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We present a fast method to create interstitial oxygen concentration maps from resistivity calibrated
photoluminescence images prior to and after a heat treatment at 450 1C. The method utilizes the
inﬂuence of thermal donors on the effective doping concentration of a sample. Although the
determination of thermal donor concentrations from conductivity measurements is customary in
literature, we found that implementation of a mobility model is necessary to determine accurate
concentrations of thermal donors. Therefore an iterative correction algorithm is presented, which allows
precise determination of thermal donor concentrations from resistivity measurements. The determination of interstitial oxygen concentrations from thermal donor concentrations is based on an updated
parameterization based on a model of Wada et al. (Phys. Rev. B: Condens. Matter 30 (1984) 5884–5895)
that is also presented in this paper. The method is demonstrated on a 1.3 Ω cm p-type Czochralski grown
silicon sample with an interstitial oxygen concentration in the range of 7.5  1017 cm  3 and yields good
agreement with FTIR measurements.
& 2014 Elsevier B.V. All rights reserved.
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1. Introduction
Oxygen is usually introduced into the silicon crystal during
crystal growth and can be present in concentrations up to the
range of 1018 cm  3 in silicon grown with the Czochralski method.
High interstitial oxygen concentrations ([Oi]) can give rise to the
growth of oxygen complexes called thermal donors (TD) [1] or
new donors [2,3] and recombination active oxide precipitates [4]
during high temperature treatments. In the presence of boron, e.g.
in standard p-type silicon, interstitial oxygen forms complexes
that are responsible for light induced degradation [5,6]. Thus, the
determination of the oxygen content of silicon wafers is crucial for
quality control and process design in photovoltaic production as
well as for many investigations on crystal defects.
The most widespread and well established way to determine
[Oi] is to evaluate characteristic infrared absorption measured with
Fourier transform infrared spectroscopy (FTIR). Veirman et al. [7]
have presented an alternative measurement technique that is
based on monitoring the change of the conductivity of wafers
due to TD growth after a 450 1C tempering step. This method is
also capable of performing lateral scans of [Oi] with scanning
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4-point-probe measurements. Both methods are limited in resolution and are time consuming on relevant sample sizes.
In this paper, we utilize resistivity calibrated photoluminescence (PL) images [8] to perform high resolution [Oi] images in a
strongly reduced time. Also, a necessary correction for the inﬂuence of TDs on carrier mobilities in silicon is introduced utilizing a
recent model by Schindler et al. [9].

2. Method
2.1. Working principle
The method is applied to as-cut wafers after a temperature
step at or above 850 1C to dissolve all TDs already present in
the material from crystal growth. In this temperature range, the
formation of new donors is not expected [3] and therefore
the electrical properties of the wafer should be determined by
the sample doping. Afterwards, the sample undergoes hot DI
water etching to achieve a high surface recombination velocity
[10]. For very high surface recombination velocities, the excess
carrier density Δn is determined by the time necessary to reach
the surface (transit time) instead of bulk charge carrier lifetime. In
this case (surface limitation of Δn), PL intensity is proportional to
the effective doping concentration [8]. Without compensation
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effects, e.g. from TDs in p-type silicon, this corresponds to the
dopant concentration and the PL image can be calibrated with
local conductivity data from e.g. four-point-probe measurements
to a doping image [8]. In order to create TDs, the sample is
subjected to an annealing step at 450 1C for several hours, which
gives rise to TD formation [1].
After the annealing step the aforementioned surface treatment
is repeated and a second PL image is taken. This image and
resistivity measurement to calibrate it will be inﬂuenced by the
created TDs due to their electronic structure. A detailed insight
into these inﬂuences and an algorithm to account for them will be
given in Section 2.2. Taking these inﬂuences into account, the
second PL image can be calibrated to an effective doping image. As
the difference between the doping image (before annealing) and
the effective doping image (after annealing) results solely from the
presence of TDs, an image of their concentration NTD can be
calculated by considering their charge state, which can be assessed
with the algorithm as well.
The formation kinetics of TDs is highly dependent on the initial
[Oi]. We have combined features of parameterizations by Wada
et al. [11] and Wijaranakula [12] into a new model that is
presented in Section 2.3. Utilizing this new parameterization, we
calculate high resolution [Oi] images for a given annealing treatment deﬁned by temperature T and duration t from the previously
calculated NTD images. Fig. 1 brieﬂy illustrates the process steps of
the presented method.

