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1. Introduction

Czhocralski-grown silicon wafers (Cz-Si) are the main sources of
materials for high-performance silicon solar cells today. As more
advanced techniques for processing the wafers into solar cells are
used, the need to have complete control over the material

properties are becoming ever more impor-
tant. Impurities are always present to a cer-
tain degree, originating from the feedstock
polysilicon, crystal-growing equipment,
and, most importantly, from the quartz cru-
cibles used for containing the molten sili-
con feedstock. Metallic impurities such
as Fe, Al, and Cr are considered detrimen-
tal if present in more than trace amounts
due to their ability to form states in the
bandgap, leading to increased recombina-
tion of photogenerated charge carriers via
the Shockley–Read–Hall (SRH) mecha-
nism. Oxygen is an element introduced
to the grown crystal primarily from the
quartz crucible consisting of silica (SiO2).
Oxygen is a small atom primarily present
interstitially as Oi; however, small and large
agglomerates as well as oxide particles fre-
quently exist in the structure. The distribu-
tion of oxygen in Cz-Si ingots is governed

by complex processes involving the shape of the diffusion layer
on the solidifying front as well as the content of O in the molten
feedstock. This is controlled by dissolution of material from the
crucible wall. The rotation speed of both the crucible and the ingot
has significant impact on the transport of O from the wall to the
solidifying surface. Incorporation of small amounts of oxygen is
not considered as harmful as it normally will occur as interstitial
oxygen. These are referred to not forming states in the bandgap,
leading to SRH recombination, and are considered electrically
inactive.[1–4] However, larger amounts will be detrimental as
supersaturation may lead to formation of electrically active
agglomerates and particles. It was found in 1957 that by heating
oxygen-rich silicon up to 450 �C, electrically active defects were
generated, later called thermal donors (TDs).[1,5] Since then,
numerous researchers have been trying to elucidate the detailed
behavior of TDs. 60 years later, the details of the processes by
which the defects are generated and eliminated are not complete-
lyv clear. However, several authors[6–8] and most recent[9–11] have
studied the phenomenon. A comprehensive review on diffusion
mechanisms of oxygen in silicon has been published.[7] Reports
are made on evidence of a mechanism where interstitial oxygen
is able to move through the Si lattice at 450 �C and form clusters of
individual atoms at voids and other crystal faults. These introduce
states in the bandgap and act as double donors to the conduction
band with the ability to be thermally excited. This leads to
decreased resistivity and possible recombination. This is
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In silicon crystals manufactured by the Czochralski method, oxygen is incor-
porated as a contaminant originating primarily from dissolution of the quartz
crucible used to contain the molten silicon feedstock. The oxygen can be found
either as interstitials, agglomerates, or as oxide particles. Particular kinds of
agglomerates are known to lead to the formation of thermal donors—electronic
states in the bandgap of the silicon base material. These can act as sites for
recombination of excited charge carriers and are called thermal donors due to their
ability to inject two electrons into the conduction band of silicon by thermal exci-
tation, leading to enhanced electrical conductivity. Neither of these features are
desirable in Cz-Si manufacture. Herein, the behavior of thermal donors as a function
of the pull speed, and the position in the ingot, is investigated. Thermal treatment is
provided, first for the formation of thermal donors and then for their removal. The
aim is to investigate methods forminimalizing their incorporation in the crystal in the
first place and then how they can be removed. Hyperspectral imaging and spec-
troscopy combined with Fourier-transform infrared spectroscopy are used.
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considered undesirable as it involves loss of process control and
possible loss of solar cell efficiency.

TD clusters have been reported to form a number of com-
plexes with a varying number of atoms introducing several states
in the bandgap. Matsushita[12] found that the point defect density
increases exponentially as the temperature in the annealing pro-
cess decreases; hence, a dependence is found during crystal
growth. The density of point defects differs from one position
in the ingot to another, even though the initial oxygen concen-
tration is the same. This means that the formation of point
defects not only depends on oxygen concentration, but also on
thermal history during crystal growth.[12] The seed end will stay
in the cold zone of the Cz-Si pulling process for a prolonged time,
and the thermal history will thereby vary as a function of crystal
height with deviations in impurity distribution. A study by
Nakanishi et al.[13] showed that if different cooling profiles are
used for two crystals, the fastest cooling crystal will have less
supersaturated oxygen precipitates after 12 h heat treatment.
When the crystal grows and solidifies, the oxygen out-diffuses
and there is a drastic decrease in oxygen concentration in Cz
material near the periphery region. Several authors[14–17] have
shown that the defects created by interstitial oxygen and other
impurities are distributed in a swirl, ring-like pattern in horizon-
tally cut wafers. This has also recently been studied by our
group.[18] The spatial distribution of the rings can thus be
connected directly to the concentration of oxygen in the lattice.
If the material is thermally annealed at 450 �C, the distribution of
the ring pattern changes and increased TD concentrations are
observed which can be measured as increase in conductivity.[1]

