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Abstract—Commercial silicon is prone to form silicon oxide pre-
cipitates during high-temperature treatments typical for solar cell
production. Oxide precipitates can cause severe efficiency degra-
dation in solar cells. We have developed a model describing the
nucleation and growth of oxide precipitates that considers silicon
self-interstitial defects and surface effects influencing the precipi-
tate growth in ∼150 µm thick wafers during the solar cell process-
ing. This kinetic model is calibrated with experiments that cause a
well-defined and strong precipitate growth to give a prediction of
the carrier lifetime limitation because of the oxide precipitates. We
test the oxide precipitate model with scanning Fourier-transform
infrared spectroscopy, selective etching, and lifetime measurements
on typical Cz solar cell wafers before and after solar cell pro-
cesses. Despite the relatively rough saw damaged etched surfaces
and the thin wafers, we observe recurring ring patterns in the
measurements of interstitial oxygen reductions, oxide precipitate
etch pit density, and recombination activity by photoluminescence
imaging. The concentration of precipitated oxygen correlates with
the recombination activity and with the initial interstitial oxygen
concentration. However, we found lifetime measurements to be a
more sensitive technique to study oxide precipitates and using these
we find smaller precipitates not detected by selective etching are
very recombination active too. The measured concentrations of pre-
cipitated oxygen and lifetime agree fairly well with the predictions
of the model.

Index Terms—Charge carrier lifetime, oxygen, photovoltaic
cells, silicon.
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I. INTRODUCTION

OXIDE precipitates (OPs) are common defects in the
Czochralski (Cz) silicon and can cause severe efficiency

degradation in solar cells produced from crystal regions with a
high oxygen concentration [1]–[3]. During the solar cell pro-
duction, oxygen precipitation is facilitated by the combination
of the cooldown after crystallization during which nuclei form,
the dopant source deposition at around 800 °C (POCl3) or
900–950 °C (BBr3), which leads to precipitate sizes sufficiently
large to survive a following high-temperature step at which the
precipitates grow sufficient enough to limit the charge carrier
lifetime. Solar cell processes without a higher temperature drive-
in step after the doping deposition are usually less prone to a
limitation by large oxygen precipitates.

The nucleation and growth of OP were studied in detail for the
integrated circuit (IC) industry on thick wafers and under anneal-
ing conditions that are not typical for solar cells, e.g., [4]–[7].
The experimental studies are supported by computational mod-
eling to enhance oxygen precipitation intentionally. Numerous
models for oxygen precipitation have been proposed based on,
for example, the Fokker–Planck equation [8] or a two-moment
approach (e.g., [6]). It is known that oxygen precipitation is
extremely sensitive to the initial concentrations of vacancies and
self interstitials. Although the dependency of the OP kinetics on
these intrinsic point defects is included in advanced models (e.g.,
[6], [8], [9]), the exchange of vacancies and interstitials with the
wafer surfaces is often not explicitly simulated.

The numerous experimental and theoretical studies can serve
as a very good basis for the optimization of solar cell process
sequences by minimizing the recombination activity of OPs.
However, the findings on thick wafers from the IC industry can-
not be directly transferred to thin solar wafers for the following
four reasons.

1) The annealing times and gas atmosphere for typical so-
lar cell processes differ significantly from most existing
experiments.

2) Cz for photovoltaic use is usually crystallized with fast
pulling rates of >1.7 mm/min because of cost constraints
[10]. This results in higher vacancy concentrations and
possibly also affects other defects.

3) During high-temperature processes on thin wafers, the sur-
face and the gas atmosphere become more important, e.g.,
because of the in-diffusion of silicon interstitials from the
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surface. These effects cause a stronger depth dependence
of the concentration of interstitial oxygen [Oi].

4) The aim in the IC industry was to use the OPs for gettering
harmful metallic impurities away from the near-surface
device region; therefore, in this context, metal-decorated
OPs were desirable but the resulting enhanced recombi-
nation activity is highly undesirable for solar cells, whose
active device region is often the whole wafer.

