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Abstract 
An investigation comparing the accuracy of a novel photoconductance analysis technique 
proposed by Kimmerle et al. (2015) against the standard Kane and Swanson (1985) method 
has been undertaken. To undertake this, samples with varying surface and bulk properties 
were processed so that their surface properties were altered whilst their bulk properties 
maintained. The results show that the novel method and the traditional method yield similar 
results, with the Kimmerle method being slightly more accurate. Extension of the method of 
Kimmerle through accounting for injection dependent SRH  with simple 2 parameter model 
proposed by Cuevas and MacDonald (2004) is discussed. Finally, the work validates the 
calculation of the optical constant by the method of Rougieux et al. (2012) for a range of 
surfaces on n-type float zone silicon wafers.  

1. Introduction
Recombination is a key loss mechanism in solar cells, which limits their overall efficiency. 
Accurate determination and attribution of recombination to different regions in device enables 
better cell performance. Photoconductance (PC) measurements can be used to separate bulk 
and surface recombination, which is particularly important, as surface recombination is often 
responsible for significant fractions of total recombination. Surface recombination is typically 
characterised by the metric J0, whilst bulk recombination is characterised by the Shockley 
Read Hall (SRH) lifetime, SRH . 

There exist several methods for analysing the results of a PC measurement, specifically the 
methods of Kane and Swanson (1985) and Kimmerle (2015) are considered in this paper. 
Despite the usefulness of PC measurements, no rigorous analysis of the most accurate 
analysis method has been undertaken. As such, a systematic analysis has been undertaken by 
the authors of n-type float zone (FZ) wafers with a wide range of surface and bulk properties. 
The samples used for this analysis are the same as those used by MacDonald et al. (2005) for 
investigation of the impact of metal contaminants on emitter performance. These samples 
were shown to exhibit a range of surface and bulk properties. The samples have been stored at 
room conditions for the past 11 years. In this experiment, the samples were subjected to a 
range of low temperature surface treatments, aimed at changing surface properties whilst 
maintaining bulk properties.  
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2. Background 
Probably the most thorough work on extracting bulk lifetimes from silicon wafers is presented 
by Cuevas and MacDonald (2004), and a thorough discussion of surface recombination by 
McIntosh et al. (2014).  
There are two key components to the PC measurement: 

1. Photogeneration of charge carriers in the wafer being tested; and 

2. Measurement of the conductivity of the wafer being tested 

The first of these two components is easily achieved through a lamp attached to a computer 
controlled power source. Additional filters (e.g. red filters or neutral density filters) may be 
used to influence the nature of photogeneration (Sinton Instruments 2012). 
The second component is more sophisticated than the first, and is generally achieved by one 
of three mechanisms: microwave detection (Deb and Nag 1962, Kunst and Beck 1988), 
infrared transmission (Harrick 1956, Warabisako, Saitoh et al. 1983) or inductive coupling 
(Kane and Swanson 1985). 
In this experiment, only the inductive coupling method will be considered, and only the 
Sinton Instruments WCT-120 Lifetime Tester (henceforth the WCT-120) is used for PC 
measurements. This is a commonly used tool in both research and industry. 
The raw measurement data from a PC measurement using the WCT-120 is the induced 
voltage in the induction coil, and the illumination intensity over time. From the induced 
voltage, the excess conductivity of the wafer,  , can be calculated through interpolation of 
a calibration curve. From the conductivity, the average number of excess charge carriers 
(averaged across the width of the wafer), Δnav, can be calculated through Equation 1 (Kane 
and Swanson 1985). 
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where q represents the fundamental electronic charge, W the thickness of the wafer being 
measured, and μn and μp are the electron and hole mobilities respectively.  

Once  tn  is known, the effective lifetime, eff , can be calculated as a function of injection 
level through Equation 2 (Nagel, Berge et al. 1999). 
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where G(t) is the generation rate in the wafer. 
There exist two main methods for conducting a PC measurement: photoconductance decay 
(PCD), and quasi-steady-state photoconductance (QSSPC). Each of these methods allows for 
different assumptions to be made to simplify Equation 2: 

1. PCD measurements: 0G ; and 

2. QSSPC measurements: 0

dt
nd av  
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The main difference between PCD and QSSPC measurements is the length of the flash. In 
PCD it is relatively short, and the conductivity measurements are made after the illumination 
has effectively ceased. In QSSPC the flash is relatively long, and conductivity is measured for 
the duration of the flash. A brief summary of the two techniques is shown in Table 1.  

