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Abstract 
 
Light and elevated temperature induced degradation (LeTID) is accelerated nearly linearly by 
the presence of excess carriers.  It is therefore important to understand how excess carrier 
concentration (∆n) changes as a function of exposure conditions, materials properties, and 
sample structure.  We simulate ∆n as a function of wafer thickness and bulk minority carrier 

lifetime () in solar cells and wafers using SCAPS and Quokka3. We also derive closed-form 

analytic expressions.  For wafers, there is a near-linear relationship between ∆n and  or 
thickness, whereas for solar cells, ∆n in the bulk may become limited by rear surface 
recombination.  Thus, LeTID may progress more quickly in wafers than in cells, with a stronger 

dependence on .  When comparing experiments, observed degradation rates must be 
corrected between samples or conditions to account for differences in ∆n.  This study 
demonstrates three tools to estimate the magnitude of such corrections, which can aid in the 
quantitative interpretation of LeTID data and performance predictions.   While each tool yields 
similar results, there are advantages to each approach that must be weighed in terms of 
simplicity of inputs versus sophistication of treatment.  Incomplete specification of back contact 
characteristics in commercial products is identified as an important contributor to uncertainty 
in expected LeTID rates.   

 
1. Introduction and Goals  
 
Predicting degradation rates of fielded modules is important to understanding energy yield, 
return on investment, and the value of eradicating certain types of degradation. Such 
evaluations are made both on modules that are already installed in the field and on new 
products.  Diagnosis of problems in fielded modules often lags behind laboratory experience, as 
abnormal degradation is sometimes apparent only after several years of steady decline in 
performance, with changes large enough to be separated from weather, soiling, and other 
effects.  At that time system owners and researchers begin to pinpoint the root cause of 
degradation and how to test for the effect in future modules.  For example, although LeTID was 
first reported in laboratory tests in 2012 [1], the first published report of LeTID diagnosed in a 
utility-scale system did not appear until 2020 [2], and an IEC standard to test for LeTID in 
modules is expected to be published in 2023 [3].  Thus, diagnostic techniques are most useful if 
they are applicable to a variety of product types.  For the case of LeTID, degradation and 
regeneration are accelerated by excess carriers.  It is therefore important to understand how 
∆n changes as a function of the variety test conditions and material properties that one may 
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encounter in the laboratory and in the field. In the literature, experiments have been 
performed on modules [1-6], solar cells [7,8], and wafers [9-11] to evaluate the LeTID process 
kinetics.  In some cases, conditions have been controlled to maintain a constant and known ∆n 
[12], but often in these experiments ∆n is unknown. 

Possible consequences of interpreting degradation rates without accounting for ∆n are 
illustrated in Figure 1.  Accelerated test data from two commercial modules are shown.  Current 
was applied at elevated temperatures, following test conditions commonly used for LeTID and 
subsequent regeneration [13]. In the first step (not shown), the modules were stressed to 
induce LeTID by applying current of Isc - Imp (i.e. the one-sun short circuit minus the one-sun 
maximum power current) at 75 oC.  Next, in the regeneration phase of the test, shown Figure 1, 
a current of Isc was applied at 85 oC. Judging by the time to reach 50% regeneration, the mono-
Si PERC module recovers approximately 4x faster than the multi-Si Al BSF module.  This 
difference in rates might lead one to conclude that the LeTID defect is different in mono-Si than 
in multi-Si.  However, we will show that ∆n in the PERC module is expected to be about 4x 
higher than in the Al BSF module. Thus, the dominant effect is likely the difference in ∆n rather 
than in the underlying defect properties.   

Figure 1:  Accelerated test data from two commercial modules. The mono-Si passivated emitter and rear contact (PERC) cell is 
shown in green.  The multi-Si Al back surface field (BSF) cell is shown in red. 