In order to assess the PV relevance of these effects, specific
experiments with solar Cz wafers and typical solar cell pro-
cesses are necessary. For this purpose, we have modified the
scanning Fourier-transform infrared absorption (FTIR) and etch
pit density (EPD) counting procedure after selective etching
for thin and nonpolished wafers. This, combined with high
surface passivation quality by AlOx (and thus a reliable bulk
lifetime measurement), allows a spatially resolved correlation
of recombination activity with the precipitated oxygen, similar
to Basnet et al. [11] and [12], and OP density (EPD) on these
wafers.

Furthermore, in contrast with former theoretical studies
[4]–[7], the 1-D model for oxygen precipitation elaborated
in this work accounts for the depth dependence and stronger
influence of the surface in thinner wafers. In a first step, the
model is calibrated with results of thick wafers intended for
the IC devices processed in long high-temperature processes.
In the next step, we compare spatially resolved measurements
on solar cell wafers after a moderate thermal budget processing
with the simulations. Finally, we extend our model to predict the
charge carrier lifetime limitation introduced by OP after a given
thermal process from the initial [Oi]. The results are compared
with lifetime measurements on solar Cz wafers after a range of
thermal processes.

II. MODEL AND CALIBRATION

A. Model

A 1-D model of the nucleation and growth of OP is elaborated
in the software Sentaurus Process that already includes models
for the surface oxidation and the transport and reactions of
vacancies, self-interstitials (Int), and dopants. For the formation
of self-interstitial clusters and stacking faults, we use the “full”
Sentaurus Process model [13] with standard parameters for
silicon interstitial solubility SolInt. Given the relatively high
recombination rates of interstitials and vacancies, we choose
to adjust only the initial net vacancy concentration to fit the
experimental results. In the OP model, the density of small OPs
of size n(fn) is simulated explicitly with one differential equation
per size

∂fn
∂t

= Rn −Rn+1 (1)

Rn =
4πr2

n−1D0

a+ rn−1

(
[Oi]fn−1

−SolOi

(
[Int]

SolInt

)ΔnInt

e
−Ea

kBT
√
n fn

)
. (2)

TABLE I
MODEL PARAMETERS

The used parameters for the oxygen diffusivity D0, oxygen
solubility SolOi, the interface reaction constant a, and the fitting
parameter Ea are listed in Table I. Spherical OPs are assumed
to calculate the radius rn. The injected concentration of inter-
stitial silicon ΔnInt = nIntopt

− (n− 1)Intopt
during oxygen

precipitation is calculated as suggested by Trzynadlowski and
Dunham [6]
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with the silicon atomic volume VSi, the silicon shear modulus
μSi , the molecular volume VSiO2, and the bulk modulus KSiO2

listed in Table I. In our model, the effective Oi solubility in
the vicinity of OPs depends on the square root of the number
of oxygen atoms in the precipitate to account for the higher
chemical potential of oxygen atoms in a small precipitate than
in a large precipitate. This approach was already successfully
applied for the simulation of Fe precipitates [14]. Precipitates
with m = 72 or more oxygen atoms are simulated with the
two-moment approach, i.e., by solving differential equations
for the density of larger precipitates fD and the overall oxygen
concentration in larger precipitates fC

∂fD
∂t

= Rm (4)

∂fC
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= m×Rm +Rnavg
(5)
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Fig. 1. Measured (points) and simulated (curves) concentration of precipitated
oxygen divided by the total oxygen concentration of 7.7×1017 cm−3.

with navg describing the average number of oxygen atoms in
a precipitate and ΔnavgInt the average injected interstitial Si
atoms.

For the smallest precipitates f1 , we use the following bound-
ary condition:

R1=
4πr2

1D0

a+ r1
×
(
[Oi]× P − SolOi

(
[Int]

SolInt

)0.5

e
−Ea
kBT × f1

)
(7)

with the fitting parameter P necessary for the deviation from
homogeneous nucleation [7] (see Table I).

