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Introduction 

Mass production n-TOPCon and heterojunction (HJT) devices are expected to demonstrate cell 
conversion efficiencies exceeding 26% in the next few years1. A key feature of these devices is 
extremely low carrier recombination, both in the silicon bulk and at the surfaces/contacts. As a result, 
intrinsic, namely Auger and radiative, recombination becomes significant. This alters the I-V 
characteristics of the device, resulting in a boost to fill factor2.  

Current yield simulation software, such as PVSyst, and SAM, almost exclusively use the single-diode 
model to describe module behaviour. This model is relatively straightforward and has, to date, 
provided sufficient accuracy for these simulations. However, recent studies have identified issues 
with current practices when simulating high fill factor modules3.  

An alternative “adjusted” model has recently been proposed4 that accounts for intrinsic 
recombination explicitly and then fits the residuals with a single-diode model. In this paper we 
examine how this model can be used with experimental data for high-efficiency cells from SunDrive 
solar to provide more accurate electrical description of such devices in simulation software. 

Methodology and scope 

Measurement 

The cell used in this work was from the batch reported by Yu et al.5. I-V testing was performed on a 
Sinton FCT 650 I-V tester with measurements were taken under ~1 sun illumination at set 
temperatures on 25, 35, 45 and 55oC. Light I-V and Suns-VOC curves were measured at each 
temperature. This allowed determination of the series resistance at each temperature along with a 
“clean” I-V curve. 

One issue that was discovered during the process was a non-negligible difference in temperature 
between the cell and the internal chuck (read set) temperatures. This will be discussed in detail in 
section 3.1. 

Fitting 

Fitting of the single-diode equation to a given I-V curve was performed with the “2/3 diode fitting tool” 
[ref]. This fitting minimizes the RMSE across the whole curve, with no additional weighting for ISC, 
VOC or PMPP. As much as possible the rest of the fitting procedure mimics that of PVSyst6. The data 
at ~25oC was analysed to obtain the single-diode parameters; IL, I0, γ, RS and RSH. The data 
measured at ~45oC was then analysed to obtain the temperature dependent parameters; μ_γ and 
μ_JL. 

Three variations were performed in this work: 

1 Naïve: In this case no constraint was applied to any of the parameters.   

2 Naïve Set RS: The use of an arbitrary series resistance in the first method is likely to result in 
poor prediction of I-V curves at different illuminations (not measured in this work). In this case 
the series resistance was fixed to the value measured on the Sinton Tool, while other 
parameters were unconstrained.  
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3 Adjusted Model: In this case the intrinsic recombination current is calculated at each point 

and added to the measured I-V curve. The resulting “adjusted” curve is then fitted using the 
single-diode equation. More details may be found in Hamer et al.4. The series resistance is 
fixed at the measured value. 

One further variation applied to the second and third methods was the use of constant or temperature 
dependent RS. PVSyst uses a fixed RS for all temperatures, however it has been suggested that 
using a linear dependence of RS on temperature can improve fit accuracy7. The comparison of the 
Suns-VOC and I-V curves provides us with a measurement of series resistance at each measured 
temperature. We present results using both a “Constant” 𝑅𝑆 = 1.175 𝑚Ω (as measured at ~25oC) or 

“Set” 𝑅𝑆 = 1.175 + 0.0217 ∙ (𝑇 − 25𝑜𝐶) 𝑚Ω (linear fit from all measured temperatures). 

Intrinsic adjustment was performed using recent parameterisations of intrinsic recombination from 
Niewelt et al. 8 and Black and MacDonald9. We present the equations and assumptions used in 
Appendix A. However, the key inputs of interest for this paper are the width of the bulk silicon and 
the bulk doping.  

Given that the process prioritises minimizing RMSE this is the primary metric considered in this paper. 
For convenience the RMSE is divided by the photocurrent to obtain a “normalized” RMSE (N-RMSE). 
Where appropriate we also present the normalized error in maximum power (ErrorPmax).  

Results and discussion 

The other input – temperature 

We assume that the coefficients of intrinsic recombination have no temperature dependence. 