Table 1. Overview of PCD and QSSPC measurements 
Method Typical Flash 

Length 
Advantages Disadvantages 

PCD O(100μs) No optical constant calculation 
required. 

Only need to measure 
conductivity of coil over time 
and not the illumination as well. 

Result independent of light 
intensity 

Initial, high injection data must be 
discarded. 

Only samples with lifetime greater 
than 200 μs measurable. 

QSSPC O(10ms) Able to measure lower lifetimes 
(i.e. less than 200 μs). 

Able to measure a wider range 
of injection levels 

Requires calculation of optical 
constant. 

Requires measurement of the 
illumination of the sample over 
time. 

 
Often both QSSPC and PCD measurements are made, to increase the reliability of the data, 
and often to facilitate the calculation of the optical constant (OC) necessary for QSSPC 
measurements (Richter, Henneck et al. 2010). In this experiment, the OC was calculated using 
the method of Rougieux et al. (2012). 
Regardless of whether the sample is measured in QSSPC or PCD, the outputs of the 
measurement are the same. One of the most important outputs of a PC measurement is the 
effective lifetime curve,  avneff . From eff , the intrinsic lifetime, intr , and the extrinsic 
lifetime, extr , can be extracted using Equation 3. 
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The intrinsic recombination can be parameterised, and the current state of the art model is the 
empirical Richter model (Richter, Glunz et al. 2012). Using this model for intrinsic lifetime, 

 avnextr  can be calculated quite accurately. Following this, extr  itself can be separated into 
two terms: the surface lifetime, s , and the bulk defect or Shockley-Read-Hall (SRH) 
lifetime, SRH , expressed through Equation 4. 
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SRH  and s  each depend upon the wafer’s properties differently. SRH  is known to depend 
complexly on the injection level, through Equation 5 (Aberle 1999). 
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where n0 and p0 are the electron and hole concentrations at thermal equilibrium respectively, 
n1 and p1 are impurity dependent SRH recombination parameters, and 0n  and 0p  are the 
electron and hole capture time constants respectively. 

In high injection, i.e. dNn  10  (where dN  is the wafer doping), Equation 5 can be 
simplified to Equation 6, which is independent of injection level (Aberle 1999). 
 constant00,  nphighSRH   (6) 

This approximation is made by both analysis methods investigated in this experiment, and 
obviously limits the accuracy and generality. However, this assumption allows the extrinsic 
bulk recombination to be characterised by one number.  

In addition to SRH , information about the surface recombination can be derived from PC 
measurements, through s . From s , the surface recombination parameter J0 can be calculated 
through Equations 7 and 8 (Kimmerle, Greulich et al. 2015). 
  

avd

aveffi

nN
nqn

SJ





2
,

0  (7) 

where ni,eff is the effective intrinsic carrier density i.e. the intrinsic carrier density, ni, corrected 
for band gap narrowing (BGN). The current state of the art model for BGN is the Schenk 
model (Schenk 1998). 
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Therefore, we see that application of Equations 3-8 to PC measurements can yield both J0 and 
SRH .There exist several different approaches to this, two of which are investigated in this 

experiment: the Kane and Swanson method, and the Kimmerle iterative SRH  method. 

2.1. The Kane and Swanson method 

The Kane and Swanson (K&S) method is the simplest method for analysing PC 
measurements. The K&S method ignores the effects of BGN, and so ni,eff  = ni. In the K&S 
method, the user selects an injection level, where the J0 is to be calculated. At this point, the 
local slope of the inverse effective lifetime reduced by the inverse intrinsic lifetime inverse 
extrinsic lifetime, extr1   (calculated from PC data using Equation 4) against avn . The J0 is 
then calculated through Equation 10. 
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Equation 9 is attained through differentiating Equation 7 with respect to avn  using Equation 
8 to define S and assuming that SRH  is injection independent. 
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From Equation 9, the traditional approach is to then calculate the bulk lifetime through 
extrapolating the tangent of the extr1   against avn  curve to dav Nn  . This technique is, 
however, sensitive to noise in the measured data. As such, an improved method is to use the 
J0 value calculated from the gradient, and then substitute this value into Equation 10. 
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This method of calculation of  avnSRH  from  avnJ 0  is similar to the method proposed by 
Kimmerle et al. (2015). 