B. Calibration Using Integrated Circuit Material

To enable a predictive model, which is as general as possi-
ble, we calibrate our model with the help of experiments with
well-defined starting conditions and long intentional OP growth
resulting in well-defined quantitative measurement results. We
fit the free parameters of the model Ea and P to the measurements
performed on 700 μm thick samples with an initial interstitial
oxygen concentration of 7.7 ± 0.2 × 1017 cm−3 originating
from the experiment series underlying [4] and [15]. As described
in detail in [15], the wafers were subjected to a homogeniza-
tion anneal to dissolve all grown-in precipitates followed by
a nucleation step at 650 °C for 6–32 h to create OP nuclei
with different densities. A subsequent 4 h anneal at 800 °C
shifts the precipitate size to sizes sufficiently large to survive
the following 1000 °C growth anneal. The simulation results
are almost invariant for the initial net vacancy concentrations
between 0 and 1×1011 cm−3 and we choose an initial net vacancy
concentration of 1×1010 cm−3 in the results presented. With
the model parameters P and Ea from Table I, a satisfactory
agreement between measured and simulated data is achieved.
An example is shown in Fig. 1 for the fraction of precipitated
oxygen derived from FTIR measurements in dependence of
the nucleation and the growth time. Longer high-temperature
annealing results in a larger OP, whereas longer nucleation time

Fig. 2. Measured and simulated density of the OP density for an initial oxygen
concentration of 7.7×1017 cm−3. Measured data are taken from [15].

leads to a higher OP density. After 32 h of nucleation and 16 h of
at 1000 °C, 60% of the oxygen is precipitated in measurements
and the simulation.

OPs undergo a morphological transformation as they grow
from an unstrained to a strained state [4], [16]. Strained OPs can
be revealed by preferential etching and the resulting EPD can be
estimated from optical microscopy. The EPD was measured after
the longest high-temperature precipitate growth anneal (16 h at
1000 °C), at which almost all precipitates were strained [15].
In Fig. 2, we compare the OP density in [13] after these with
the simulated OP density of this work. We use the simulated
densities of all OPs that have 72 or more oxygen atoms. However,
this cutoff has almost no influence on the results shown in
Fig. 2, where all OPs are very large. As expected, the precipitate
density depends strongly on the nucleation time, i.e., the time at
650 °C. The simulated OP density is in very good agreement with
the measurement data from [13]. In principle, a slightly higher
simulated precipitate density for shorter nucleation times could
be explained by a relatively higher concentration of unstrained
precipitates, which are not revealed by chemical etching and
hence do not contribute to the measured EPD.

III. EXPERIMENTS

In order to test the 1-D model, we characterize thin wafers
from our experiments on the impact of diffusion processes [19].

A. Samples and Processing

We investigate four sets of industrial PV n- and p-type Cz
wafers with different oxygen concentrations. To ensure a very
low oxygen concentration, one of the sample sets was grown by
the magnetic Cz process (designated as mCz-Si). The sets each
consist of several sister wafers treated in nine different thermal
process sequences of varied duration, peak temperature, and
ambient atmosphere (see Table III and [19] for process details).
Table II summarizes the interstitial oxygen concentration and
resistivity of the wafer sets as measured on a sample after a
thermal process to dissolve thermal donors. This was realized
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TABLE II
MATERIAL OVERVIEW

TABLE III
PROCESS OVERVIEW

by a typical POCl3 deposition process at ∼800 °C in a tube
furnace. Similar resistivities were measured after processes with
an additional 860 or 1050 °C step. After the POCl3 process,
the wafers have high charge carrier lifetimes (see Fig. 9) and
no ring structure in photoluminescence (PL). The impact of
high-temperature solar cell processes, e.g., an emitter drive-in,
is investigated by the combination of the aforementioned step
(“POCl3 deposition”) directly followed by 12 or 120 min at 860
or 1050 °C. The thermal processes were tested featuring two
different gas atmospheres during the drive-in step, namely, O2

and N2. A surface oxidation is known to force further interstitial
silicon atoms to diffuse from the SiO2/silicon interface into the
wafer bulk, which might influence the precipitation. After all
processes, the resulting phosphosilicate glass (PSG) layer and
diffused regions were etched off and the wafers passivated via the
atomic layer deposition of Al2O3 on both sides followed by a 10
min annealing at 400 °C in forming gas. This treatment is known
to provide good surface passivation with surface recombination
velocities below 4 cm/s. The resulting wafer thicknesses range
between 130 and 170 μm.

