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Abstract. The impact of additional Al present in B-doped Cz-grown Si on the long-term behavior of excess charge carrier 

lifetime is investigated. From the resulting defect density and saturation current density j0, after a degradation a delayed 

onset of regeneration and a delayed increase of the j0 values can be observed in the material containing an order of 

magnitude more Al. The effect is less pronounced with constant injection as compared to constant generation conditions, 

but still significant and thus the causing effect seems to be injection-dependent. In addition to the time delay, a higher 

activation energy for the regeneration reaction can be determined. The effect of the delay could be shown not only for 

lifetime samples, but also for PERC solar cells. The developed model to explain the obtained findings is based on the 

assumption that due to the higher binding energy of Al-H pairs compared to B-H pairs, the release of H of the dopant-H 

complex is delayed and the regeneration reaction depends on this released H. 

INTRODUCTION 

Degradation phenomena, such as boron-oxygen related light induced degradation (BO-LID) and light and elevated 

temperature induced degradation (LeTID), have strong impact on the efficiency of Si solar cells by decreasing the 

charge carrier lifetime. Several factors such as firing temperature [1-3], gettering [4], and metal impurities [1,5,6] can 

influence the LeTID kinetics. Based on [7], the strength of LeTID degradation of Czochralski (Cz) PERC solar cells 

could be related to the aluminum concentration in the wafer. Therefore, Al could be involved in the responsible LeTID 

defect. In a previous work [8], the influence of Al on degradation and regeneration in lifetime samples was shown. 

The impact of Al dopants in the Si bulk on LeTID is additionally investigated here at the cell level. In order to shed 

light on the mechanism as well as the root cause behind LeTID on lifetime samples and on cell level, two comparable 

B-doped Cz-Si materials with different Al concentrations and its effects on degradation and regeneration kinetics are 

investigated in this work. 

EXPERIMENTAL 

B-doped and B+Al co-doped Cz-Si wafers (in the following referred to as “B-Reference” and “B+Al”, 

respectively) serve as base material with a bulk resistivity of ~1 Ωcm. The Al concentration of B+Al 

([Al]~3∙1014 at/cm³) in the deliberately Al co-doped material is an order of magnitude higher than for the B-Reference 
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([Al]~4∙1013 at/cm³). For degradation experiments on wafer level, lifetime samples of size 5x5 cm2 were used. After 

removal of the saw damage and a cleaning process, half of the samples receive a POCl3-based emitter, which is 

removed in the next etching step (“gettered”). The other half of the samples did not receive a POCl3-based emitter 

(“non-gettered”), but wafers are etched to the same thickness as the gettered ones, so that during firing the temperature-

time profile is the same for all samples. After another cleaning process, SiNy:H (75 nm) is deposited on both sides of 

all samples using direct plasma-enhanced chemical vapor deposition (PECVD). The samples are fired in a belt furnace 

at different firing temperatures, Tset,peak=750°C, 850°C or 900°C. The degradation treatment is carried out at 80°C, and 

either an illumination of 0.9(1) suns (constant generation) or constant injection [9] of 1∙1016 cm-3 is used. The effective 

lifetime τeff is determined using photoconductance decay and evaluated at an excess charge carrier density of 

Δn=0.1∙p0, with p0 being the doping density. For better comparison of the degradation and regeneration behaviour, the 

lifetime equivalent defect density ΔNleq is calculated via 

 

 ∆𝑁𝑙𝑒𝑞(𝑡) =
1

𝜏𝑒𝑓𝑓(𝑡)
−

1

𝜏𝑒𝑓𝑓(0)
 (1) 

 

where τeff(0) and τeff(t) describe the effective lifetime directly after the final high-temperature step and at any time t, 

respectively [10]. In addition, saturation current density j0 is determined according to [11,12] as a benchmark for 

surface passivation quality. The process flow of the lifetime samples is shown in Fig.  1 (a). 

Full 6-inch Cz- and mc-PERC solar cells have been processed from both materials according to an industrial-type 

solar cell process to investigate degradation and regeneration on cell level. A schematic representation of the PERC 

solar cell structure is shown in Fig. 1 (b). The Al concentration in the B+Al mc-Si wafers ([Al]~2∙1014 at/cm³) is 

comparable to the Cz wafers and is also an order of magnitude higher compared to the B-Reference 

([Al]~5∙1013 at/cm³) mc-Si wafer. The rear side of the cells is passivated with a silicon oxy-nitride layer SiOxNy and 

the front side with silicon nitride SiNy:H. The solar cell parameters are determined using a flasher cetis PV from 

H.A.L.M. Since the initial open circuit voltage VOC values of the cells are not the same, the difference ΔVOC of the 

measured values to the initial value is considered for a better comparison. 