2.2. Precise determination of thermal donor concentration
As the method is based on the evolution of TD concentration,
its precise determination is crucial. TDs act as donors and thus it
appears convenient to determine NTD from conductivity measured
in a TD-free state (i.e. after a high temperature step) of the sample,
swithoutTD, and after intentional formation, smeas. Because the
electronic properties of TDs differ from common dopants, such
as boron or phosphorus, special care has to be taken, in order to
determine their actual concentration.

TDs introduce two energy states in the bandgap of silicon close
to the conduction band [13]. The exact position of these states is
determined by the number of oxygen atoms included in the TD,
but the most common sizes of TDs create levels in a narrow energy
range [14]. Therefore their charge state (TDcharge) is dependent on
the position of the Fermi energy EF following Fermi–Dirac-Statistics. In p-type silicon TDs will always act as double donors and
thus compensate the sample doping. In n-type samples, the charge
state of TDs will depend on the position of EF relative to the energy
states of TDs and therefore on the doping concentration (Ndop) and
also on NTD. Furthermore, multiply charged defects and donor
compensation have a strong impact on charge carrier mobilities of
minority and majority charge carriers mmin and mmaj. As Schindler
et al. [9] pointed out, the inﬂuence of compensation effects can
reduce the mobilities by up to 50% compared to widely used
models. To account for these inﬂuences, we have developed an
algorithm, that utilizes Klaassen’s model for charge carrier mobilities [15,16] with additions for compensation effects by Schindler
[9] and an iterative method to determine NTD and TDcharge.
The necessary input parameters for the algorithm are the actual
doping concentration Ndop (NA in p-type, ND in n-type) and the
measured conductivity smeas of the sample including TDs. In the
case of compensated silicon, both dopant concentrations have to
be known. The ﬁrst step is to determine an apparent doping
concentration Nndop from smeas by neglecting the additional inﬂuences
of TDs on carrier mobilities, similar to a common resistivity-to-doping
calibration. The difference between Ndop and Nndop divided by two
serves as a ﬁrst estimate of NTD and as starting value for the
iterative algorithm. It should be mentioned that most research on
TD evolution in the past neglected the difference between this
estimate and the actual NTD.
The algorithm calculates charge carrier mobilities mmin,i and
mmaj,i from NTD,i and TDchargei according to Schindler’s model. Then
it determines the charge carrier concentrations p0,i and n0,i, to
reproduce smeas. The carrier concentrations lead to NTD,i þ 1 and
TDchargei þ 1 using common charge carrier statistics. Fig. 2 shows a
schematic illustration of the computational steps. We found in
simulations that few iterations of this process lead to precise

Fig. 1. Schematic illustration of the measurement and evaluation.

Fig. 2. Schematic illustration of the mobility correction tool. Starting from conductivity measurements before and after annealing (swithoutTD and smeas) a set of parameters is
calculated for an iterative algorithm resulting in the true TD concentration and their charge state.
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values for the actual NTD even if strong compensational effects in
p-type or recharging of TDs occur.
2.3. Parameterization of thermal donor growth
The method presented by Veirman et al. [7] utilizes a parameterization by Wijaranakula [12] to determine [Oi] from the NTD
calculated from resistivity measurements. While this parameterization works well with the weakly doped n-type material used by
Veirman, we encountered serious deviations when applying it to
the NTD data of p-type material we had calculated with the
algorithm presented in Section 2.2. Although these deviations
were reduced after correcting the NTD data analysed by Wijaranakula
with our algorithm and reﬁtting Wijaranakula’s equation to the
corrected data, there was a systematic error with increasing
annealing time. We associate this error to an inﬂuence of the
electron concentration during the annealing process. As TDs
introduce additional electrons into the crystal, their equilibrium
concentration and thus also their formation kinetics depends on
the doping concentration of the sample. This inﬂuence was
neglected in Wijaranakula’s parameterization and is not discussed
in the parameterization on TD growth kinetics by Voronkov et al.
[17], which to our knowledge is most up to date. Therefore we
chose to use the model of Wada et al. [11], which includes this
inﬂuence based on theoretical considerations. As Wijaranakula
pointed out, this model does not account for the capture of
interstitial oxygen atoms in complexes during annealing at elevated temperatures and is therefore not capable of describing the
decrease in NTD after prolonged annealing found in various
experiments, i.e. [18,19]. We modiﬁed the model suggested by
Wada and added a time dependent term for the remaining
available interstitial oxygen concentration. This parameterization
was realized by a simple ﬁt of a convenient function to [Oi](t) data for
annealing temperature of 450 1C presented by McQuaid et al. [19].
Furthermore, we included the inﬂuences of the TDs charge and band
gap narrowing into the Wada model. With these changes, we
determined the ﬁt parameters a and b by Wada utilizing NTD data
for annealing at 450 1C presented by Kamiura et al. [18]. It should be
mentioned that we corrected this data with our algorithm presented
above and that the parameterization was done for tanneal o200 h for
simplicity reasons. The new parameterization including the ﬁt
parameters for the oxygen loss is given in Table 1. It should be
noted, that the model by Wada does not account for the inﬂuences of
crystal defects like silicon interstitials or vacancies on the formation
kinetics of TDs that were found by various authors, e.g. [20,21].
Therefore, extreme concentration levels or strong lateral concentration variations of these defects are not covered by the presented
parameterization.