The injection-dependent charge carrier lifetime was measured
with a quasi-steady-state photo conductance (QSSPC). Between
the passivation activation anneal and the measurements, the
samples were stored in the dark to keep boron oxygen defects in
p-type samples in the deactivated state [20]. In addition, photo-
luminescence imaging at a constant illumination was performed
and on the selected samples calibrated to lifetime image stacks
via modulated photoluminescence measurements [21]. For these
selected samples, the lifetime images at a fixed injection (5×1013

cm−3) were interpolated for wafers with (τPOCl+drive-in) and
without (τPOCl) drive-in process. The difference in the lifetime
at a fixed injection between these samples can be assessed in
terms of a normalized defect density Nt∗ = 1/τPOCl+drive-in -
1/τPOCl [22] created during the drive-in step. After the 12 min
oxidation at 1050 °C an average interstitial iron concentration of
2×1010 cm−3 was measured with the Fei imaging [23] in p-type
Cz-Si, which is rather low compared with Murphy et al. [24].

Fig. 3. Precipitate density measured by EPD (red scale bottom right) and
change of interstitial oxygen concentration (green scale bottom left) during 120
min oxidation at 1050 °C in the n-type wafer with [Oi,initial]= 1.1×1018 cm−3.
The effective defect density Nt

∗ (background, hot scale, top) was measured for
a sister wafer at a constant injection density of 5×1013 cm−3.

Fig. 4. Correlation of precipitate density calculated from EPD and inverse PL
signal (1/PL) after 12 and 120 min oxidation at 1050 °C in two n-type samples.

B. Precipitate Density

A set of samples were subjected to an etching step in a Secco
etch (50% HF and potassium dichromate solution) that confers
preferential etching for the strained silicon in the vicinity of the
OPs. Because of the rough surface structure after the damage
etch, special care has been taken to avoid the false detection
of spurious local surface structures. From the EPD we assess
the precipitate density distribution, as shown in the red scale
inset of Fig. 3 (bottom right). We observe an overall good match
with the distribution of Nt

∗ found on sister wafers (background
image in the hot scale), which demonstrates the applicability of
the method on wafers with a rough surface structure, i.e., without
mechanical polishing.

For a further analysis of the sensitivity of the methods,
we locally correlate the inverse PL difference (1/ΔPL =
1/PLPOCl+drive-in - 1/PLPOCl) as a qualitative measure of Nt∗
with the measured OP density (EPD) on the same wafers (see
Fig. 4). We found that the PL counts without drive-in are more
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than two orders of magnitude higher compared with the PL
counts after drive-in and, thus, neglectable compared with other
uncertainties of the measurement. Thus, 1/PLProcess is plotted
instead of 1/ΔPL in Fig. 4. A clear increase of the precipitate
density is observed with increasing defect concentration after
120 min oxidation at 1050 °C (blue dots). For a test of our
measurement procedure on wafers after industrial-type solar cell
processes, we investigate a wafer after only 12 min oxidation
at 1050 °C (gray squares). The PL image of this wafer shows
strong ring patterns but we expect much smaller precipitate
sizes because of the shorter drive-in process. According to
our simulations, the average precipitate radius is only ∼15 nm
compared with∼25 nm after 120 min oxidation. The correlation
for both wafers in Fig. 4 indicates that zero EPD detected
precipitate density does not ensure an unchanged PL intensity,
which would correspond to the negligible values of the 1/PL
signal in Fig. 4. This indicates a significant recombination
activity by the precipitates that were not detected with EPD.
It should be noted that former EPD studies with mechanically
polished samples might have a higher sensitivity compared
with our measurements on samples with remaining saw damage
grooves, where tiny etch pits might have too small contrast
for automated counting. The methods featuring a higher spatial
resolution, such as micro-Raman, might be capable of detecting
an additional share of small precipitates [12] and, thus, could
help to understand the evolution of small precipitates.

