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In industrial silicon solar cells, oxygen-related defects lower device efficiencies by up to 20%
(rel.). In order to mitigate these defects, a high-temperature homogenization anneal called tabula
rasa (TR) that has been used in the electronics industry is now proposed for use in solar-grade
wafers. This work addresses the kinetics of tabula rasa by elucidating the activation energy gov-
erning oxide precipitate dissolution, which is found to be 2.6 = 0.5eV. This value is consistent
within uncertainty to the migration enthalpy of oxygen interstitials in silicon, implying TR to be
kinetically limited by oxygen point-defect diffusion. This large activation energy is observed to
limit oxygen precipitate dissolution during standard TR conditions, suggesting that more aggressive
annealing conditions than conventionally used are required for complete bulk microdefect mitiga-
tion. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4987144]

The capital expenditure (capex) required to grow the
photovoltaics industry is a central barrier to the rapid adop-
tion of solar technologies needed to meet climate targets.'
One strategy to reduce capex is to increase manufacturing
yields. The majority (35%—-40%) of industrial mono-
crystalline silicon for solar cells is made using the
Czochralski (Cz) method.” About one quarter of the wafers
from a typical Cz ingot are affected by oxygen-related
“ring” or “swirl” defects that result in up to 20% (rel.) and
4% (abs.) reduction in conversion efficiency after cell proc-
essing.” Wafers afflicted with these oxygen-related defects
are sorted out as a low-quality materials and are either sold
at a lower price or scrapped as yield loss. The “swirl”
defects, which take their name from their appearance in
photoluminescence images, are in reality several types of
bulk microdefects (BMDs) that are caused by the interplay
of silicon interstitials, vacancies, and oxygen point defects
during the solidification of the silicon ingot.*”” The final
grown-in defect distributions of these swirl defects are
described kinetically through the ratio of the pull rate (V) to
the temperature gradient (G) in the radial direction at the
interface between the solidified silicon and the melt. When
V/G is above a critical ratio, the crystal is in the vacancy-
rich regime, and in a portion of this regime at moderate
vacancy supersaturation, oxygen clusters are likely to form
in swirl patterns.®

Oxygen is the most abundant impurity in Cz-Si, usually
present at 10-20 ppma in solar cell materials. Oxygen in sili-
con takes several forms, from interstitial oxygen with low
recombination activity to strained oxide precipitates with
high recombination activity.”'° During cell fabrication,
high-temperature process steps including phosphorus diffu-
sion gettering and thermal oxidation allow oxygen to change
between these different morphologies and therefore alter the
recombination activity.®!'""'? To maximize the performance
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of Cz-Si solar cells, process engineers must determine which
processes leave oxygen in the least harmful form. For n-type
Cz-Si, interstitial oxygen is the least harmful state, and for
p-type Cz-Si, the boron-oxygen degradation mechanism
complicates which oxygen morphology is the best as greater
interstitial oxygen can increase boron-oxygen degradation.
Even though adding oxygen in the interstitial form can be
temporarily harmful to p-type cells, large oxygen precipitates
that are recombination centers and internal gettering sites
and have a long dissolution time have worse problems in
efficiency if present. Therefore, tabula rasa (TR) would
always aim to completely dissolve all oxygen precipitates
and nucleation sites in the interstitial form.'*'*

One proposed process to mitigate these defects is called
tabula rasa (TR), which involves rapidly heating the silicon
wafer to 1000—1250 °C, holding for a short time up to several
minutes, then removing the wafer, and cooling in ambient
room temperature.'>'® In the integrated circuit (IC) industry,
this process is used to install a certain vacancy profile in the
wafer, while erasing its thermal history, leaving as-grown
wafers “blank slates” with respect to oxygen.w_19 The solar
industry currently does not incorporate such an anneal before
cell processing, leaving as-grown defects that formed during
the crystallization process to evolve throughout the high-
temperature process steps of cell fabrication. Some research
has been done exploring a similar short high-temperature
anneal to mitigate the effects of iron precipitates in different
c-Si substrates.”®* It has been shown experimentally that
harmful ring defects can be erased by an optimized TR pro-
cess,”?*2% and while the growth kinetics of oxygen precipi-
tates are well explored due to their usefulness as internal
gettering sites in the IC industry,>’ " the dissolution kinetics
of oxygen precipitates have not been studied in detail experi-
mentally. Through this work, we determine the most likely
energy limiting step in the oxygen dissolution process, and