We previously reported on hyperspectral imaging to study the
effects of heat treatment on the formation of TDs in as-cut
Cz-Si wafers.[18] The associated spectral and spatial characteris-
tics of luminescence emitted after photoexcitation of electrons by
808 nm laser light were recorded. In these works, a characteristic
and complex spectral signature was found, involving several
separate emission lines, including what has been denoted as
the P-and H-lines in previous work by Minaev and Mudryi.[19]

Such a spectrum is shown in Figure 1, while the details for each
line are shown in Table 1. The emissions were recorded after the

samples were annealed at 450 �C for up to 99 h. The signal grew
with time at the elevated temperature. This was attributed to TDs
which enabled studies of the spatial distribution in the wafers.
When treated at 650 �C, the complex spectrum was replaced
by a simpler, broad emission without the characteristic emission
lines. A broadband emission with similar characteristics has
been attributed to carbon (C-line).[20]

In the Cz-Si growing process, the upper, cooling part of
the ingot can be exposed to temperatures able to induce the for-
mation of TDs. As Cz-Si wafers exhibiting TDs are not consid-
ered as prime grade for high-efficiency solar cells without
individual, further treatment, this will represent a loss for the
manufacturer. As the formation and behavior of TDs is not
fully understood, insight is needed to further enhance the
manufacturing process. In the present work, the effect of TDs
will be studied as a function of the height in two crystals pulled
at different speeds. Characterization will be carried out by hyper-
spectral photoluminescence (HSPL) imaging of etched and
unetched Cz-Si cross-section samples. Complementary charac-
terization will be performed by Fourier-transform infrared spec-
troscopy (FTIR). The samples are studied before and after
thermal annealing at 450 �C and at 650 �C.

2. Experimental Section

The samples used in this study were slabs cut vertically from two
different n-type (p-doped, 1–3 ohm cm) Cz-Si ingots of 1100mm

Figure 1. Overview of the spectral emission lines found in Cz-Si exhibiting
TDs.[18–20] Details of each of the emission lines are shown in Table 1.

Table 1. Details for the separate emission lines as shown in Figure 1.
Luminescence via the intrinsic, direct band-to-band recombination
mechanism at 1.12 eV is denoted BB.

Spectral line
in Figure 1

Name Lower
integration limit

Higher
integration limit

Peak [eV]

1 0.67 eV 0.66 0.68 0.667

2 0.68 eV 0.68 0.69 0.685

3 0.70 eV 0.70 0.71 0.705

4 0.72 eV 0.72 0.73 0.725

5 0.75 eV 0.74 0.75 0.749

6 P-line 0.76 0.77 0.767

7 C-line 0.78 0.79 0.789

8 H-line 0.92 0.93 0.925

9 BB 1.08 1.15 1.12

Figure 2. Partitioning of the ingots. Five conventional, horizontally cut
slabs were cut between the segments. Two segments (one and two) were
used for further study.
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length and 203mm diameter. The pull speed was 0.9 and
1.3mmmin�1 in ingot A and ingot B, respectively. The top
and tail were removed and the ingot was further cut into four
segments of �250mm length. The partitioning of the ingots
is sketched in Figure 2.

The two topmost segments (toward the seed end) were chosen
for further study. Three centrally positioned slabs of 2.65mm
thickness were cut vertically from each segment according to
Figure 3. These centrally positioned slabs were further
divided into four samples, each now with dimensions (l� w)
125.3mm� 102.5 mm. The samples were marked individually
according to Figure 3. The samples studied by HSPL were
marked A1-2-1 (etched) and A1-3-1 (unetched) in Figure 3.
The slabs on the opposite side, for example, A1-2-3, were studied
by FTIR to determine the content of Oi. Due to radial symmetry
of the oxygen distribution, FTIR measurements at a set height
and radial position should be representative for the samples used
for HSPL as well. For simplicity, the samples studied by HSPL
are hereafter denoted A1 and A2 from ingot A and B1 and B2
from ingot B, respectively.