C. Change of the Oxygen Concentration Δ[Oi]

After the POCl3 deposition, most dissolved oxygen is ex-
pected to be in an interstitial state, where it is not recombination
active. The interstitial oxygen concentration was measured via
scanning FTIR at 41 × 41 spots in a 4 × 4 cm2 area with
one corner in the wafer center. FTIR is known to be a reliable
method to investigate the interstitial oxygen concentration in
mechanically polished thick silicon but is challenging for the
investigation of substrates as thin as the samples investigated
in this work. The spectra were analyzed with an evaluation
procedure derived from the DIN 50438-1B norm. We found that
lateral scans on our samples were mostly affected by thickness
variations, such as saw damage grooves. To account for the sam-
ple thickness variations, we determined local sample thickness
d from the absorption at 614 cm-1 (A614) caused by the Si–Si
phonon absorption.

The green scale inset of Fig. 3 (bottom left) demonstrates
the applicability of the scanning FTIR method to determine the
spatially resolved concentration of precipitated oxygen in the
thin and rough wafers used for PV cells. It depicts the local
difference Δ[Oi] between a sample after drive-in and the sister
sample before drive-in. The precipitated oxygen exhibits a ring
pattern similar to the ones in the effective defect density and
the OP density images. An advantage of the spatially resolved
measurements of Δ[Oi] is the extraction of trends within a
single wafer. The pointwise comparison for the wafer after 120
min oxidation at 1050 °C exhibits a clear correlation between
ΔOi and the inversed PL signal, as shown in Fig. 5 (Pearson
correlation coefficient of 0.96). An exact linear behavior is not

Fig. 5. Correlation of precipitated oxygen (ΔOi) and inverse PL signal (1/PL)
in two n-type samples with an initial [Oi] of 1.1×1018 cm−3.

expected because of the nonlinearity between PL and lifetime.
Together with the scatter this does not allow to distinguish
between a linear correlation and the correlation to (Δ[Oi])2/3

predicted from [5] for a constant precipitate density, i.e., no
further nucleation at 1050 °C.

Within the wafer, after 12 min oxidation at 1050 °C, no clear
trend is found likely because of the strong noise. However,
the trend of the 120 min wafer continues. One reason for the
scatter is the inhomogeneous distribution of OP and the resulting
smearing in the PL images because of the carrier diffusion
toward regions containing more recombination active OP.

IV. SIMULATION OF SOLAR CELL PROCESSES

In this section, we compare the measurements on thin “solar”
wafers from Section III with our simulations. The initial condi-
tion of defect precursors and intrinsic defects is not well-defined
for such wafers. Therefore, we start our simulations with the
cooldown after crystallization to reduce this uncertainty and
to analyze the influence of the cooldown ramp. We assume a
cooling rate of 2 K/min for temperatures below 900 °C, which
is in the range of typical cooling rates for a solar grade Cz
silicon [25]. The influence of the cooling rate on the simulated
precipitate density is shown in the supplementary material. The
solar grade Cz is usually pulled with high pulling rates because
of the maximized throughput, which leads to high vacancy
concentrations [26]. This vacancy surplus is considered with
an adapted initial net vacancy concentration of 2×1012 cm−3 in
the simulations.