3. Setup and samples
In the used PL imaging setup a 790 nm ﬁbre coupled laser
diode is used to illuminate the samples. We utilize a beam shaping
optic to provide a good homogeneity of illumination intensity
across the sample. The imaging system consists of a cooled silicon

CCD-camera and a stack of optical ﬁlters to suppress the detection
of reﬂected laser light. The setup is capable of providing images
with resolutions down to 25 mm.
To develop the presented method, we investigated Czochralski
grown boron doped silicon wafers of representative resistivities
and oxygen concentrations typical for PV application. We found
that the surface preparation of the samples is crucial, as it has to
feature sufﬁciently high surface recombination velocities to efﬁciently limit the excess charge carrier density. Experiments conducted on wafers after removal of the saw damage resulted in
reduced image quality. Therefore, an as-cut wafer with a resistivity
of  1.3 Ω cm was processed for this paper in order to demonstrate
the method. It underwent standard cleaning followed by an
annealing process at 870 1C in a diffusion furnace without process
gas ﬂows. In order to allow a variation of annealing durations and
to simplify sample handling, the 156  156 mm² wafer was laser
cut to samples of 5  5 cm². Due to the high temperature step the
samples were free of TDs. They were measured and processed
according to the sequence introduced in Section 2.1. The necessary
calibration of PL images to doping maps was conducted utilizing
four point probe measurements with a Napson RG100/RT3000
measurement tool. The annealing was done on a hotplate for
durations ranging from 3 to 64 h. To conﬁrm the results of the
presented method the oxygen concentration of the samples was
determined with FTIR measurements in a Bruker IFS-113v system
according to DIN 50438-1 after a KOH etch to receive a shiny
surface.

4. Comparison to scanning methods
Fig. 3 presents the NTD-distributions of the samples calculated
from the resistivity calibrated PL images before and after the
annealing. Due to the range of annealing durations from 3 to 64 h
we ﬁnd a broad range of NTD in the different samples. All samples
that underwent more than 3 h of annealing exhibit a radial
structure of grown TDs. Note that this structure was not visible
in PL images or resistivity measurements prior to annealing. The
slight variation of the determined NTD levels for samples that were
annealed for the same time indicates scattering in the PL-toresistivity calibration due to the ﬁnite number of calibration points
and image noise. The resulting [Oi] images of the calculations are
shown in Fig. 4. While the overall level of determined [Oi] varies
slightly due to the aforementioned calibration scattering, the
lateral variation in the circular structure is consistent in all
samples with tanneal exceeding 3 h. Due to the increasing contrast
with annealing time the 24 and 64 h samples are capable of
detecting a very ﬁne structure of lateral [Oi] variation. This effect is
further discussed in Section 5. We found optical artefacts affecting
the determined oxygen concentrations near the sample edges.
These can be reduced by usage of further optical ﬁlters in the PL
system and usage of image processing algorithms, e.g. pointspread-functions [22].
The PL based method features two signiﬁcant advantages over
Four-Point-Probe scans: higher resolution and short acquisition
times. While the resolution of Four-Point-Probe is limited to 1 mm

Table 1
Modiﬁed Wada model (for T ¼ 450 1C and t r 200 h).
Wada model for NTD

(t)

(from [11])

Oxygen concentration (empirical
model)
Fit parameters

N TD

ðtÞ
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¼ ba  ½Oi 3ðtÞ  n12  1 exp  b  Di  ½Oi ðtÞ  t



with the oxygen diffusion constant Di and the electron concentration during growth n


