
tainties about the origins and properties of the D lines.

1. EXPERIMENTAL DETAILS

The investigated samples are directionally solidified, boron-
doped p-type mc-Si wafers with nominal resistivity of 1.6
Q.cm, corresponding to a background doping of about 9x10'®
cm3. We prepared four samples cut from four consecutive
sister wafers sliced from the same ingot. These samples were
first chemically etched with an etchant consisting of hydroflu-
oric and nitric acids to remove saw damage and to achieve
optically polished surfaces. After that, the first sample was
kept in the as-cut state. The second sample went through an
extended phosphorous gettering process, in which it was pro-
cessed at 880 °C for 60 minutes in a mixture of POCI; vapor,
O, and N2, and then was cooled down to 650 °C and left there
for another 12 hours in N2 gas [24]. The sheet resistance of the
resultant diffused layer was around 30 Q/o. The third sample
went through the same thermal processing step as the gettering
process but with only N» gas, giving the same thermal budget
as the second sample but without phosphorous gettering. The
fourth sample was gettered in the same way as the second one,
and then its diffused layer was etched off. It was then implant-
ed with a low energy (70 keV) Fe dose of 2.4x10'? cm?, and
annealed at 900 °C for 35 minutes in O; gas to distribute the
Fe uniformly across the wafer thickness. After that, this sam-
ple was cooled down to 600 °C and left for 20 hours to allow
Fe to precipitate along the GBs and sub-GBs [25]. All samples
were chemically etched again to remove all residual layers
(diffused, implanted, and thermal oxide layers) left after the
previous processing steps. Finally, they were immersed in a
defect etchant consisting of acetic/nitric/hydrofluoric acids for
16 hours. The purpose of this etching step is to delineate the
sub-GBs, which are otherwise not observable under the optical
microscope. The optical image of an investigated sub-GB is
provided in Figure 2d. The investigated sub-GBs were located
far away from other sub-GBs to avoid confounding effects
from neighboring sub-GBs.

The pPL spectroscopy system employed in this study is a
Horiba T64000 equipped with a confocal microscope. A 50x
reflective objective lens was used to focus the incident laser
beam into a spot of about 1 pm in diameter on the samples,
and also to direct the emitted PL signal into a monochromator.
This emitted signal was then collected by a liquid-nitrogen-
cooled InGaAs array detector. The monochromator gratings
were set at 150 grooves/mm for PL, providing a spectral reso-
lution of 0.25 nm. The spectral response of the entire system
was calibrated with black body thermal radiation emitted from
a black body cavity. The employed laser was a diode-pumped
solid-state laser having a wavelength of 532 nm, and an on-
sample average intensity of 6 mW. The sample stage was
equipped with X and Y positioners with the smallest step size
of 0.2 um. The line scans across the sub-GBs had a step size
of 2 um, and those along the sub-GBs had a step size of 5 pm.
The sample temperature was kept constant at 79 K with a lig-
uid-nitrogen cryostat, since the spectral distribution of the D
lines is resolved more clearly at these lower temperatures. The

radial spatial resolution of the technique was determined by
the injection level, the temperature, and the defect density, and
was estimated to be about 3 pm for the intra-grain regions,
where it is limited by the Auger-dominated diffusion length of
excess carriers. This spatial resolution is better near the sub-
GBs due to the reduced carrier diffusion lengths via increased
Shockley-Read-Hall recombination.

I1l. RESULTS AND ANALYSIS

Figures 1a and 1b show our spectra captured at a distance
about 20 um from the same sub-GB for the first (as-cut) and
second (gettered) samples, respectively. We numerically de-
composed the spectra and fitted them with five Gaussian dis-
tributions, corresponding to the first phonon replica of the
band-band line (BBPR) and the D4, D3, D2, and D1 lines. The
peak heights of these Gaussian functions represent the intensi-
ty of their corresponding lines. The narrow band-band (BB)
line is at around 1130 nm and clearly distinguished from these
five lines. Thus we were able to accurately determine the peak
height of the BB line without needing to decompose it from
the other lines.
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Fig. 1. Comparison of the deep-level PL spectra between the as-cut

(a) and gettered (b) samples at a distance of about 20 um from the
sub-GB at 79 K.