Published by AIP Publishing.
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the effectiveness of the TR process is discussed within the
context of current knowledge of oxygen precipitate dissolu-
tion.”'*!"" This new knowledge can be utilized in future
work in a simplified kinetic model such as the Impurity to
Efficiency calculator.'* With this knowledge, crystal growers
and solar cell process engineers are more capable of mitigat-
ing oxygen rings effectively, thus improving the PV
manufacturing yield.

There are several concerns with the TR process. First,
harmful metal impurities can be gettered to and precipitated
at oxygen clusters.’? It is essential for the TR process that
oxygen-cluster gettering sites are completely dissolved so
that metal impurities can then be effectively gettered to the
emitter during phosphorus diffusion gettering.>*>® This
leads to the second concern with the TR process: the diffi-
culty in predicting when oxygen precipitates will fully dis-
solve. Jensen et al. tested the TR process on wafers grown
by the non-contact crucible method.”’”® The ring defects
observed in photoluminescence images and hypothesized to
be related to a high oxygen content in the wafers were not
completely removed by the process. Given these concerns, to
be an industrially viable process, it is necessary to optimize
the TR process for wafers of known oxygen content and dis-
tribution to ensure complete dissolution. Using a predictive
process model and oxygen characterization techniques, the
TR process can be designed that will reliably dissolve oxy-
gen precipitates back into the interstitial form. In this work,
we aim to quantify the dissolution kinetics of the TR process
to determine the limiting mechanism, whether it is the
energy barrier for one oxygen atom to detach from a precipi-
tate or the diffusion (via migration enthalpy) of oxygen
atoms moving away from the precipitates through the silicon
crystal lattice.

The samples used in these experiments are 745 um
thick, p-type, double-side polished, electronic-grade Cz-Si
wafers with a resistivity in the range of 10-12 Q cm. The
wafers contain negligible extrinsic impurities other than a
total oxygen concentration of 13.8 ppma. These wafers are
laser cut into 3.5x3.5cm? rectangles and chemically
cleaned for metal and organic contaminants. Each sample
then undergoes a series of high-temperature steps to nucleate
and grow large oxygen precipitates in a spatially homoge-
neous p21ttern.l9’39 These growth steps are done under an N,
atmosphere in a quartz tube furnace. The time-temperature
profile used to grow oxygen precipitates includes a nucle-
ation step at 650°C for 6h, precipitate growth steps at
800°C for 4h, 925°C for 4h, and 1000°C for 16h, and
finally cooling to 700 °C in the furnace before being pulled
out of the furnace to cool in ambient. The ramp rate is 10 °C/
min. The samples are then cleaved into smaller 1 x 1cm?
pieces and chemically etched with CP4 and HF-dipped to
remove any surface contamination or oxide left from the
high-temperature processing.

A series of TR processes are performed on the samples
at five temperatures between 1100°C and 1290°C. For
each temperature, TR experiments were performed at six
different times between 1 and 30 min. We expect the high-
est temperature and longest time TR process (1290 °C for
30min) to most effectively dissolve grown-in oxygen pre-
cipitates and the shortest time and lowest temperature
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process (1100 °C for 1 min) to dissolve the precipitates the
least. The TR process is done in a horizontal mullite tube
furnace, under an N, atmosphere, with temperatures mea-
sured using external thermocouples and a disappearing fila-
ment optical pyrometer targeted at a silicon base plate on
which the samples are placed. The push and pull times both
into and out of the preheated furnace were 10s, and the
samples were placed at the end of the furnace for 10s
before being placed on a large silicon heat sink and cooled
in ambient air. The samples were then HF dipped to remove
any oxide formed on the surface.