 


t
½Oi ðtÞ ¼ ½Oi t ¼ 0  1  P 1  exp 
P2  1 þ t  P 3
P1 ¼ 0.237, P2 ¼1.092  106, P3 ¼1.186  10  8 (ﬁt to data from [19]) a¼ 5.229  10  10 cm  4, b¼ 3.008  10  9 cm  4 (ﬁt to data
from [13])
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32 mm distance from the edge is clearly detected in both methods.
The absolute level of [Oi] determined with the PL based method
scattered between the samples between 5 and 15% below the
value determined from FTIR measurements on the same samples.
This can be accounted to the small set of data included in the
parameterization presented in Section 2.3 so far. Considering that
we did not include any of our measurements in the parameterization, the deviation of less than 10% is excellent. The decreased
lateral contrast compared to the FTIR results was found to be
systematical across the samples. It might originate from optical
blurring and could then be reduced with appropriate image
processing.

5. Sensitivity study

Fig. 3. Thermal donor concentrations in the wafer calculated from resistivity
calibrated photoluminescence images. The eight samples were annealed at 450 1C
for four different durations, as indicated in the picture. A magniﬁcation of the lower
left sample is shown in Fig. 5.

The lateral [Oi] inhomogeneities of the wafer in Fig. 4 are only
observed in samples with annealing times greater than 3 h. The
sensitivity to detect lateral contrasts is increased with prolonged
annealing duration due to the TD formation kinetics. As the
method is based on the measurement of changes in conductivity
due to the dopant behaviour of TDs, the sensitivity of the method
also depends on the total oxygen content and the base doping
concentration NA in p-type or ND in n-type silicon, respectively. To
illustrate these dependencies and give an impression of the
required annealing time for a given material we have conducted
a numerical study of the minimal detectable lateral concentration
contrast in dependence of the annealing duration tanneal, the
oxygen content [Oi], the base doping and the signal-to-noiseratio (SNR) of the used imaging system.
5.1. Simulation method
We have performed simulations of the expected remaining
fraction of PL intensity fPL after annealing relative to the intensity
before assuming comparable surface properties. fPL is calculated
based on the considerations in [8] taking minority carrier mobility
change due to TD formation Δm into account as follows:


I PL;annealed
2 N TD
1
For p  type silicon : f PL;ptype ¼
¼ 1
I PL;start
N A 1 þ Δμ
ð1aÞ

Fig. 4. Interstitial oxygen concentrations in the wafer calculated from resistivity
calibrated photoluminescence images of eight samples. The apparent variation of
[Oi] towards the sample edges results from optical artefacts. The medians of the
determined [Oi] of all samples are in the range of 77 0.5  1017 cm  3. Note that the
apparent variation of [Oi] towards the sample edges results from optical artefacts
and the apparent decrease in some of the former wafer edges can be attributed to
an uncorrected thickness variation.

in our setup, the luminescence based thermal donor concentration
image in Fig. 5 features a resolution of about 100 mm. Although
high resolution conductivity scanning tools might be available, the
resolution is limited due to drastically increasing measurement
times. The acquisition of PL images of strongly compensated as-cut
wafers in the used measurement setup takes less than 10 min
independent of the sample size, also allowing multiple samples to
be measured at once.
A comparison of a linescan along the calculated [Oi] image and
an FTIR linescan along an equivalent sample is shown in Fig. 6. We
ﬁnd good qualitative and quantitative agreement for measurements more than 5 mm from the sample edges, where the result is
inﬂuenced by an optical artefact. Although the radial [Oi] variations observed in the image are too small to be detected with FTIR
and vanish also in the image linescan, the prominent dip at around