First, we consider the spatial distribution of the D1 and D2
lines around the sub-GB. Figures 2a and 2b plot the ampli-
tudes of D1 and D2 (after the total spectrum is decomposed),
along with the BB peak, versus the distance away from the
sub-GB for the as-cut and gettered samples, respectively. Each
line scan, in fact, consists of two sections, which were started
from the same location on the sub-GB and then extended in
opposite directions away from the sub-GB. The two spectra
measured directly on the sub-GB of the two scanning sections
were found to be the same, allowing us to combine the results
from these two scanning sections into one line scan. By scan-
ning in this way, we can ensure correct positioning of sub-GBs
in the center of the scan, and minimize potential impacts of the
imperfect alignment of the X and Y positioners on the area
around sub-GBs. The distributions of D1 and D2 appear to be
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very asymmetric across this sub-GB. In order to ensure that
this asymmetry is not a measurement artifact, we performed
line scans across this sub-GB at another location, which was
shifted about 40 pm compared to the previous location. Again,
in Figures 2c¢ and 2d, the asymmetric distributions of D1 and
D2 are still present on the same side. Note that, in Figure 2,
although the BB distribution is also asymmetric, the extent of
this asymmetry is much less pronounced than those of D1 and
D2, indicating that the observed asymmetry is not due to a
difference in local injection levels or other optical artifacts.
We found this asymmetry of D1 and D2 at all sub-GBs on the
samples investigated in this work (at approximately ten sub-
GBs).

Moreover, right at the sub-GB, the intensities of both D1
and D2 are very low, and then increase when moving away
from the sub-GB. This signature is consistent with the hypoth-
esis that D1 and D2 originate from secondary defects or impu-
rities trapped around the dislocations, as suggested by Tajima
et al. [1],[20]. Thus, the above asymmetry suggests that these
secondary defects and impurities are distributed almost entire-
ly on one side of the sub-GBs. This asymmetry has not been
observed in previous reports due to their lower spatial resolu-
tion, for example several tens of microns in the case of Tajima
et al. [20]. Note that the step size of our line-scans is only 2
um, and thus smaller than the estimated 3 pm spatial resolu-
tion due to carrier diffusion. Therefore, there is likely to be
some degree of signal smearing in the line scans. However,
the spatial extent of the observed asymmetry extends to sever-
al tens of microns, and thus is much larger than the impact of
any smearing caused by carrier diffusion.

Since D1 and D2 luminescence centers are originated from
defects or impurities trapped by the strain field around the
dislocations, the asymmetry of D1 and D2 could be due to the

higher local stress on one side of the sub-GB, which was
formed during the ingot cooling process. However, such stress
usually extends to only a few microns from the dislocation
sites [26], while the observed asymmetry in this study extends
to several tens of microns. Also, we did not observe any shift
in the silicon Raman peak when performing Raman scans
across this sub-GB, indicating that the stress is not significant-
ly different between two sides of this sub-GB [26]. Therefore,
the hypothesis of different local stress causing the asymmetry
of D1 and D2 is unlikely to be correct.