In this paper, we examine how ∆n changes as a function of  and thickness for both illuminated 
solar cells and wafers at VOC.  Bulk thickness was varied from 50 μm to 500 μm, to span the 
extremes that might be studied, from flexible Si cells (50 μm) [14], to older laboratory devices 

(450 μm) [15].  A wide range of , from 10 to 1000 μs, was also examined.  This range 
encompasses Si that has undergone severe LeTID [10] to float-zone Si, which is sometimes used 
in LeTID studies [12].  We compare results from SCAPS, and Quokka3, and analytic expressions.  

2. Modeling Method and Inputs

Modeling was performed in both SCAPS [16] and Quokka3 [17] software.  Quokka3 is commonly 
used for silicon solar cells and allows 3D modeling.  Boundary conditions are set using a skin 
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approximation [18].  SCAPS allows setting the device features more generally, but only in 1D.  
Interfaces can be engineered in terms of band offsets, trapped charge, and interface 
recombination velocity.  For either package, inputs were set as described in Fell [19] for PERC 
cells, except where noted otherwise.  Key parameters in [19] for PERC cells are active dopant 

density of 1016 cm-3 and electron lifetime of 371 s in the bulk, and rear surface recombination 
velocity in the passivated (metalized) areas of 105 (107) cm/sec.  The operating point for 
simulations was set to open-circuit, as this is a common laboratory LeTID test condition, and we 
wish to compare cell and wafer results, the latter being necessarily at open circuit.  However, it 
is also possible to run the models at other conditions (e.g. Imp). 
 
The description of back surface recombination is necessarily different when using a 3D or 1D 
model.  When utilizing a 3D model (e.g. Quokka3), the PERC back contact is described rigorously 
by specifying two separate surface recombination velocities (S):  one for the metalized areas 
(Smet) and one for the passivated area (Spass).  Doping profiles and trapped charge in the vicinity 
of the metallized and passivated areas are also described separately.   However, a 1D model can 
only rigorously describe a solar cell with essentially planar features (e.g. Al BSF).  For use with a 
1D model, the PERC cell back contact must thus be approximated by 1D effective parameters 
[20,21].  For SCAPS, the required input is the effective back surface recombination velocity (Seff), 
so the recombination characteristics of the multi-dimensional PERC back contact were 
converted to a 1D effective value for SCAPS using the method of Saint-Cast [21,22] for 14% back 
contact metal coverage [19]. 
 
Multi-dimensional, optical properties —such as busbar shading and texturing—were ignored 

because of their relatively small effect on n compared to  , thickness, or back contact 
characteristics.  While optical properties may cause several percent change in absorption, this 

study is examining much larger changes in n (e.g. 100x). 
 
The wafer is modeled with the same parameters as the p-Si bulk layer from the solar cell.  Many 
options exist for surface passivation of wafers [23], particularly for laboratory measurements, 
where manufacturing constraints on layer cost and throughput are removed.  The limiting case 
of no surface recombination is modeled in this study. 
 

Bulk carrier density profile is an output of the modeling software.  The n profile was reduced 
to a spatially weighted average over the quasi-neutral region, ∆𝑛.  For SCAPS, this average was 

performed to within 0.1 m of the p-bulk edge, to avoid impacts on the average from the rear 
p++ space charge region.  For Quokka3, where only 14% of the rear surface is covered by 
metallic contacts and the associated space charge regions, averaging was performed over the 
entire p-bulk thickness. 
 

3. Modeling Results  
 
Figure 2 illustrates  ∆𝑛, obtained from varying thickness or .  The discrete points show the value 
at which the calculations were performed, connected by a line to guide the eye.  Results 
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obtained from Quokka3 are shown as solid lines, and those from SCAPS are shown as dashed 

lines.  ∆𝑛 increases with .  As diffusion length approaches and exceeds the bulk thickness, the 

effect of S dominates, causing the traces to flatten for higher , most dramatically for the 

thinner cells.  At a fixed , ∆𝑛 decreases with thickness, because the carriers are spread over a 
larger width.   
 

 
Figure 2:  Modeling results from Quokka3 and SCAPS describing the relationship between ∆𝑛  and varying bulk thickness or . 