2.2. Kimmerle method 

The Kimmerle method builds upon the K&S frame work. Kimmerle also calculates J0 through 
the slope of the extr1   against avn  curve, however, does so with a few key differences. The 
first main difference is that Kimmerle’s method accounts for Band Gap Narrowing (BGN) 
and so uses Equation 11 in place of Equation 9. 
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The second main difference is also contained in Equation 11: the Kimmerle method uses an 
alternative Equation for S, i.e. Equation 12 is used in place of Equation 8. 
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where D is the (ambipolar) diffusion coefficient for which the state of the art model is the 
Klaasen model (1992). 
The theory behind using Equation 12 over Equation 8was developed by Sproul (1994), to 
account for non-uniform recombination of charge carriers across the wafer during PCD 
measurements. However, the authors believe Equation 12 is incorrect for QSSPC 
measurements, as the analysis of Sproul assumes that the fundamental mode of decay 
dominates recombination, which does not seem appropriate in QSSPC measurements. 
The third main difference of the Kimmerle method is that the value of J0 is not calculated at a 
single injection level, but rather is taken over a range of injection levels ( maxmin nn  ) and 
averaged, i.e. the output is J0,av, calculated through Equation 13. 
   maxmin0,0 ,Average nnnnJJ avavav   (13) 

The final major difference of the Kimmerle method to that of the K&S method is that 
Kimmerle iteratively calculates SRH  from the calculated average J0 through Equation 14. 
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The SRH lifetime is calculated at each injection level in the selected range, and then averaged 
over this range in the same way as J0. This yields one value for SRH  and assumes that this is 
constant with respect to injection level. This assumption limits the generality of the method to 
samples in high injection, and cannot provide information on low injection SRH lifetime. 
Despite this, Kimmerle reports significant improvements over the Kane and Swanson method 
through application of his method. 

3. Experimental Methodology 
The aim of the experiment was to conduct a comprehensive study of which PC measurement 
analysis technique is the most accurate, and determine the uncertainty of the different 
techniques. In order to achieve a result which is general, a wide range of samples needed to be 
included in the experiment. This requires that samples with a range of both surface and bulk 
properties be included in the investigation. 
The samples used for this investigation were prepared in 2005 by SunPower for a study 
conducted by MacDonald et al. (2005). These samples were deliberately implanted with the 
impurity ions Fe, Co, Ni, W and Ti at three different doses. The starting material was n-type 
FZ silicon, with a resistivity of 20  5 .cm. Following implantation of the impurity ions, 
three different diffusions (light POCl3, heavy POCl3 and heavy BBr3) and one dry oxidation 
were applied to each metal and each concentration. For further details on the fabrication 
process for the samples, see MacDonald’s original paper. The samples used in this experiment 
are summarised in Table 2. 

Table 2: Properties of the 36 samples used for systematic analysis of PC analysis 
techniques. 

Diffusion Impurity Ion Surface Dose (1011 cm-2) Number of wafer quarters 

Heavy BBr3 

W 

0.1 2 

0.5 2 

1 2 

Fe 

0.5 2 

5 2 

50 2 

Heavy POCl3 

0.5 2 

5 2 

50 2 

Ni 

1 2 

10 2 

100 2 

Total 24 
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The first part of the experiment undertaken was to make measurements for PC analysis of the 
samples after they had been stored at room conditions for 11 years. The set of measurements 
required to conduct the PC analysis were: measurement of sample in QSSPC and PCD, 
measurement of reflection (R) and transmission (T) spectra, and measurement of wafer 
thickness. For details on how measurements were made, see Appendix 1. Following these 
initial measurements the samples were then subjected to a range of processing techniques. 
The details of this are outlined in Appendix 2, and summarised in Table 3. 

Table 3. Explanation of steps involved in experiment. 
Process 
Step 

Short Description 

1 30 minute anneal at 400°C in 5% H2, 95% Ar environment  

2 Plasma enhance chemical vapour deposition (PECVD) of SiNx and atomic lay deposition (ALD) 
of 20 nm of Al2O3 on POCl3 and BBr3 diffused samples respectively, using methods of Wan et 
al. (2014), and Liang et al . 