To remove saw damage to the surfaces, one set of samples
were etched in a HNA solution, that is, hydrofluoric acid, nitric
acid, and acetic acid (2:10:5) for 10min at 75 �C. This was not
fully successful and a second etch was performed, also in a
new HNA etch but now at 25�35 �C, again for 10min, resulting
in a visible smooth surface. This removed 0.2mm of material,
giving a final thickness of the samples of 2.45mm. Another
set of samples were kept as cut (unetched) and were not chemi-
cally polished before examination with HSPL.

For measurement of the content of Oi as a function of height
in the crystal, FTIR was performed on the so-designated samples.
Measurements were made from top to bottom, 10, 20, and
90mm from the center of the ingot for sample A and 10 and
90mm from the center of the ingot for sample B. The measure-
ments were made for every 10mm by a Thermo Nicolet 6700
FTIR running the OMNIC software using the standard SEMI
MF1188-1107 for quantification of interstitial oxygen.

HSPL (explained below) was performed before heat treatment
on the etched and unetched samples designated for this.

To remove possible organic contaminants, the samples were
rinsed with Piranha solution (H2SO4:H2O2, ratio 4:1) at
115�120 �C for 8min. A subsequent dip in a 5% HF solution
removed the chemical oxide prior to the heat treatment. All (both
etched and unetched) samples were heat treated at 450 �C for
66 h flushed with N2 (grade 5.0, AGA) in a Tempress quartz fur-
nace. HSPL was again performed on the thermally treated sam-
ples. The samples were then heat treated at 650 �C for 1 h in the
same furnace as described earlier after a similar cleaning proce-
dure with Piranha solution with subsequent rinsing. A final
investigation by HSPL was then performed.

A detailed description of the setup for HSPL can be found in
the referenced literature.[18,21,22] However, a brief description fol-
lows. A hyperspectral linescan pushbroom camera (Specim
SWIR, Uolu, Finland) equipped with a MCT detector with sen-
sitivity for photons in the 0.490�1.334 eV range (2500–930 nm)
was used. The resolution used in these investigations (pixel size)
was 343 μm; however, this was adjustable down to about 20 μm
depending on the setup. Photoexcitation was performed by a
808 nm (1.53 eV) line laser (Coherent, Lasiris Magnum II,
Gammadata AB, Kiruna, Sweden). The average penetration
depth in silicon of the photoexciting light at 90 K was 67 μm.
The irradiated density was 2W cm�2. The samples were cooled
to 90 K by placing them on a liquid nitrogen (LN2)-cooled sample
holder with polished aluminum surface. The temperature was
monitored by a thermocouple type T in direct contact with the
holder. The setup is depicted in Figure 4.

3. Results and Discussion

3.1. Oxygen Measurements

The results from the FTIR measurements regarding the levels of
interstitial oxygen Oi in the material are shown in Figure 5.

Ingot A exhibited more Oi than ingot B, the difference is more
pronounced further down in the ingot from the seed end than at

Figure 3. The partitioning of the segments with designation marks as
applied to segment A1. The samples marked A1-2-1 (etched) and A1-3-1
(unetched) were studied by HSPL, while the segment A1-2-3 positioned
directly oppositely in the pull direction was studied by FTIR for mapping
of Oi.

Figure 4. HSPL setup. An 808 nm line laser (3) illuminates the sample
while a hyperspectral line scan camera (2) is used for imaging. The sample
is placed on the cryogenic holder (5) and scanned by moving the
combined camera/laser over the sample holder with a linear translation
stage (1). A long-pass filter (4) prevents reflected laser light to enter
the camera.
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the top. Further, the samples nearest to the seed end have the
highest levels. Oi is as expected depleted toward the edge of
the crystal compared with the center. It is interesting to note that
the B2 sample exhibits Oi levels below those reported to form
measurable levels of TDs in Cz-Si.[23]

3.2. PL Spectra: Response upon Thermal Annealing

The integrated (from the whole sample) PL spectra recorded by
HSPL at 90 K from the etched, chemically polished sample set
are shown in Figure 6 and 7, while the integrated spectra from
the as-cut, unetched samples are shown in Figure 8 and 9.
The samples after 450 �C thermal treatment are marked as
TD dominated, while the samples after treatment at 650 �C
are marked as TD free.