Figure 2 also allows us to compare the results from SCAPS versus Quokka3.  The two software 
packages yield similar values for ∆𝑛, with disagreement ranging from less than 1% to 29%, 
depending on the conditions modeled.  Disagreement is largest where diffusion length is large 
relative to thickness.  Under these conditions, an accurate description of the back contact is 
most important, and SCAPS underestimates  ∆𝑛 compared to Quokka.   This underestimation is 
consistent with our use of an upper-limit 1D Seff, related to the method of Saint-Cast [21,22].  
 
Figure 3 uses SCAPS to compare cell and wafer results.  For the wafers,  ∆𝑛 increases 

proportionally with .  This linear increase is different than behavior in the cell, where ∆𝑛  barely 

increases with  once carriers can diffuse easily to the back contact.  Figure 3 shows that for a 

typical PERC cell ( = 400 s, t~180 m) ∆𝑛, and therefore degradation rate, in the wafer vs. 
solar cell are expected to differ by a factor of 10, even for identical bulk and defect properties. 
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Figure 3:  ∆𝑛  in the p-bulk for a range of wafer thickness and  for both passivated wafers and PERC solar cells. 

 
4. Analysis Based on Device Physics Equations 
 
Simplified analytic expressions for ∆𝑛  are convenient for lengthy calculations that aim to predict 
defect populations over the course of years of outdoor exposure in fielded modules.  Such 
analytic expressions are obtained starting with the solution to the minority carrier diffusion 
equation in the p-type quasi-neutral region (QNR) [24], for a diode with applied voltage in low 
injection: 

 

∆𝑛(𝑥) = 𝐴𝑝 sinh (
𝑥−𝑥𝑝

  √𝐷𝜏
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and other variables are defined as in Table 1.  
 

Variable Quantity Units Variable Quantity Units 

n Excess electron density m-3 q Electron charge coul 

x Distance into p-layer m V Applied voltage volts 
xp Thickness of SCR in p-Si m k Boltzmann’s constant Joule/K 

D Diffusion coefficient m2/sec T Temperature K 

 Electron lifetime m Seff 
Effective back surface 

recombination velocity 
m/sec 

ni Intrinsic carrier density m-3 W P-layer thickness m 
Na Acceptor density m-3    
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Table 1:  Definition of variables, following [24]. 

Integrating eq. (i) over the QNR yields an expression for the ∆𝑛 in the QNR:  

∆𝑛 =  
√𝐷𝜏

𝑊−𝑥𝑃
{𝐴𝑝 [ cosh (

𝑊−𝑥𝑝

√𝐷𝜏
) − 1] +  𝐵𝑝  sinh (

𝑊−𝑥𝑝

√𝐷𝜏
)}    (iv) 

 
Using eq. (iv) requires specifying an applied voltage, which was chosen to be the open-circuit 
voltage, Voc.  Voc is related to the diode saturation current density (J0) and the short-circuit 
current density (Jsc) via 

𝑉𝑜𝑐 =
𝑘𝑇
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     (vi) 

Equation (vi) does not assume a long base in its derivation [25].  Also, although analysis in this 
study is performed at open-circuit, eq. (iv) may be evaluated at any voltage to calculate ∆𝑛  at 
other operating points. 
The same materials values used for numerical modeling can be plugged into eq. (iv).  For 
parameters Seff and Jsc, some assumptions must be made.  First, the diode equation does not 
account for impact of both the p++ back surface field and recombination at the rear interface.  
Thus, for Seff in equation (ii), we use the effective combined value of 90 cm/sec, as measured on 
PERC cells by Gatz [26].  Second, as Jsc can depend on complex multi-dimensional optical effects 
which are outside the scope of this paper, we simply use 40 mA/cm2.   
 

For a passivated wafer, a simple expression results if one assumes a uniform n, i.e. diffusion 
length is long enough to prevent non-uniform generation from creating substantial gradients in 

n.  In this case, the recombination per volume 
∆𝑛

𝜏
  must be equal to the generation per volume 

𝐽

𝑊
 , yielding 

∆𝑛 =  
𝐽 𝜏

𝑊
      (vii) 

 
The results of calculations using equations (iv) and (vii) are shown in Figure 4.  Results are 
nearly identical to those obtained earlier using SCAPS (Figure 3). 
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Figure 4:  ∆𝑛 calculated via closed-form analytic expressions for a range of thicknesses. 