3 Dip in 1% HF solution until deglazed (to remove passivation layer) and remeasured within 2 
hours 

4 4-minute immersion in 70°C de-ionised water, per Lim et al. (2013) 

5 TMAH etch to remove emiter and repassivate bare silicon and PCD measurement through the 
HF passivation technique, as outlined by Grant (2016) 

6 TMAH etch to remove emiter and repassivate bare silicon with PECVD SiNx with the method of 
Wan et al. (2013). 

 

4. Results 
The decision was made to use the QSSPC measurements instead of the PCD measurements. 
There are two main reasons for this decision: 

1. Because of the wider range of injection level measurable, it was easier to assess how 

well the calculated J0 and SRH  values could be used to recreate the effective lifetime 

curve, as illustrated in Figure 1; and 

2. As the results of MacDonald et al. showed that some of the samples had very low bulk 

lifetimes, in some cases SRH <100μs, poor results were attained for PCD 

measurements. 

Since the QSSPC measurements were used, calculation of the OC for the samples was 
undertaken using the method of Rougieux. This produced very good agreement between PCD 
and QSSPC measurements. 
An indicative plot showing the fit between QSSPC and PCD measured data, along with the 
results of applying the Kimmerle method is shown in Figure 1. This Figure also makes it clear 
that using the QSSPC measurement data allows a much wider range of injection levels to be 
measured. For the PCD measurement, only the data in the overlap region indicated in the 
Figure is able to be used for PC analysis. On the other hand, all but the very highest injection 
data (i.e. from the point where eff  begins increasing with Δnav) can be used in the analysis. 
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Figure 1. Example fit quality between PCD and QSSPC measurements by calculating 

OC with method of Rougieux. 

4.1. Success of the Kimmerle Method 

One of the most significant results of this experiment has been to show that the Kimmerle 
method produces results which accurately model the measured data. In general, the theoretical 
lifetime curves of the Kimmerle method were able to achieve a fit to measured data with 
R2=0.99 or higher (provided noisy lower injection level data was excluded). The quality of the 
fit can easily be seen in the indicative data presented in this Section. 
When applying the Kimmerle method, the most important aspect was the selection of the 
injection range to apply the method on. There were two requirements on this range: 

1. It must be in the high injection region, i.e. dNn  10 ; and 

2. The region must be free of measurement noise. 

Provided these two criteria were fulfilled, in almost all cases a high quality fit between 
theoretical and measured data was achieved. However, on occasion it was necessary to adjust 
the fit region to either increase or decrease the number of data points in order to achieve a 
good quality fit. Generally, this adjustment was made necessary to exclude noisy data points 
in the high injection region. 
An example of an appropriate fit range for the Kimmerle method resulting in a high quality fit 
to measured data is shown in Figure 2.  
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Figure 2. Measured and theoretical effective lifetime curves for indicative sample 

analysed using Kimmerle method. 
Another interesting aspect of the Kimmerle method is the speed of convergence of the 
method. Generally, within 5 iterations, a stable result had been achieved. The speed of the 
solving indicates it is feasible to increase  complexity/accuracy of the method in future 
through accounting for injection dependent SRH . 

The final point of note for the Kimmerle method is the variation in J0(Δnav) values within the 
fit range. Figure 3 shows the range of J0(Δnav) for an indicative sample.  

 
Figure 3. Range of J0 values calculated at different injection levels by Kimmerle method 

for different iteration numbers through analysis process. 
Figure 3 shows that there is an approximately 6% (or 15 fA/cm2) variation in J0 across the fit 
range. This spread in J0 could conceivably be used to determine the uncertainty in the J0 for 
this measurement. 
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4.2. Comparison between Kimmerle and Kane and Swanson 

The accuracy of the Kimmerle method in recreating the measured effective lifetime data has 
been discussed in Section 4.1. Therefore, comparison between the results of the Kane and 
Swanson method with the results of the Kimmerle method is a simple means to determine the 
accuracy of the Kane and Swanson method. Indicative results of this are included in Appendix 
3. In general, the two methods are in reasonable agreement. For some samples the two 
methods yield the same result, whilst for others they can yield different results. However, 
even where the Kane and Swanson method disagrees with the Kimmerle method, the Kane 
and Swanson method is still able to model the effective lifetime quite accurately. This can be 
seen in Figure 4. Based upon the ability for both the Kane and Swanson method and the 
Kimmerle method to model the effective lifetime, it appears that both methods can accurately 
analyse PC measurements. Therefore, one approach to identification of uncertainties of the 
results is to look at the difference between the results of the two methods. Further, an 
improvement to this method would be to apply either Kimmerle or Kane and Swanson, and 
vary J0 and SRH  to find the extremities of these two values which still accurately fit the 
measured effective lifetime curve. 