The oxygen content in the wafer was characterized by
Fourier transform infrared spectroscopy (FTIR) and chemi-
cal etching to reveal defects. FTIR at room temperature was
used to determine the interstitial oxygen (O;) concentration
at 1107cm™" before precipitate growth, after precipitate
growth, and after the TR step. These measurements were cal-
ibrated using ASTM standard 121-83. A defect etch on a
control wafer performed before oxygen growth revealed no
etch pits (not shown). Hence, all oxygen was assumed to be
in the interstitial form, and the FTIR measurement reveals
the total oxygen content. This was also confirmed by measur-
ing the as-received sample, annealing it for 18 h at 1290 °C
to be certain that all oxygen was dissolved, and re-measuring
to show an equivalent amount of interstitial oxygen. FTIR
showed that [O;] in this sample was indeed the same after the
anneal as before the anneal at 13.8 ppma or 6.9 x 10"
atoms/cm’. After growth, [O;] dropped to 5.4 ppma, indicat-
ing that 61% of oxygen atoms precipitated during growth.
Through chemical defect etching done for 45s
(HF:CH;COOH:HNOj; with a volume ratio of 36:15:2), the
precipitate density is determined to be around 2.6 x 10° ppt/
cm’. These precipitate sizes are quantified with the volumet-
ric density determined from the etch rate measured to be
16.8 um/min. Assuming a SiO,, x-quartz chemical state with
a bond length of 1.6 x 10~®cm in a hexagonal pattern and
also assuming that these precipitates are all of similar size,
the oxygen precipitates have an average diameter between
55 and 65nm or an average of 1-2 x 10® oxygen atoms per
precipitate. It is noted that oxygen precipitates grow in a dis-
tribution of sizes based on the free energy of precipitate for-
mation during nucleation and growth, and so, these reported
sizes are averages only.27 Finally, after each TR step, FTIR
and defect etching are performed again to determine how
many of these precipitates have dissolved into interstitial
oxygen. To confirm that re-precipitation does not occur dur-
ing the cool down after the process, a sample at each temper-
ature for the 30-min process was directly quenched in
silicone oil. Using these methods, the oxygen distribution is
comprehensively characterized, including the density of
interstitial and precipitated oxygen as well as precipitate size
and density.

Figure 1 shows plots [O;] as a function of annealing
time for each TR temperature. As expected, the interstitial
oxygen concentration increases steadily with the increasing
TR temperature, which increases the oxygen solid solubility
and causes more precipitates to dissolve. To quantify the
dependence of the dissolution rate on TR temperature, the
dissolution time constant, Tg4;s, 1S determined for each tem-
perature through the following equation:
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FIG. 1. Dissolution curves plotted as the interstitial oxygen content for four
temperatures and six times. The dissolution time constant ranged from
around 1-6min between the temperatures, and none of the processes
completely dissolved the precipitates. Also shown are samples at each tem-
perature quenched in silicone oil. At right, defect etch images of the 90 x 90
um? area show the decreasing density of oxygen precipitates (displayed
below each image) at each temperature for the 30-min anneal with quench-
ing. The dashed lines represent 85% confidence intervals calculated from
the error in the free parameter, final concentration at the last time step. The
error bars represent the standard error due to the distribution of measure-
ments taken at each time step. If only one measurement was taken at a time
step, the error bars are an average of all standard error.

[0i](t) o C [1 —exp <t>}, (1)
Tdiss
where C; is the observed final concentration of interstitial
oxygen at each TR temperature. The fitted lines are plotted
in Fig. 1 (solid lines).