TDcharge N TD
1
For n  type silicon : f PL;ntype ¼ 1 þ
1 þ Δμ
ND

ð1bÞ

As the criterion for a determinable intensity contrast between
two regions of interest (ROI) of an image, we chose a contrast-tonoise-ratio (CNR) exceeding unity. Thus, the difference in PL
intensity ΔS between two ROIs must exceed the noise level N of
the considered image fraction: ΔS/N Z1. For simplicity reasons, we
have chosen a ﬁxed SNR of 100 for the simulations of the inﬂuence
of annealing time, oxygen content and doping concentration. This
level of SNR should be achievable on most imaging setups by
choosing appropriate exposure times and image resolutions. The
simulation ﬁrst calculates the expected resulting PL intensity
fraction IPL,A as a function of annealing time for a given set of
oxygen concentration [Oi]A and doping concentration Ndop,A in ROI
A and then calculates the intensity in ROI B, IPL,B, that could be
distinguished from it with an image processing algorithm. Then an
iterative algorithm calculates the respective TD concentration NTD,
B, from which it is possible to calculate [Oi]B for a given time t
utilizing a parameterization as presented in Section 2.3. The
process scheme is given in Fig. 7. All simulations were done for
[Oi]B 4[Oi]A and therefore IPL,B oIPL,A for p-type and IPL,B 4 IPL,A for
n-type.
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Fig. 5. Comparison of the determined thermal donor distributions on a sample after 64 h of annealing. Left: from resistivity calibrated PL images, right: from scanning FourPoint-Probe measurements with 1 mm resolution. The superior resolution of PL images (here:  100 mm) reveals the circular structure in more detail.

Fig. 6. Comparison of a FTIR linescan along the sample after 3 h of annealing with
the result of the PL based method after 24 h of annealing. The FTIR measurement
was not conducted on the same sample due to the oxygen loss related to the
annealing. For tanneal ¼ 3 h this loss is below detection precision of the FTIR
measurement. The deviation between both measurements is below 10% and the
qualitative agreement due to radial symmetry of the wafer is sufﬁcient to compare
the results.

Fig. 7. Process scheme of the simulation used to estimate the sensitivity of the
method.

5.2. Simulation results
In order to demonstrate the inﬂuence of the sample doping
on the methods ability to detect a given contrast, we varied doping concentration and type for a given [Oi] of 7  1017 cm  3
resembling a common concentration in industrial Czochralski
grown silicon. We chose doping concentrations resembling 1 and

Fig. 8. Simulation of the detectable lateral variation in oxygen concentration from
7  1017 cm  3 on wafers with different doping type and level in dependence of
annealing time.

10 Ω cm resistivity to cover common doping levels. The results are
presented in Fig. 8 and illustrate the increasing sensitivity with the
annealing time tanneal. As the method is based on detecting
changes in PL intensity, the concentration of thermal donors has
to reach the range of two orders of magnitude below the sample
doping to achieve signiﬁcant signals. In order to detect concentration variations, even the difference between two ROI has to reach
this extent. This corresponds well with the observed effect in
Section 4 that short annealing times can reveal the overall [Oi]
level but lateral contrast is increased with prolonged annealing:
The most prominent circular variation in the wafer of about 6%
could not be detected after 3 h of annealing while dependant on
image scaling it is clearly visible after 12 h. The improved sensitivity for short annealing times on n-type material originates from
the fact, that TDs increase the net doping and therefore PL
intensity in n-type, while the occurring compensation effects in
p-type decrease it. The enhanced formation of TD in p-type
material can compensate this effect, but the increased precision
compared to n-type in Fig. 8 is likely to vanish for non-ﬁxed SNR.
As the extent of TD formation is closely related to the oxygen
concentration it is trivial that their effect on resistivity for a given
Ndop and tanneal depends on the oxygen concentration level. To
illustrate this dependency we simulated the expected sensitivity
for a 1 Ω cm p-type wafer with [Oi] of 10  1017, 7  1017 and
4  1017 cm  3, respectively (see Fig. 9). This resembles the typical
range of oxygen incorporation in Czochralski grown silicon today.
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Fig. 9. Simulation of the detectable lateral contrast in interstitial oxygen concentration of 1 Ω cm p-type wafer in dependence of annealing time for typical oxygen
concentration levels.

detected which we attribute to variations of [Oi]. It was shown,
that the sensitivity of the method to lateral contrasts strongly
depends on the annealing time tanneal and is also affected by the
oxygen concentration level and sample doping type and
concentration.
The method provides signiﬁcantly higher lateral resolution and
reduced measurement time compared to scanning methods to
determine [Oi].
Due to the optical excitation and image detection, the method
is subject to optical artefacts as for example optical blurring at the
sample’s edges. These effects could be minimized with further
effort in images processing, which should allow detection of
lateral [Oi] inhomogeneities on the sub mm scale.
As the presented method, in contrast to FTIR measurements,
does not suffer from inherent limitations concerning sample
thickness, it might be an option to determine [Oi] in very thin
silicon wafers. Further work on that issue appears sensible.
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