 

 

 

(a) (b) 

 

FIGURE 1. (a) Process diagram for the gettered and non-gettered lifetime samples. (b) Schematic representation of the PERC 

solar cell structure used here. 



RESULTS 

Constant Illumination – Cz-Si Lifetime Samples 

Fig. 2 shows the resulting ΔNleq and j0 values for the two Cz-Si materials. By fitting ΔNleq, the time constants for 

degradation and regeneration can be determined. According to [13] the degradation proceeds in two stages, a fast one 

followed by a slow degradation. For the fitting, two exponential functions for degradation and one exponential 

function for regeneration are used 

 

 ∆𝑁𝑙𝑒𝑞 = −𝑎1𝑒𝑥𝑝 (−
𝑡

𝑡1
) − 𝑎2𝑒𝑥𝑝 (−

𝑡

𝑡2
) + 𝑎3𝑒𝑥𝑝 (−

𝑡

𝑡3
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with t1 and t2 the time constants of degradation, t3 the time constant of regeneration, and c the offset. 

 

  
(a) (b) 

FIGURE 2. Defect density ΔNleq with fit (a) and saturation current density j0 (b), lines are guide to the eye, over accumulated 

time at constant illumination for non-gettered B-Reference and B+Al Cz-Si lifetime samples fired at different temperature. Some 

data are also shown in [8]. 

 

From the determined time constants, the corresponding rates can be determined via rx=1/tx, with x=1,2,3. The 

resulting rates are given in Tab. 1. The degradation of both materials is almost identical up to the ΔNleq-maximum of 

the B-Reference. However, the onset of regeneration for the B+Al material is delayed compared to the B-Reference, 

as can be seen in Fig. 2 (a). Furthermore, the rates of regeneration r3 for the B+Al samples are a factor of 4-13 lower 

than for the B-Reference and confirm the delay in regeneration compared to the B-Reference. 

In addition to the defect densities, Fig. 2 (b) also shows a delayed increase of the j0 values for the B+Al material. 

As an increase of j0 is linked to a decrease of surface passivation quality, the addition of Al seems to have an influence 

on the surface degradation, too. 

By comparing the gettered (not shown here) and non-gettered samples, it could also be shown that gettering has 

no significant effect on the degradation and regeneration behaviour. 

Since the relative strength of BO-LID compared to LeTID decreases for higher firing temperatures [9], the lifetime 

measurements are done after firing steps with different peak temperatures. When comparing the rates r3 of the 

regeneration, it is noticeable that the difference between the two materials becomes smaller at higher firing 

temperatures. Thus, a higher firing temperature reduces the Al-induced delay of regeneration for the B+Al material. 

 

  



TABLE 1. Resulting rates for degradation (r1, r2) and regeneration (r3) of the non-gettered B-Reference and 

B+Al Cz-Si samples by fitting the defect density ΔNleq obtained at constant illumination and constant 

injection. 

Treatment condition Firing temperature B-Reference B+Al 

Constant illumination Tset,peak=750°C r1: 25(6) 

     r2: 4.35(19) 

   r3: 0.25(3) 

 

    r1: 33(11) 

     r2: 2.63(7) 

       r3: 0.020(1) 

 

Constant illumination Tset,peak=850°C r1: 9.1(8) 

    r2: 0.37(11) 

  r3: 0.18(4) 

 

     r1: 4.8(11) 

     r2: 0.17(3) 

     r3: 0.04(1) 

 

Constant illumination 

 

 

 

Constant injection:  

Tset,peak=900°C 

 

 

 

Tset,peak=850°C 

r1: 8.3(21) 

r2: 0.23(9) 

r3: 0.12(3) 

 

      r1: 8,3(7) 

r3: 0.91(1) 

    r1: 3.7(3) 

      r2: 0.11(3) 

        r3: 0.034(3) 

 

    r1: 7.7(6) 

      r3: 0.25(2) 

 

In addition to considering the firing temperature on the degradation and regeneration kinetics, the activation energy 

for the non-gettered Cz-Si samples fired at 850°C and at degradation treatment temperatures of 80-120°C was 

determined. By using an Arrhenius plot, the activation energies EA were determined from degradation and regeneration 

rates, see Fig. 3. While the determined activation energies for degradation are almost identical for B-Reference and 

B+Al, the activation energies of regeneration differ significantly for B-Reference (EA,r3=0.77(5) eV) and B+Al 

(EA,r3=1.03(14) eV). 