However, due to the ~𝑛𝑖
3 dependence of Auger recombination the recombination current increases 

dramatically with temperature. Figure 1A) demonstrates the implications for this work. When using 
the set temperature of 45oC in the adjustment process we obtained a residual curve that was patently 
unsuitable for fitting. As a result, contact thermocouples were used to monitor the temperature of a 
dummy cell and the chuck surface throughout the measurement process. It was observed that at 
temperatures above 25oC the cell was consistently lower than the set temperature. The measured 
cell temperatures were then used for the rest of this work. 

 

Figure 1: A) Measured I-V data at a set point of 45oC with calculated intrinsic recombination 
currents and residual plots for single diode fitting. Calculations for intrinsic recombination 
assume a width of 135 μm and a bulk doping of 4.95x1015 cm-3 and temperatures of 45oC or 
40.9oC. B) Thermocouple readings for dummy cell and chuck throughout the process. 

This illustrates the importance of accurately determining the cell temperature during I-V 
measurements when using the adjusted fitting process. Standard fitting procedures are less sensitive 
to such uncertainties, although they may still result in significant errors in predicted output. 

A) B) 
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Influence of bulk doping and width 

The cell used in this work has a stated width of 140 μm and bulk resistivity of 1 Ω.cm. However, 
these numbers are almost always nominal at best. Variations within wafer batches, as well as the 
impact of the saw damage removal process, can result in variations of 20% or more. In this work we 
treat the bulk width and doping as fitting parameters and compare the accuracy of the fits obtained. 
Figure 2 presents the normalized RMSE across the entire data set as a function of assumed bulk 
width and doping. In this case the adjusted model with temperature-dependent RS was used. 

 

Figure 2: A) Normalized RMSE of adjusted fits for an assumed bulk doping of 4.95x1015 cm-3 

as a function of assumed width. The line is a guide to the eye. B) Normalized RMSE of 
adjusted fits for assumed widths of 130, 135 and 140 μm as a function of assumed bulk doping. 

The immediate observation is that bulk doping had only a very minor effect on fit accuracy. For these 
devices the bulk doping could be safely assumed to be equal to the nominal value. Interestingly there 
would also be no significant loss of accuracy if a much lower doping concentration was used. If a 
very low doping could be assumed for all devices it would simplify the fitting process, as well as 
implementation of the adjusted model within yield simulation software. 

In contrast the assumed width had an observable impact on fit accuracy. Pleasingly, the best result 
was obtained for an effective bulk width of 135 μm. This was slightly less than the nominal bulk width 
but is a plausible value after saw damage etching. The preliminary conclusion from this work is that 
bulk doping may be neglected as a fitting parameter (and assumed to be equal to the nominal value), 
while width remains important. We therefore used a bulk width of 135 μm and a bulk doping 

concentration of 4.95 × 1015 cm-3 for the next section. 

 

Comparison of Naïve and Adjusted Single-Diode Models 

Figure 3 presents the fits to the data using each of the approaches in this paper. It is apparent that 
the naïve models were not able to predict the open-circuit voltage at higher temperatures, resulting 
in large errors. In contrast, the adjusted model predicted the entire curve with a high degree of 
accuracy at all temperatures, as evidenced by low values for the normalized RMSE and normalized 
error in maximum power. Using a temperature-dependent RS also slightly improved fit accuracy 
when compared to the fits using a constant RS. 

It is also worth noting that the error in maximum power was also significantly lower for the adjusted 
fits when compared to the naïve model using the same RS values. The error in maximum power is 
much lower again for the single diode model with unconstrained RS, although this is unlikely to remain 
true with variations in the irradiance. 

A) B) 
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Conclusion 

This paper has demonstrated the use of an adjusted single-diode model to improve the electrical 
description of a high efficiency SunDrive cell. It was observed that to perform such fitting effectively 
the cell temperature must be accurately determined at each measurement setting. It was also 
observed that uncertainties in bulk doping do not significantly affect the ability to obtain an accurate 
fit using this method. The width of the cell remains an important fitting parameter. 