Figure 6 shows that, after production, the slowly pulled
(0.9mmmin�1) sample A1, closest to the seed end, exhibited
a strong, characteristic signal in the 0.6�0.8 eV range attributable
to TDs.[18] This signal is of similar strength as the signal due to
the direct band-to-band transition at 1.1 eV. Thermal treatment at
450 �C did not change this signal’s strength significantly, sug-
gesting that TD formation was almost completed in the pulling
process. However, the Band-to-band (BB) signal was reduced,

Figure 5. The content of interstitial oxygen Oi in the samples as measured
by FTIR. The pull speed of ingot A was 0.9 mmmin�1 and ingot B was
1.3 mmmin�1.

Figure 6. The PL spectra from the etched samples A1 and A2 at 90 K
before and after thermal treatment. TD dominated: 450 �C/66 h. TD free:
650 �C/1 h.

Figure 7. The PL spectra from the etched samples B1 and B2 at 90 K
before and after thermal treatment. TD dominated: 450 �C/66 h. TD free:
650 �C/1 h.
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indicating more SRH recombination. Exposure to 650 �C for 1 h
almost suppressed the 0.6�0.8 eV signal completely and consid-
erably enhanced the BB signal, suggesting a significant decrease
in SRH recombination and thereby also an increase in photogen-
erated charge carrier lifetime. Sample A2 exhibited TD-related
luminescence also in the as-received state, but in this case ther-
mal treatment at 450 �C enhanced this signal considerably, sug-
gesting that additional TDs formed during the anneal. Again,
exposure to 650 �C for 1 h almost eliminated this signal and gave
a strongly enhanced BB signal.

The spectral response of the more rapidly pulled sample set
(B1 and B2, 1.3 mmmin�1) shown in Figure 7 is quite different.
After production, the seed end sample (B1) only exhibits a very
minor emission signal in the 0.6�0.8 eV range attributable to
TDs. Treatment at 450 �C results in the appearance of this signal
to similar levels, as found in the slowly pulled sample A. Anneal
at 650 �C almost completely removes the TD signal and again the
direct BB signal is strongly enhanced. Untreated, the sample B2,
further down in the ingot, does not exhibit detectable emissions
attributable to TDs. Thermal treatment at 450 �C again brings
forth the characteristic emission spectrum attributable to TDs
at similar levels as in the other samples, while at the same time
reducing the BB emission, indicating enhanced SRH recombina-
tion. Treatment at 650 �C completely removes the 0.6�0.8 eV sig-
nal and a strongly enhanced BB PL signal can again be noted—an

indication that SRH recombination is strongly reduced, resulting
in a higher lifetime of photogenerated charge carriers at 90 K.

The PL spectra from the unetched seed end sample of the
slowly pulled crystal are shown in Figure 8. These samples have
a rough, as-cut surface, which is supposed to exhibit very high
surface recombination. Previous works have shown this to be
detrimental to the signal from band-to-band recombination over
the indirect bandgap of Si in cooled samples due to few phonons
being available at cryogenic conditions, enabling charge carriers
to diffuse to the surfaces.[18]

This results in lower injection levels during measurements,
potentially affecting the signals from rapid, bulk SRH recombi-
nation processes, albeit to a much lower degree. The rough sur-
face may also contribute to higher absorption of exciting
radiation near the surface, as well as scattering effects, all con-
tributing to lower injection levels in such samples. With the
abovementioned considerations in mind, the materials from
both the A and B ingots follow the behavior as found for the
etched samples with low surface roughness. An interesting devi-
ation is found for all the samples after the treatment at 650 �C.
In a previous study on conventional as-cut, unpassivated Cz-Si
wafers, we[18,24] found that treatment at 650 �C for 1 h removed
the characteristic spectrum attributable to TDs and led to the
appearance of a broad peak with center energy around the P line
(0.767 eV), while at the same time almost killing the BB signal

Figure 8. The PL spectra from the unetched samples A1 and A2 before and
after thermal treatment. TD dominated: 450 �C/66 h. TD free: 650 �C/1 h.

Figure 9. The PL spectra from the unetched samples B1 and B2 before and
after thermal treatment. TD dominated: 450 �C/66 h. TD free: 650 �C/1 h.
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Figure 10. The distribution of the BB PL (1.12 eV) and the TD-attributed (0.767 eV) signals in the vertically cut, etched samples from ingot A
(0.9mm h�1). The corresponding content of Oi measured by FTIR is included for comparison.