Another hypothesis is that, the observed asymmetry of D1
and D2 may stem from an inclination of this sub-GB com-
pared to the surface. However, again the asymmetry extends to
several tens of microns, whereas the investigated samples are
only about 250-um thick. Hence, the inclination angle of this
sub-GB would need to be unusually large for this hypothesis
to be true, considering that the sense depth of the measure-
ments is only several microns. In addition, as illustrated in
Figure 3, if the observed asymmetry is an artifact caused by
the inclined sub-GB, we should have higher luminescence
intensities of D1 and D2 at side 2 before rotating and flipping
the sample, and at side 4 afterwards. However, we still ob-
served higher intensities of D1 and D2 at side 3 after flipping
the sample. Thus, this second hypothesis is also incorrect.
Moreover, since the higher intensities of D1 and D2 appear on
the opposite side of the sub-GB (relative to the initial scan
direction) after flipping the sample, the observed asymmetry is
not an artifact caused by the choice of scan direction. We
therefore propose that the notable asymmetry of D1 and D2 is
due to the defects and impurities being preferentially decorat-
ed on one side of the sub-GB during the crystal growth pro-
cess. More microscopic studies are needed to understand the
reasons for this preferential decoration.
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Fig. 2. Line scans across the sub-GB of the intensities of D1, D2, and band-band lines at two locations for the as-cut (a and ¢) and gettered (b
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and d) samples. Location 02 (c and d) was shifted about 40 pm along the same sub-GB compared to location 01 (a and b). The vertical line at

zero distance indicates the location of the sub-GB.

Furthermore, as readily seen from Figures 1 and 2, the D1
intensity is enhanced significantly relative to the BB intensity
after gettering, whereas the D2 peak is not altered significant-
ly. In order to avoid any localized variability of the sub-GB
skewing our conclusions, we performed 60-um long line scans
(13 data points per scan) parallel to this sub-GB at different
distances away from it on the side of high D1 and D2 intensi-
ties. The D1 and D2 average intensities (after decomposing
the spectrum) from these line scans are depicted in Figures 4a
and 4b, respectively, for the 4 sister samples. D1 again shows
a significant enhancement after the extended phosphorous
gettering process, whereas D2 remains unchanged. Note that
the BB signal is also largely unchanged among all the sam-
ples, as shown in Figure 4c, indicating that the enhancement
of D1 after gettering is not due to an increased local injection
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Fig. 3. [lllustration of an inclined sub-GB. If the asymmetry of D1
and D2 is an artifact due to the inclination, the higher intensities of
D1 and D2 should be observed at side 2 before flipping and at side 4
after flipping. However, D1 and D2 were observed at side 2 and side
3, and were absent at side 1 and side 4.

The phosphorus gettering process used here has been
demonstrated to be very effective in mono-crystalline silicon,
in which more than 99% of dissolved Fe impurities can be
removed [24]. However, our samples are mc-Si. Thus, besides
this external gettering, the second sample may also experience
internal gettering, in which at least some metal impurities are
preferentially decorated around the GBs and sub-GBs instead
of being captured in the phosphorus diffused layers [27].
Therefore, although the global concentration of metal impuri-
ties such as Fe will be reduced by the external gettering, the
local concentration at GBs and sub-GBs could, in principle,
actually be higher than that of the as-cut sample.

We therefore performed similar line scans along the same
sub-GB at similar distances for the third sample. Since this
sample has the same thermal budget as the phosphorus getter-
ing process, but without phosphorous gettering, it is expected
that there would be a greater extent of metal impurities deco-
rated around the sub-GBs due to the internal gettering effects.
However, from Figure 4a, the D1 intensity is the same as the
as-cut sample, prompting us to speculate that the enhancement
of D1 in the phosphorus gettered sample is due to a reduction
of metal impurities near the sub-GBs after the phosphorous
gettering process. To fortify this hypothesis, we performed the

scanning on the fourth sample. The concentration of Fe impu-
rities around the sub-GBs of this gettered and Fe implanted
sample should be higher than that of the gettered sample.
However, the D1 intensity is significantly lower than that of
the gettered sample. Therefore, we conclude that D1 is en-
hanced when the sub-GBs are cleaned of metal impurities.
This behavior may be explained by the fact that D1 and D2 are
due to the secondary defects trapped around dislocation sites.
When metal impurities are present, they may form complexes
with the D1 centers, thus altering their energy levels and re-
ducing their luminescence efficiency. When the metal impuri-
ties are removed by gettering, the D1 centers become
radiatively active again, and hence the D1 intensity is in-
creased significantly.

