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Fig. S1 DLTS spectra measured on a representative sample from each group. For each wafer, DLTS spectra measured at two 

locations, the center and the edge, are shown. The spectra are intentionally shifted in the vertical direction for clarity. The 

measurement settings are indicated in the figure. 

 

Fig. S2 DLTS spectra measured at the center of the degraded wafer with two different filling pulse lengths. The measurement 

settings are indicated in the figure. 
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Fig. S3 The electron capture characteristics for the electron emission signal E5 measured at the center of the degraded sample. 

(a) the DLTS peak amplitude as a function of the filling pulse length measured at four temperatures. (b) the extracted 𝜎𝑛 as a 

function of temperature. The solid line indicates a linear fit of the Arrhenius plot. 

The change of the peak amplitude with 𝑡𝑝 can be fitted with the following equations: 

Δ𝐶 = 𝐶1 + 𝐶2 [1 − exp (−
𝑡𝑝

𝜎𝑛𝜐𝑛𝑛0
)] (S1) 

where 𝐶1 and 𝐶2 are parameters related to the properties of the capacitance change, 𝜐𝑛 is the electron 

thermal velocity, 𝑛0 is the electron concentration in the probed region. Since 𝜎𝑛𝜐𝑛𝑛0 values can be 

determined from fitting of the calculated and measured curves in Fig. S3(a), 𝜐𝑛 is known[1] and 𝑛0 is 

derived from capacitance-voltage (C-V) measurements, 𝜎𝑛 can be easily calculated. The calculated 𝜎𝑛 

at four different temperatures are plotted in Fig. S3(b). As can be seen, 𝜎𝑛  follows an exponential 

temperature dependency: 𝜎𝑛 = 𝜎∞ exp (
−𝐸∞

𝑘𝐵𝑇
) with 𝜎∞ = 6.9 × 10−16 cm2 and 𝐸∞ = 0.19 eV. 

  



  

  

  

  
Fig. S4 The measured injection dependent lifetime curves of samples from Group B and Group C and the extracted defect 

related lifetimes at all the measured temperatures. 



  

  

  

  
Fig. S5 𝜏𝑑𝑒𝑓𝑒𝑐𝑡𝑠 − 𝑌 plots at all measured temperatures. The fitting of the data with two single-level defects and one two-level 

defect are overlaid. 



 

Fig. S6 Defect parameter solution curves of the product of 𝑁𝑡𝜎𝑛, 𝑁𝑡𝜎𝑝 and 𝑘 ≡ 𝜎𝑛/𝜎𝑝 of the dominant single-level defect 

extracted from the two defect fitting. 

  
(a) (b) 

Fig. S7 (a) 𝑁𝑡𝜎𝑛(𝑇) and 𝑁𝑡𝜎𝑝(𝑇) extracted at the activation energy of H1 for the dominant defect in TIDLS analysis. The blue 

line indicates the average value of 𝑁𝑡𝜎𝑛. The orange line indicates a power law fit of 𝑁𝑡𝜎𝑝(𝑇). (b) MCTS Arrhenius plot 

assuming a power law temperature dependent 𝜎𝑝. The solid line indicates the linear fit of the Arrhenius plot. 

The extracted 𝑁𝑡𝜎𝑝(𝑇) at the activation energy of H1 is shown in Fig. S7 (a). The optimal fitting is 

obtained by the power law model: 𝜎𝑝(𝑇) = 𝜎0𝑇−1.8. Considering this temperature dependency, the hole 

emission rate 𝐸𝑝 measurements by MCTS can be written as: 

𝐸𝑝 = 𝛾𝑇2𝜎𝑝(𝑇) exp (−
𝐸𝑡 − 𝐸𝑉

𝑘𝐵𝑇
) = 𝛾𝜎0𝑇0.2 exp (−

𝐸𝑡 − 𝐸𝑉

𝑘𝐵𝑇
) (5.1) 



where 𝛾 is material dependent constant independent of temperature. If an Arrhenius plot of 𝐸𝑝/𝑇2 (as 

in conventional MCTS analysis) is used to extract the value of 𝐸𝑡 − 𝐸𝑉, the extracted value is impacted 

by the term 𝑇−1.8. In order to remove this impact, the term 𝐸𝑝/𝑇(2−1.8) = 𝐸𝑝/𝑇0.2 instead of 𝐸𝑝/𝑇2 is 

used for the Arrhenius plot. The result is shown in Fig. S7(b) and the extracted activation energy is 

0.376 eV, only 0.026 eV different from the original activation energy (0.35 eV). This re-calculated 

activation energy is still outside the possible range of the energy levels as defined by the TIDLS analysis 

in the lower half of the bandgap. Therefore, it can be concluded that the defect level H1 identified by 

MCTS cannot be the dominant defect level responsible for the dramatic lifetime degradation. 

  



  

  

  

  
Fig. S8 Maps of fitting residuals from fitting lifetime at each temperature with the assumption of a two-level defect. The two 

axes indicate the two energy levels of a two-level defect. 
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Fig. S9 Maps of minimal fitting residual of fitting (a) 𝑁𝑡𝜎𝑛1(𝑇), (b) 𝑁𝑡𝜎𝑝1(𝑇), (c) 𝑁𝑡𝜎𝑛1(𝑇) and (d) 𝑁𝑡𝜎𝑛1(𝑇) with the four 

possible temperature dependencies. The dashed lines indicate the activation energies of E1, E2, E3 and H1 identified by 

DLTS/MCTS. 
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