Figure 11. The distribution of the BB PL (1.12 eV) and the TD-attributed (0.767 eV) signals in the vertically cut, etched samples from ingot B
(1.3 mm h�1). The corresponding content of Oi measured by FTIR is included for comparison.
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and so the lifetime of charge carriers effectively. The same fea-
ture is clearly found in the unetched samples in this study. This
signal was not found with the etched samples (Figure 6 and 7).
This leads to the interesting conclusion that this is a surface
effect. Radiative surface recombination has to our knowledge

not been reported before. This remains an interesting topic for fur-
ther studies. It is well known that at temperatures above 650 �C,
TD-forming oxygen clusters disappear from the structure by fast
diffusion to form oxide particles.[7] A broad emission with center
energy 0.78 eV has in several studies been linked to carbon in bulk
monocrystalline silicon materials.[20] However, this is not consis-
tent with our recordings of this as a surface effect. As the low-signal
strengths resulted in low Signal to noise ratio (S/N) ratio for spatial
images, the unetched samples are not treated further here.

3.3. Spatial Distribution of PL Emissions in the Etched Samples
before Thermal Treatment

Images of the spatial distribution of the band-to-band- (1.12 eV)
and TD-associated (0.767 eV) PL signals coupled with the Oi

measurements are shown in Figure 10 and 11. Figure 12 depicts
the spectral integration limits used for the BB- and P-line
(0.767 eV) signals, respectively. As the other TD-associated emis-
sion lines shown in Table 1 (0.67�0.72 eV) follow the P-line at
0.767 eV, focus will be put on the P-line emission.

In general, the materials behave as expected given their differ-
ent pulling speed. Crystal A contains more Oi than the faster
pulled crystal B. The band-to-band luminescence signal, associ-
ated with higher lifetimes of charge carriers, is of similar

Figure 12. The integration limits for the signals depicted spatially in
Figure 10�13.

Figure 13. The development in the spatial distribution of the BB (1.12 eV) PL emission in crystal A (0.9 mmmin�1) before and after thermal treatment at
450 and 650 �C.
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magnitude and distribution. Sample A1 and B1 close to the seed
end exhibit less BB PL than sample A2 and B2 closer to the tail
end. The striation lines from the pulling are clearly visible. These
are formed during pulling by slight variations in the growth rate
and diffusion of oxygen and dopants through the solidification
boundary as pulling conditions are constantly adjusted.
In conventional, horizontal cut wafers, these are the causes of
ring-like structures reported in other studies.[25,26] A square-like
artifact in the middle of A2 of B2 is likely to be attributed to
higher surface recombination from organic deposits from a
paper division sheet during transport. As shown in the figures
in Section 3.4, this feature disappeared after treatment with
Piranha solution prior to heat treatment. BB PL is considerably
enhanced toward the edge of the ingot compared with the center
part. This is in line with the content of Oi as the ingot periphery is
depleted of oxygen. Indications of the transitions in the ingots
from self-interstitial-dominated to vacancy-dominated zones
(P-band) also reported by others[27,28] can be seen in the
upper-left corner of the seed-end samples in both ingots. This
interstitial- and vacancy-free transition area is supposed to be
a dense area in the crystal with low diffusivity for oxygen.
This feature is also evident by a reduced TD-attributed signal
at 0.767 eV. This TD signal is quite different between the two
ingots. Ingot A is dominated by this, showing a visible gradient

with distance from the seed. This reflects the considerations
made in Section 3.2, where the slowly pulled ingot exhibited large
amounts of PL attributable to TDs, which seemed to fully have
formed in this sample during crystal pulling. Heat treatment at
450 �C did not lead to further enhancement of this signal. The A2
sample farther from the seed end shows considerably lower PL
emissions from TDs, in particular toward the edge, where the
content of Oi is less than that toward the middle. The seed
end sample B1 from ingot B shows some signal attributable
to TDs only in the topmost parts where the content of Oi is
the largest. B2 sample from ingot B seemingly does not emit this
signal at all, supporting previous reports of a threshold value for
the onset of formation of TDs.[23]

3.4. Spatial Distribution and Development of the BB (1.12 eV)
and P-Line (0.767 eV) Emissions Upon Heat Treatment

Images of the spatial distribution of the band-to-band PL emis-
sion for the samples before and after heat treatment are shown in
Figure 13 and 14. Corresponding images of the P-line (0.767 eV)
emission are shown in Figure 15 and 16.