  
Figure 4. Comparison between Kimmerle and Kane and Swanson method to model 

measured effective lifetime curve from two indicative QSSPC measurements. 

4.3. Trends across processing steps 

The trends seen across the processing steps are present in Appendix 4. Two main trends are 
apparent from these results: 

1. The expected trends in J0 are apparent between steps; and 

2. Clusters of SRH  values occur for each sample across all processing steps. 

The spread of these values seen can be used as indicative measure of the uncertainty inherent 
to PC analysis. This spread may be partially attributed to inaccuracies in the analysis method, 
but it is unlikely to be a significant cause, given the high quality of fit to measured data 
achieved by the Kimmerle method. Also, as there is no sustained upwards or downwards 
trend in the data, the spread is not likely to be caused by material changes. As such, it is 



 

  11 

concluded that the spread in the data is, at least partially, caused by inherent inaccuracies in 
the PC measurement technique. 

5. Further Work 
Within the Kimmerle method, there exists the possibility for inclusion of an injection 
dependent SRH lifetime. Indeed, by the Kimmerle method an injection dependent SRH  is 
calculated, only to be averaged over the specified region. The reason for this is suggested to 
be twofold: 

1. To keep the results of the Kimmerle method consistent with the results of the Kane 

and Swanson method, where one parameter characterising surface recombination and 

one parameter characterising bulk recombination; and 

2. To simplify calculations. 

However, a method which calculates two parameters to characterise the bulk lifetime would 
also be applicable using this method. The simplest way to implement injection dependent 
SRH lifetime would be through a two parameter model, where by the SRH lifetime is 
approximated by simplifying Equation 5 to Equation 15, as has been suggested by Cuevas and 
MacDonald (1998). 
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6. Conclusion 
The Rougieux method for calculation of OCs proved to be accurate and effective, with few 
notable exceptions. This was important, as QSSPC data was available for a much larger 
injection range than PCD data for samples analysed. 
The Kimmerle and Kane and Swanson methods were found to accurately model measurement 
data, although differences between the two methods was observed. 
Three methods for determination of uncertainties in PC measurements have been outlined, 
namely: 

- Comparison between values calculated from Kane and Swanson vs. Kimmerle 

method; 

- Adjustment of J0 and SRH  until theoretical curve no longer matches data; and 

- Analysis of sample with several different surface passivations, and inferring 

uncertainty from range of SRH  values observed. 
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8. Appendix 1 
The QSSPC and PCD measurements were performed using the Sinton WCT-120 lifetime 
tester, with an 850nm red filter. The QSSPC results were the average of three consecutive 
measurements and the PCD the average of five consecutive measurements. Before each 
measurement session, the instrument was calibrated using a set of six calibration wafers of 
known conductivity. Every 10-20 measurements, the instrument was zeroed via the Sinton 
software.  
The R and T spectra were measured using the Perkin Elmer UV/Vis spectrophotometer from 
1200-650nm with a step size of 10nm. For the measurements, the detector was changed at 
900nm, which resulted in a large amount of noise in the 800-950nm region. As such a 
smoothing process of the data was undertaken for data in this region. To determine the 
uncertainty in the R and T spectra, a baseline of 0% R and 0%T was made, through blocking 
the exit and entrance to the integrating sphere respectively with a black lens cap. The level of 
noise on the 0% base line was then taken to be uncertainty in the R and T values as a function 
of wavelength. 

Thickness measurements were made using a thickness gauge accurate to ±0.5μm at 10 points 
on the wafer in the area which covered the inductive coil of the WCT-120 lifetime tester. 
These measurements were then averaged, and the standard deviation of the measurements 
taken to be the uncertainty in the thickness. 
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9. Appendix 2 

9.1. Process Step 1 

Following the initial PC, R and T, and thickness measurements the samples were annealed in 
an atmospheric quartz furnace at 400 °C for 30 mins in an ambient of forming gas (5% H2, 
95% Ar). This process was undertaken as it was assumed the diffusion layer surface 
passivation had degraded during storage, based upon the work of Thomson et al. (2014). The 
R and T properties of five samples were measured and found to have not changed 
significantly from their pre-anneal values. Therefore, the pre-anneal R and T data were also 
used for the post anneal PC analysis. The thickness was also assumed not to have changed. 