The four curves plotted represent the four TR process
temperatures and demonstrate the dissolution of oxygen pre-
cipitates at a steep initial rate as the high density of smaller
precipitates quickly dissolve reaching a steady state as the
larger precipitates dissolve more slowly. No re-precipitation
occurs during cool down, as demonstrated by the quenched
samples plotted in Fig. 1. The solid solubility limit of inter-
stitial oxygen in silicon is not achieved during the longest
30-min TR run for any of these temperatures except for the
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1145°C curve using the intrinsic solubility of interstitial

oxygen in silicon described by 9 x 10%%exp (%) cm 3!

At 1193°C, 1245°C, and 1290°C, [O;] reaches a very slow,
steady dissolution rate below its solid solubility limits, and
based on first principles, it will eventually reach the solubil-
ity limit at that temperature, just slowly due to the process
being kinetically limited. The single exponential model cap-
tures the early dissolution at these TR temperatures but does
not capture dissolution at longer times as lower density,
larger precipitates continue to dissolve. Incorporating disso-
lution models based on inhomogeneous precipitate size dis-
solution is a good next step for the model to incorporate
dissolution at all temperatures for all sizes of precipitates.
Table I displays the experimental parameters and solubility
limits of interstitial oxygen for each 30-min process at all
four temperatures.

Etch pit images are shown in the right of the dissolution
curves corresponding to a 30-min TR process at each tem-
perature and silicone oil quench. The density of precipitates
decreases at each higher temperature, showing the dissolu-
tion of a certain percentage of oxygen precipitates. In each
sample, the density of precipitates and the interstitial oxygen
content are measured and used to calculate the precipitate
radius which is found to not vary drastically between temper-
atures. As can be seen in Fig. 1, precipitates do not fully dis-
solve for any of the TR experiments. The precipitate density
ranges between 1 x 10® and 7 x 10® precipitates/cm?, the
interstitial oxygen concentration between 3.7 x 10'” and
6.8 x 10'7 atoms/cm®, and the average precipitate radii
between 45 and 60 nm. The highest temperature TR process
at 1290 °C results in the lowest precipitate density and the
highest interstitial oxygen content, whereas the lowest TR
temperature at 1145 °C results in a lower interstitial oxygen
content and higher precipitate density.

The activation energy for dissolution, E,, was found
using the fitted dissolution time constants, Tgiss, and fitting
these to an Arrhenius-type temperature-dependent equation

TABLE I. Experimental parameters. Total interstitial oxygen content = 13.75 ppma, 6.9 x 10'7 atoms/cm>.

Precipitate density

Final interstitial oxygen from fit

Solubility limit

ppt/cm®

oxygen atoms/cm’

oxygen atoms/cm’

Temperature °C ppma ppma
1290 1.7 x 10% 6.6 x 107 13.2 1.1 x 108 22.6
1245 6.9 x 10° 5.7 x 10" 11.4 8.1 x 10" 16.2
1193 1.3 x 10° 4.5 x 107 8.9 5.4 x 107 10.7
1145 1.9 x 10° 3.5 x 107 7.0 3.6 x 107 7.1
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1 E,
— . 2
Tdiss > exp (kBT) ( )

The activation energy indicates the limiting physical
process in dissolution within the error of the measurement
and fit. This could be, for example, the reaction in which one
or more oxygen atoms detach from a precipitate (reaction-
limited dissolution), as has been observed for dissolution of
iron-silicide precipitates.*? If the activation energy is found
to be close to the migration enthalpy of interstitial oxygen in
silicon, the diffusion of an oxygen atom away from a precipi-
tate is the energy-limiting step and no extra energy is needed
to dissolve precipitates greater than the kinetic limitations of
diffusion.*? If the activation energy is smaller than the
migration enthalpy, the dissolution of oxygen precipitates is
somehow enhanced, lowering the energy needed for oxygen
to diffuse away from a precipitate. As can be seen in Fig. 2,
the activation energy was found to be 2.6 = 0.5eV, within
the range of migration enthalpies for [O;] in silicon
(2.53+0.3eV). "