For all simulated processes, we observe a strong impact of
the interaction of intrinsic point defects with the wafer surface.
Vacancies are consumed by the growing OP and diffuse from the
silicon surface into the bulk, whereas interstitials are too slow
for out-diffusion and form clusters and other extended crystal
defects. The effect on the concentrations of the different species
is demonstrated by the depth profiles, as shown in Fig. 6. After
12 min at 1050 °C, the concentration of precipitated oxygen
is the orders of magnitude higher compared with the other
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Fig. 6. Simulated depth profiles for Oi, oxygen concentration in larger pre-
cipitates fC, total (dissolved + clustered) interstitial concentration, and vacancy
concentration. The profiles are shown exemplarily for the simulated 12 min
oxidation at 1050 °C with an initial [Oi] of 1.1×1018 cm−3 and the simulated
120 min oxidation at 860 °C with an initial [Oi] of 9.4×1017 cm−3 from the
wafer surface to the center of the 170 µm thick wafer.

process at 860 °C and, thus, much larger interstitial clusters
are generated. As a consequence of the interstitial enrichment,
the concentration of precipitated oxygen decreases toward the
center of the wafer. A higher interstitial concentration suppresses
the precipitate growth that produces interstitials and consumes
vacancies. Even the [Oi] is influenced and decreases toward the
surface for the processes with a significant fraction of precipi-
tated oxygen. Our model takes the influences of the depth profiles
of self defects on the resulting precipitate growth into account.

Note that within the first 1–2μm, i.e., the region dominated by
direct oxygen diffusion toward the silicon surface, the simulated
concentration of precipitated oxygen is probably not correct be-
cause of the complexities associated with oxygen incorporation
into the surface oxide. However, a few micrometers were always
etched off in the experiments before the measurements. There-
fore, these regions were also discarded in the depth-averaged
simulation results presented in the following section.

A. ΔOi Comparison

In Fig. 7, the simulated Δ[Oi] for the different samples after
oxidation for 12 min at 1050 °C, 120 min at 1050 °C, or 120 min
at 860 °C is compared with FTIR measurements in the center
area of the wafers. The measured Δ[Oi] after 120 min at 860 °C
drive-in did not exceed our detection limit in accordance with the
simulations. The simulations appear to underestimate the Δ[Oi]
for 12 min oxidation at 1050 °C, whereas the simulations and
measurements fit well after the 120 min oxidation at 1050 °C.
In addition to the averaged FTIR measurements (depicted as
squares with uncertainty bars), the graph also includes spatially
resolved FTIR measurements (as small points) from two samples
oxidized for 12 or 120 min at 1050 °C. The two data clouds
are clearly separated for the different oxidation times indicating
pronounced precipitation with prolonged oxidation. The local
Δ[Oi] is smaller in regions with a low initial [Oi]. This trend
appears to be even steeper in the spatially resolved measurements

Fig. 7. Comparison of measured and simulated interstitial oxygen loss versus
the oxygen concentration before drive-in Oi,initial.

on single wafers compared with averaged measurements and
simulations.

B. Lifetime Comparison

The charge carrier lifetime is the crucial parameter for the
impact of OP on solar cell performance. Thus, our goal is a
direct prediction of the lifetime from the precipitation model,
which, so far, provides us with the density and average size
of OP. The recombination activity of OPs in the n- and p-type
silicon was studied in several publications [3], [5], [27], [28],
and a reasonable empirical description was achieved assuming
the superposition of two Shockley–Read–Hall (SRH) defects.
A linear dependency between the defect densities NT and the
surface of large OPs was found in [5]

NT ∼ [OP]1/3 × (ΔOi)
2/3defN surf

T,eff (8)

with the effective defect densityN surf
T,eff relating to the precipitate

surface area. The recombination activity seems to be influenced
by the precipitation process [5] and impurity decoration [24],
as well. The influence of the specific precipitation process can
in principle be explained with recombination active OPs that
are not detected by etch pit counting. This could occur if they
create no or not enough strain in their vicinity to give rise to
preferential etching. Thus, we choose the process with 16 h
precipitate growth at 1000 °C (process A in [5]), where almost
all precipitates are expected to grow large enough for the etch pit
detection to assess the effective capture cross section of electrons
and holes σsurf

n/p,T

NT × σn/p,T = N surf
T,eff × σsurf

n/p,T . (9)

The effective capture cross sections extracted with (9) from
[5] and [18] for both OP defects are listed in Table I.