The above finding can be compared with the results from
Tajima et al. [28], who reported the D1 line was unchanged
but the D2 line was suppressed after their sample was contam-
inated with Fe. We also found many sub-GBs in which D1 and
D2 were not altered by the gettering process, compared to the
as-cut sample. Nevertheless, based on the remarkably different
behaviors of D1 and D2 in our study, we also conclude that
D1 is not the phonon replica of D2 and that they have different
origins.
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Fig. 4. Comparison of D1 (a), D2 (b), and BB (c) average intensities
among the four samples at difference distances from the same sub-
GB at 79 K, including one standard deviation error bars. (d) Micro-
scope image of this sub-GB.

Next, we inspect the behaviors of the D3 and D4 lines. In
order to avoid being confounded by the strong tails of D1 and
D2, we chose another sub-GB in which D3 and D4 are strong
but D1 and D2 are completely absent. Figures 5a and 5b dis-
play the line scan intensity of D3 and D4 peaks using the
Gaussian fitting method as described above. The line scanning
was performed at similar locations across the same sub-GB for
the first and second samples. From Figs. 5a and 5b, the D3 and
D4 intensities are flattened at the sub-GB. This signature is
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consistent with the fact that these two lines reflect the intrinsic
nature of dislocations [1],[8],[15],[20]. However, we observed
slightly asymmetric distributions of D3 and D4 across this
sub-GB, although this asymmetry is certainly not as strong as
that of D1 and D2. This slight asymmetry may be due to the
fact that the dislocation density is slightly different between
two sides of the sub-GB. In addition, the intensities of D3 and
D4 still remain the same between the as-cut and gettered sam-
ples. In other words, D3 and D4 are not affected by the getter-
ing process, which is consistent with the hypothesis that D3
and D4 are intrinsic properties of the dislocations themselves.
Furthermore, Figure 5¢ shows the PL spectra normalized to
the BB peak at different distances from the sub-GB of the as-
cut sample. The energy level of D4 is constant as a function of
distance, whereas the D3 peak moves towards higher wave-
lengths (lower energies) at farther distances. Figure 5d quanti-
tatively shows the energy shifts for both D3 and D4. The
energy level was determined by choosing the wavelength at
the local maxima of PL intensity around D3 and D4. This ob-
servation contradicts the common belief from the literature
that D3 is the phonon replica of D4 [8],[20]. If D3 is the trans-
verse-optical (TO) phonon replica of D4, their peak energies
should be consistently shifted by around 57 meV [29]. How-
ever, this energy difference varies from 42 to 54 meV in Fig-
ure 5d. We note that this finding regarding D3 and D4 could
not be easily observed with a spatial resolution of several tens
of microns or above, as was the case in most previous works
in the literature. Thus, we hypothesize that D3 is not the pho-
non replica of D4, and that they may have different origins.
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Fig. 5. Line scans of the intensities of D3, D4, and BB lines across a
sub-GB of the as-cut (a) and gettered (b) samples at 79 K. The verti-
cal line at zero distance indicates the location of this sub-GB. (c)
Spectra of the as-cut sample at different distances in um, indicated by
the number on each spectrum, from the sub-GB were normalized to
the BB peak. The Gaussian fits of the spectrum at 26 um are also
plotted (thin black lines). (d) Peak wavelengths of D3 and D4 versus
the distance from the sub-GB.

IV. CONCLUSION

Utilizing high spatial resolution and well-controlled pro-
cessing steps, we have experimentally demonstrated the
asymmetry of D lines across the sub-grain boundaries in mc-Si

wafers. In addition, we have shown the different origins of the
D1 and D2 lines, and concluded that D1 is suppressed by the
presence of metal impurities near the dislocations, although
not via quenching caused by a reduction in the excess carrier
density. Finally we have proposed that D3 is not the phonon
replica of D3 and that these two lines may have different ori-
gins due to their different energy shifts as a function of dis-
tance from the sub-grain boundaries.
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