 

5. Discussion 
 

A number of physical effects related to photovoltaic reliability are known to accelerate with n.  
Such effects include BO LID, where the regeneration rate has been shown to be linear with 
injected carrier density [27],  and LeTID, where degradation and regeneration processes have 
been observed to be accelerated approximately linearly with carrier injection [28,29].  The 
calculations in this paper show that when the same conditions are applied to samples with 

different characteristics, the resulting n is different, and thus degradation rates will be 
different.  In fact, an increase in LeTID rates for thinner wafers has been observed 
experimentally [30-32], although multiple factors are likely at play.  There appears to be a lower 
defect concentration in thinner wafers due to faster defect diffusion to the edges during 

processing, a higher n due to the lower defect concentration, and a higher n due to confining 
carriers into a thinner wafer. 
  

Results indicate that  and S are important inputs in the estimation of ∆𝑛.  These parameters 
may be unknown, particularly for commercial modules.  While typical values for a given cell 

type may be assumed, the range of  reported for commercial PERC cells (100-500 s), at a 

typical 180 m solar cell thickness, can cause a factor of two variation in ∆𝑛 and thus related 
degradation rates.  ∆𝑛 in high-lifetime PERC cells is predicted to be even more sensitive to 

variations in S.  For commercial modules, even where  and S may be estimated from detailed 

measurements on a single cell or module, it is unclear how  and S change between power 
classes, or for different bills of materials included within a single power class. Even within a 

single wafer, inhomogeneity of defect concentrations may lead to spatial variations in  , ∆𝑛 , 
and thus defect transition rates [33]. These hidden variations in ∆𝑛 likely account for some 
portion of the disagreement in kinetic behavior [4, 11] observed for LeTID.    
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The equations and modeling in this paper provide three options for tools to correct for 
variations in properties across data sets, or at least establish limits of error based on the 

possible resulting variations in n.  Quokka3 excels in its ability to treat the 3D nature of the 
back contact rigorously.  SCAPS allows setting device features more generally, but only in 1D, 
and thus requires treating the back contact with an Seff approximation.  For typical PERC cell 
parameters, use of an upper-limit Seff causes underestimated of  ∆𝑛 by 30%.  Use of analytic 
expressions is convenient for numerical modeling of performance versus time, but also requires 
deriving an approximate Seff. 
 
We can use these learnings to understand the different LETID regeneration rates in Figure 1.  

Specifically, using equations (iv) – (vi) with values typical for Al BSF ( = 75 s, S = 500 cm/sec), 

we obtain ∆𝑛𝐴𝑙 𝐵𝑆𝐹= 4.6 x 1014 cm-3.  Using typical values for PERC cells ( = 370 s, S = 90 
cm/sec), we obtain ∆𝑛𝑃𝐸𝑅𝐶= 1.9 x 1015 cm-3, 4.1 times larger than in the Al-BSF cell.  Thus, the ~4x 

rate difference observed in Figure 1 should be attributed mostly to the effects of n rather than 
a difference in defect properties. 

 
6. Conclusions 
 

This study elucidates how n in silicon devices and wafers depends on bulk properties.  This 
quantification can help us interpret or predict LeTID transition rates, which are known to 

depend almost linearly on n. Comparable estimates of ∆𝑛 are obtained whether one uses 3D 

modeling software, 1D modeling software, or analytic expressions.  While increasing  or 
decreasing bulk layer thickness always increases ∆𝑛, the increase is limited by recombination at 

the cell back surface. Thus, processes that depend on n are likely to proceed faster in 

passivated wafers than in cells, especially in thinner wafers. Processes that depend on n will 

proceed at different rates in solar cells with different  or back contact characteristics, which  

will result in apparent different kinetic parameters for a single defect if the impacts of n are 
ignored.  This paper demonstrates three possible tools useful for estimating ∆𝑛  and thus 
degradation rates.  
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