We use the precipitate densities and average sizes from the
simulations, as shown in Fig. 7, as the input for the prediction
of the lifetime. We calculate the overall precipitate surface of all
precipitate with more than m = 72 oxygen atoms following the
cutoff from the kinetic model. However, the exact m value is not
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Fig. 8. QSSPC measured and simulated injection-dependent charge carrier
lifetime after the POCl3 diffusion and 120 min oxidation at 1050 °C. (a) n-type
wafer with an initial Oi concentration of 1.1×1018 cm−3. (b) p-type wafer with
an initial Oi concentration of 9.4×1017 cm−3. Except for the D2 trap level Et,
all input parameters are taken from the literature or the independent simulations
shown in Fig. 7.

critical because the densities of more than 1011 cm−3 would be
necessary for small precipitates to influence the charge carrier
lifetime.

In Fig. 8(a), the simulated injection-dependent lifetime lim-
itation because of OP for the n-type sample with [Oi,initial] =
1.1×1018 cm−3 after the 120 min oxidation process at 1050 °C is
compared with lifetime measurements. With the trap levels from
[18], the injection dependence of the lifetime limitation in the
n-type silicon because of defect D1 is flat, while defect D2 causes
a lifetime decreasing with excess carrier density. In contrast, the
measured lifetimes in our n-type samples are increasing with
excess carrier density. A similar injection dependence of the
lifetime can be found for comparable doping levels and lifetime
limitations in [27] and [28]. From this observation, we conclude
that a trap level deeper in the bandgap would provide a better
description of the present OP. We found that using a D2 trap level
of 0.14 eV below the conduction band in the simulated lifetime
results is a fairly good agreement with the injection dependent

measurements and the overall limitation because of SiO2. It is
worth noting that the samples in [18] were passivated with SiNx,
which likely introduces more hydrogen into the wafer than the
AlOx used in this study. Thus, an explanation for the discrepancy
to the levels found in [18] might be the hydrogen passivation of
the deep level traps [29].

In Fig. 8(b), the simulated injection-dependent lifetime for the
p-type sample after the 120 min oxidation process at 1050 °C
with [Oi,initial] = 9.4×1017 cm−3 is compared with the lifetime
measurement. Because of its capture cross sections, defect D2
has almost no influence on the simulated lifetime in the p-type
sample independent of whether we use the original trap level
from the literature or the adapted one. The parameters for
D1 alone provide a reasonable agreement with the measured
data without any adjustment. At this point, it is worth noting
that the p-type silicon is more vulnerable to the effects of
many contaminants (such as interstitial iron). The samples were
not intentionally subjected to prolonged illumination prior to
measurement to avoid the activation of boron oxygen defects.
To estimate the potential influence of unintended illumination
during the sample handling and characterization, the expected
impact of full boron oxygen defect activation was estimated
with the parameterizations from [20] and [30] and a thermal
processing enhancement factor of three.

In the next step, we compare the simulated and measured
lifetime at a fixed excess carrier density Δn = 1015 cm−3 for
the different samples and processes. The impact of residual
bulk and surface recombination is considered in the simulations
via the addition of the recombination measured on a sample
after applying only the deposition process (“only POCl”). This
is likely a lower estimation because the drive-in step could
cause the contamination or backdiffusion of impurities from the
emitter [31]. Additional impurities introduced to the wafer might
also decorate the OP or form other recombination active defects.