The band-to-band emission behaves quite similarly in all the
samples for both ingots, before heat treatment. The seed end

Figure 14. The development in the spatial distribution of the BB (1.12 eV) PL emission in crystal B (1.3 mmmin�1) before and after thermal treatment at
450 and 650 �C.
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sample exhibited a substantial less BB PL, except at the periphery
of the ingot, where the content of Oi is lower than that in the
center. Thus, a high BB signal is often seen toward the outer edge
of the crystal. After TD formation at 450 �C, the BB PL is evened
out over the samples as the individual features of the good areas
disappear in the image and the whole sample, except for the top
seed end part and the very periphery, luminescence at an even
and substantially lower intensity. This is reflected in the spectra
shown in Figure 6. After treatment at 650 �C, individual high-
and low-lifetime areas reappear, and a significantly stronger
BB signal is in general obtained. A notable exception is the
top, center part of the seed end ingot A, where the BB PL is
of similar magnitude as in the untreated sample.

The distribution of the P-line emission at 0.767 eV is substan-
tially different between the two ingots. This emission line can be
attributed to TDs linked to oxygen clusters and as the two ingots
were manufactured to exhibit differences in the oxygen level, this
is as expected. Comments on the untreated samples, which show
strikingly different distributions of this signal, can be found in
Section 3.3. The samples from both ingots respond similarly to
TD formation treatment at 450 �C. The P-line signal appears
evenly distributed in the samples after thermal anneal, except
for in the very peripheral, oxygen-depleted part of the ingot where
it is absent. This supports the results from a previous study[18]

where conventional Cz-Si wafers were exposed to the same
treatment as here. Oxygen-related striation marks from the
pulling are clearly evident, particularly in ingot B with the least
Oi content. Sample A1 with the highest Oi content shows less
signal toward the seed end. This is difficult to explain but can
be caused by excessive diffusion upon prolonged heat
exposure and growth of even larger oxygen precipitates, that
are not TDs. Haunschild et al. previously demonstrated the
presence of black cores/black hearts in Cz-Si wafers caused by
oxygen agglomeration.[29] The low BB signal certainly indicates
the presence of lifetime-limiting impurities, most likely oxygen.
Oxygen precipitates themselves are mainly electrically inactive
but their growing size might cause strain in the silicon lattice
affecting the lifetime negatively.[30] The treatment at 650 �C
seemingly deactivates the recombination processes associated
with the P-line emission in all the samples. The signal is still
present but at very low intensities. Again, sample A1 shows very
low levels of this signal in the top, center part, toward the seed
end of the ingot.

4. Summary and Conclusion

HSPL imaging gives the ability to record images with high-
resolution emission spectra covering a large span of wavelengths.

Figure 15. The development in the spatial distribution of the P-line (0.767 eV) PL emission in crystal A (0.9 mmmin�1) before and after thermal treatment
at 450 and 650 �C.
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Two ingots have been studied where samples have been cut from
the seed end as well as further down in the ingot. The ingots were
manufactured with different pulling speeds and had different
levels of oxygen incorporated in the crystals. FTIR spectroscopy
measurements confirmed that the slowly pulled crystal exhibited
higher levels of Oi than the crystal pulled more rapidly. The inte-
grated spectra from the samples showed characteristic emissions
associated with TDs with the highest levels found toward the
seed end in the slowly pulled crystal. The band-to-band emission
which is related to the lifetime of photogenerated charge carriers
and the TD-associated emission were inversely related. Heat
treatment at 450 �C for 66 h seemed to form TDs in the samples,
where these were not formed during manufacturing. In the
slowly pulled crystal, TDs seemed to have formed to their full
extent in the seed end material during manufacture, while the
material further down in the ingot exhibited less such formation.
The rapidly pulled crystal only exhibited minor TD-associated
luminescence after production. A higher pull speed during crys-
tal manufacturing seems to be an effective way of both reducing
the Oi levels and diminishing the formation of TDs in Cz-Si dur-
ing crystal pulling. However, thermal treatment of this at 450 �C
led to the formation of TDs to a similar extent as in the slowly
pulled crystal. After TD formation, the band-to-band PL emission

was significantly lower, suggesting a drastic decrease in the life-
time of excited charge carriers. Further treatment at 650 �C for
1 h removed the TD-related PL signal effectively in the chemically
polished, etched samples, boosting the BB signal to substantially
higher levels than in the untreated material. Thus, thermal treat-
ment at 650 �C is a potential method for upgrading Cz-Si with
excessive TD levels.

The unetched, as-cut samples developed a broad emission
peak previously reported on as-cut horizontal wafers after treat-
ment at 650 �C. This was not experienced with the etched
samples, leading to the conclusion that this was a surface-related
phenomenon.
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Figure 16. The development in the spatial distribution of the P-line (0.767 eV) PL emission in crystal B (1.3 mmmin�1) before and after thermal treatment
at 450 and 650 �C.
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