 

Figure 3: A) Measured and fitted I-V data for a set temperature of 25oC. B) Measured and fitted 
I-V data for a set temperature of 55oC. C) Normalized RMSE and normalized error in maximum 
power for different fitting methods at each measurement temperature. 
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Appendix A – Calculating Intrinsic Recombination 

Intrinsic recombination consists of the radiative and Auger recombination processes. These may be 
expressed as: 

𝐼𝑅𝐴𝐷 = 𝑤 ∙ 𝐵𝑙𝑜𝑤 ∙ 𝐵𝑟𝑒𝑙 ∙ (1 − 𝑓𝑃𝑅) ∙ 𝑛𝑝     (1) 

𝐼𝐴𝑢𝑔𝑒𝑟 = 𝑤 ∙ [𝐶𝑒𝑒ℎ ∙ 𝑔𝑒𝑒ℎ ∙ (𝑛2𝑝 − 𝑛0
2𝑝0) + 𝐶𝑒ℎℎ ∙ 𝑔𝑒ℎℎ ∙ (𝑛𝑝2 − 𝑛0𝑝0

2)] (2) 

The coefficients 𝐵𝑙𝑜𝑤 ,  𝐵𝑟𝑒𝑙 , 𝑓𝑃𝑅 , 𝐶𝑒𝑒ℎ , 𝑔𝑒𝑒ℎ , 𝐶𝑒ℎℎ, and 𝑔𝑒ℎℎ are all taken directly from the paper of 

Niewelt et al.8. 𝑤 is the width of the cell. In order to calculate 𝑛, 𝑝, 𝑛0 and 𝑝0 we require the intrinsic 
carrier density 𝑛𝑖. We use the approach of Couderc et al.10 with bandgap narrowing according to 

Schenk11 to determine both the bandgap 𝐸𝑔  and the intrinsic carrier density 𝑛𝑖  as a function of 

temperature and bulk doping. We do not apply further bandgap corrections as a function of excess 
carrier density. 

Once 𝑛𝑖  is known we can calculate 𝑛, 𝑝,  𝑛0  and 𝑝0  as a function of voltage and temperature 
according to (here assuming n-type doping): 

𝑛0 = 𝑁𝐷   (3) 

𝑝0 =
𝑛𝑖

2

𝑁𝐷
   (4) 

𝑛𝑝 = 𝑛𝑖
2𝑒

𝑞𝑉

𝑘𝑇   (5) 

∆𝑛 = ∆𝑝 =
−𝑁𝐷+√𝑁𝐷

2 +4𝑛𝑝

2
 (6) 

𝑛 = 𝑛0 + ∆𝑛   (7) 

𝑝 = 𝑝0 + ∆𝑛   (8) 

Note that this assumes no incomplete ionization, which is negligible for the bulk doping 
concentrations and excess carrier densities in this work. 

To perform the adjustment of the measured I-V curve we first adjust the voltage to account for the 
series resistance: 

 𝑉𝑎𝑑𝑗 = 𝑉𝑚𝑒𝑎𝑠 + 𝐼𝑚𝑒𝑎𝑠𝑅𝑆 (9) 

Then the carrier densities and intrinsic recombination currents are calculated for each adjusted 
voltage and added to the measured current: 

 𝐼𝑎𝑑𝑗 = 𝐼𝑚𝑒𝑎𝑠 + 𝐼𝐴𝑢𝑔𝑒𝑟 + 𝐼𝑅𝐴𝐷 (10) 

Single diode fitting (with 𝑅𝑆 fixed to 0) is then performed on the 𝐼𝑎𝑑𝑗 − 𝑉𝑎𝑑𝑗  curve. 

References: 



 

3-5 Dec 2024, Sydney 

 
7. Niewelt, T. et al. Reassessment of the intrinsic bulk recombination in crystalline silicon. Solar 

Energy Materials and Solar Cells 235, (2022). 
9. Couderc, R., Amara, M. & Lemiti, M. Reassessment of the intrinsic carrier density temperature 

dependence in crystalline silicon. J Appl Phys 115, (2014). 
10. Schenk, A. Finite-temperature full random-phase approximation model of band gap narrowing 

for silicon device simulation. J Appl Phys 84, 3684–3695 (1998). 

  