For the p- and n-type samples, the simulations predict a small
but measurable lifetime reduction after 12 min at 860 °C in the
O2 or N2 atmosphere matched well by the measurements (see
Fig. 9). After the 120 min drive-in at 860 °C, the measured
lifetime drops by more than one order of magnitude to ∼10 μs
(p-type) and ∼40 μs (n-type) with strong variations between
sister samples and across each wafer. The simulated lifetimes
after 120 min at 860 °C are a factor of ten higher compared with
the measured average lifetimes. The reasons could be either a
mismatch in our model for this specific temperature, i.e., a too
slow OP growth during oxidation at 860 °C or process issues,
e.g., contamination or unplanned process variations. To decide
which explanation is more likely we repeated the process with
120 min oxidation at 860 °C in another furnace with the p-type
wafers that were cut out of the crystal close to the wafers
from the first experiment with [Oi,initial] = 9.5×1017 cm−3.
The blue symbol in Fig. 9 shows that these wafers have much
higher lifetimes compared with the former experiment after the
POCl3 deposition at 800 °C and the following 120 min oxidation
at 860 °C. This is a strong indication of process issues. At
860 °C, the oxidation process might also be very sensitive on the
initial oxygen concentration and the temperature profile; slightly
higher temperatures or oxygen concentration in the first process
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Fig. 9. Comparison of the measured and simulated lifetime at an excess carrier
density of 1015 cm−3 after the POCl3 deposition and a following drive-in under
the listed conditions.

might explain the variation to the second experiment and the
simulations.

For all drive-in processes at 1050 °C, we again see a fair
agreement between simulated and measured lifetimes. The sim-
ulated lifetime is 22 μs (p-type) and 40 μs (n-type) after 12 min
oxidation at 1050 °C and roughly a third of that after 120 min
oxidation, respectively. The measured lifetime is two to three
times smaller after 120 min compared with 12 min at 1050 °C.
This reflects the differences in measured and simulated Δ[Oi]
(see Fig. 7).

The simulation predicts the lifetime after processing in nitro-
gen to be up to 10% lower compared with the same process
in oxygen atmosphere. The reason is the enhanced vacancy
in-diffusion from the surface compared with the enhanced in-
terstitial in-diffusion during oxidation. However, the simulated
lifetime differences are small and within the uncertainties of
the measurements and model parameters. In the experiment, the
OP is already large after the POCl3 (an oxidizing atmosphere)
process and enough interstitial clusters are grown. As a con-
sequence, further growth of OP and interstitial clusters at high
temperature is only slightly influenced by the silicon self-defect
concentrations. In contrast, experiments and simulations with
the varying gas atmosphere at earlier processing steps, i.e.,
during the nucleation and growth of small precipitates, reveal
a strong influence of the gas atmosphere on the nucleation and
growth kinetics of OP (e.g., [32]).

The measured lifetime for the samples with a low initial
oxygen concentration (2.8 and 4.3×1017 cm−3) is not shown

in the figure because it was found to be almost independent
of the drive-in step. A drop in the lifetime was measured only
after processes with a long 1050 °C drive-in. In these cases, we
determine an average lifetime limitation of ∼700 μs (p-type)
and ∼2 ms (n-type) because of the defects generated during 120
min drive-in at 1050 °C. However, no clear rings are visible in
these samples indicating a lifetime limitation by other defects. In
agreement with this observation, we simulate lifetime limitation
because of OP of 3 ms or more for low oxygen samples after all
drive-in processes. Because of the high lifetime and low EPD in
the low oxygen samples, we can exclude a significant increase
of misfit dislocations during phosphorus in-diffusion [33] as an
alternative explanation of the observed lifetime degradation in
samples with a high oxygen concentration.

V. CONCLUSION

Despite the challenges arising from the analysis of thin wafers
with rough surfaces, we have found a spatially resolved cor-
relation between precipitated oxygen concentration measured
via FTIR, EPD, and Nt

∗ respective 1/PL. The comparison of
the measurements indicate significant recombination activity
of smaller precipitates that were not detected after preferential
etching because of insufficient strain in the surrounding areas.
The good agreement of our numerical precipitate model with
both Δ[Oi] and lifetime measurements demonstrated the suc-
cessful consideration of silicon self defects and surface effects
in our precipitate model. The prediction of the OP charge carrier
lifetime limitation is enabled by coupling the OP model with
the SRH parameters for OP from [5] modified by a slightly
deeper D2 defect. The verified oxide growth model enabled us
to analyze the OP growth in solar cell processing and overcome
OP limitations by systematic mitigation strategies.
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