The dissolution of oxide precipitates in these samples
appears to be kinetically (diffusion) limited as opposed to
solubility limited. Further evidence supporting this hypothe-
sis is the fact that the measured [O;] concentration in Fig. 1
never reaches the total oxygen concentration, despite the
annealing temperature resulting in a solubility limit above
the total oxygen concentration in three out of the four
anneals. The plateaus observed in Fig. 1 can be understood
assuming a bimodal distribution of the oxide precipitate size,
consistent with literature reports®’*** and the optical
microscopy observation of residual bulk microdefects at the
end of the anneals (Fig. 1, inset). The initial (fast) rise in
interstitial oxygen concentration in Fig. 1 can be attributed
to both a solubility enhancement during dissolution and
orders of magnitude larger numbers of small precipitates,
while the dissolution of fewer larger precipitates is more
strongly affected by the large migration enthalpy of oxygen.
This results in the apparent plateau of interstitial oxygen con-
centration at longer times in Fig. 1. If correct, this hypothesis

10.0 ¢
—fit
# experimental data
Eq
P
=
. —
g 1.0
N
172}
%)
=
l-'l 1 (Ea)
o« exp|——
Taiss ka
0.1 T T T T
o a o o o o
‘s e Y g > %

1000/T(1/K)

FIG. 2. Dissolution time constant plotted as a function of inverse tempera-
ture. An activation energy of 2.6 = 0.5eV was found with an Arrhenius-like
temperature dependent dissolution behavior. The error bars represent confi-
dence in the dissolution time constant fit from Fig. 1.
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implies that with longer annealing time and/or higher tem-
perature, the larger precipitates would more fully dissolve,
indicating that further optimization of TR for these samples
is necessary to mitigate all oxygen-related defects.

The TR anneal used in the electronics industry would
likely not be adequate for solar-grade silicon. The typical TR
process used in the electronics industry between 1000 and
1250°C for 1-5 min would not be sufficient for our samples
because of the large oxide precipitate size and the large dis-
solution energy barrier. The samples used in these experi-
ments have oxygen precipitates with an average radius of
around 30 nm, which is larger than those typically present in
IC- and solar-grade CZ.> This does not change the results of
kinetically limited dissolution but makes the times and tem-
peratures to dissolve longer in this experiment than that
would be needed for most Cz-Si cells. However, precipitates
over 30 nm have been found in as-grown multicrystalline sil-
icon for solar cells, providing insight into the process param-
eters that may be necessary for TR to work on other
commonly used solar materials.*’~>° Therefore, TR times
and temperatures must be carefully chosen and tailored to
the as-grown oxygen content and morphologies for a particu-
lar material to ensure repeatable success in dissolving/sup-
pressing precipitates. Longer times and higher temperatures
may be required to fully dissolve all oxygen nucleation sites
and precipitates than conventionally used.

In conclusion, tabula rasa is a promising solution to
overcome oxygen-related defects in solar-grade silicon mate-
rials. To ensure maximum process efficacy and minimal
cost, optimal processing conditions must be found. This
work shows that the activation energy of oxygen-related
defect dissolution is in the same range as the oxygen intersti-
tial migration enthalpy, ~2.6 eV, suggesting TR to be limited
by oxygen diffusion. Consequently, TR may need to incorpo-
rate longer times and higher temperatures than previously
used in the literature, as determined by the size and density
of the oxygen precipitates in addition to total oxygen concen-
tration, within the as-grown wafer. Quantification of oxygen
dissolution in silicon in this study opens a way to optimize
through simulation TR time-temperature profiles to mitigate
the recombination activity of oxygen-related defects in Cz-Si
PV-relevant materials.
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the Fulbright Technology Industries of Finland Grant. E.E.L.
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