 

 

FIGURE 3. Temperature-dependent degradation and regeneration rates of B-Reference (black) and B+Al (red) with associated 

Arrhenius fit. 

 



Constant Injection – Cz-Si Lifetime Samples 

Since τeff changes over time, injection also changes and this might change the (injection-dependent) reaction rates 

[9,14]. Therefore, the experiment was repeated under constant injection conditions (~1∙1016 cm-3). The resulting defect 

densities ΔNleq and j0 values are shown in Fig. 4. Degradation kinetics have now changed compared to the first 

investigation, and only one exponential function is sufficient to fit the degradation phase with very good accuracy. 

The difference of rates for regeneration is smaller at constant injection (factor of 2-4) as compared to constant 

illumination conditions (factor of 4-5) (cf. Tab. 1). Since the delay of regeneration at constant injection for B+Al fired 

at Tset,peak=850°C is less pronounced compared to constant illumination, but still significant, the underlying mechanism 

seems to be injection dependent. 

 

FIGURE 4. Defect density ΔNleq with fit and j0 (lines are guide to the eye) over accumulated time at constant injection for non-

gettered B-Reference and B+Al Cz-Si lifetime samples fired at (a) 850°C. Data are also shown in [8]. 

Degradation and regeneration kinetics of Cz and mc-PERC solar cells 

The influence of the addition of Al on degradation and regeneration kinetics was investigated at solar cell level at 

80°C and 0.9(1) sun (analogous to the lifetime samples at constant generation). Fig. 5 shows the ΔVoc values of the 

two Cz-Si PERC cells. The progression of the ΔVoc values show a degradation and a regeneration, and the renewed 

observed decrease in ΔVoc for longer times (>100-200 h) is most likely caused by a decrease in surface passivation 

quality. It can be seen that the degradation behaviors are almost identical up to the degradation maximum of the B-

Reference. It can also be seen, that the addition of Al leads to a delay in regeneration, which is consistent with the 

observations on wafer level as discussed above. The same qualitative behavior was also observed for mc-PERC solar 

cells (not showed). 



 

FIGURE 5. ΔVoc values of the Cz-PERC solar cells from the two base materials B-Reference and the B+Al over accumulated 

time at 80°C, 0.9 sun illumination. 

 

DISCUSSION 

Since the B concentration (~1∙1016 at/cm3) is nearly the same in both materials, the differences in ΔNleq behavior 

most probably originate from the Al concentration. LeTID is more pronounced compared to BO-LID at higher firing 

temperatures. However, since the delay in regeneration occurs at all firing temperatures considered, Al seems to slow 

down the BO and/or LeTID regeneration process. Possible causes for the delay could therefore be the dopant itself 

and its influence on the possible binding partners, such as H, which seems to play an important role in the LeTID 

defect [2] as well as the BO-regeneration [15]. The binding energy in the dark for Al-H of Eb=1.44±0.03 eV is higher 

than for B-H (1.28±0.03 eV) [16]. Thus, the release of H from Al-H could also be slower under injection. Assuming 

that the regeneration depends on this released H from the complex, this might explain the delay in the lifetime samples 

and also in the cells. As also a delay in the onset of decrease of surface passivation quality is observed in the B+Al 

lifetime samples (j0), this decrease might be caused by H (freed from the dopant) diffusing towards the surface. 

CONCLUSION 

Addition of Al leads to a time delay in regeneration and might have an influence on surface degradation. Since 

LeTID dominates over BO-LID at higher firing temperatures, different firing temperatures were considered. It could 

be shown that a higher firing temperature delays the Al-induced delay in regeneration, but the effect is still significant. 

Thus, because the effect of the delay cannot be clearly attributed to BO-LID or LeTID, Al seems to slow down BO-

LID and/or the LeTID regeneration process. When determining the activation energy, a higher activation energy for 

regeneration could be defined for B+Al. In the investigation with constant injection, the delay is not as pronounced as 

for constant illumination, but is still significant. Also, compared to constant illumination, one exponential function 

was sufficient to fit the degradation. Thus, the effect seems to depend on injection. In addition to the lifetime samples, 

the delay in regeneration could also be observed at cell level for Cz-Si and mc-Si PERC cells. 
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