9.2. Process Step 2 

Following the anneal, the samples were stripped in HF, the samples were then coated with 
either 20 nm of Al2O3 or 80 nm of SiNx deposited by ALD and PECVD respectively. The 
Al2O3 was deposited on the BBr3 diffused samples and the SiNx on the heavy POCl3 samples. 
Both depositions were conducted at approximately 200°C. Following the coating of the 
samples the were annealed at 400°C in N2. The R and T spectra of all samples were then re-
measured, as the depositions were found to have changed the spectra. The samples were 
measured in QSSPC and PCD. The thicknesses were assumed to have remained the same. 
This process was designed to improve surface passivation, as these coatings are now the 
current state of the art (Saint-Cast, Benick et al. 2010, Duttagupta, Lin et al. 2013, Duttagupta, 
Ma et al. 2013). 

9.3. Process Step 3 

Following the depositions, the samples were immersed in a 1% solution of HF until deglazed, 
rinsed with de-ionised (DI) water and dried in air. The samples were again remeasured in 
QSSPC and PCD within 2 hours of drying. The R and T spectra of all samples was 
remeasured, and again thickness assumed to be unchanged. This process aimed to deteriorate 
surface passivation of the samples through removing the passivation layers applied in Step 2. 

9.4. Process Step 4 

Following the HF dip, the samples were hot water etched, following the method of Lim et al. 
(2013). The samples were immersed in a beaker of 70°C DI water for four minutes each. 
Samples were then dried on Kimwipe sheets. Samples were remeasured in QSSPC and PCD. 
The R and T spectra of six samples was measured, and found not to have changed 
significantly from before the hot water etch. Therefore, the R and T from the previous step 
were used for PC calculations after the hot water etch. The sample thicknesses were again 
assumed not to have changed. This process was carried out to roughen the surface of the 
wafers, leading to very poor surface passivation. 

9.5. Process Step 5 

The final process step was to obtain the best possible measurement of the bulk recombination. 
All of the diffused regions were removed by TMAH etching, then measuring the samples with 
the HF immersion technique outlined in Grant et al. 2012. The HF immersion technique 
involved initially removing the diffusion region through a TMAH etch, and then conducting a 
PCD measurement with the samples in an HF bath as detailed by Grant (2016). All steps to 
prepare samples for the measurement were conducted at low temperature, so the bulk lifetime 
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should have remained relatively unaltered. Further details on the measurement technique can 
be found in Grant (2016). The HF immersion technique aims to allow the bulk lifetime of 
samples to be directly measured as the HF provides a very high level of surface passivation. 
The technique is only applicable for samples with bulk lifetimes greater than 100μs, so only 
15 samples were measured with this technique. 

9.6. Process Step 6 

Finally, the samples were passivated by SiNx deposition, using the process of Wan et al. 
(2013). This enables measurement of the bulk lifetime of the severely contaminated samples 
and allowed a sanity check of the HF immersion results.  
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9.7. Appendix 3 

 
Figure 5. Comparison of the calculated J0 and τSRH for indicative measurements of different samples at different stages in the 

experiment part 1.  



 

  18 

 
Figure 6. Comparison of the calculated J0 and τSRH for indicative measurements of different samples at different stages in the 

experiment part 2. 
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10. Appendix 4 
 

Table 4. Expected impact on J0 of each of the processing steps in the experiment. 
Condition Expected impact on J0 from previous step 

Post Step 1 – Anneal Improvement 

Post Step 2 – PECVD/ALD Deposition Significant improvement 

Post Step 3 – HF Dip Significant deterioration 

Post Step 4 – DI boil Further deterioration 

Post Step 5 – HF passivation Significant improvement 

Post Step 6 – Etch and PECVD No change 
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Figure 7. J0 values calculated using Kimmerle method for samples initially and after each process step in the experiment. See Table 

4 for step descriptions and expected impacts upon J0. 
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Figure 8. τSRH values calculated using Kimmerle method for samples initially and after each process step in the experiment. See 

Table 4 for step descriptions and expected impacts upon J0. 
 


