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Abstract 

Light-induced degradation (LID) in silicon is one of the major problems that hamper the 

progress in silicon solar cell technology. We present a method to model the LID kinetics 

by a differential equation system based on the assumption of charge-state-change-in-

duced configuration changes of the so-called ASi-Sii-defect. Assuming realistic transition 

rates, we solve this differential equation system under variation of some of the transition 

rates. It is found that the LID kinetics can in principle be modeled by this approach but 

care has to be taken if transition rates put into the model are directly extracted from 

time-dependent carrier lifetime measurements. 

 

1 Introduction 

Silicon is the material which can be produced by mankind with the highest purity of all 

mass-produced materials so far. Its high purity allows the manufacturing of such im-

portant devices like computers, mobile phones or most importantly solar cells. There-

fore, it is remarkable that despite all the knowledge on silicon physics and technology 

gained over the last about 70 years this material is still insufficiently understood. A 

technologically and economically example is the phenomenon of light-induced degra-

dation (LID) in silicon solar cells,[1] which hampered the progress in solar cell devel-

opment for years. 

A decade ago a possible mechanism of LID in silicon based on the so-called ASi-Sii-de-

fect model was proposed.[2] A thorough recent review of the ASi-Sii-defect model and 



its implications on so far generally accepted interpretations of experimental data related 

to defects in silicon, as well as alternative explanations provides Ref. [3].  

The term “ASi-Sii-defect” refers to an acceptor A atom on or near a Si site very close to 

an ‘interstitial’ Si atom. Early ideas of such defect complexes were put forward by 

Wever et al.[4] initiating a CSi-Sii-defect as origin for the photoluminescence G line in 

silicon, which shows well pronounced meta stabilities. Meta-stable behavior results of-

ten from charge-induced defect configuration changes. Thanks serendipity we were able 

to develop a comprehensive model for the LID phenomenon. Within this model the tran-

sitions between defect states are assumed to be of first order kinetics. This is in line with 

reported data [5]–[8] on this defect, which always assume the simplest case namely first 

order kinetics for the reactions behind the LID phenomenon. In this contribution, we 

show how the time-evolution of the LID phenomenon in Si can be modeled within 

ASi-Sii-defect model by solving a system of linear differential equations describing the 

transitions between seven ASi-Sii-defect states. 

 

 

 

Fig. 1: Schematically configuration coordinate-energy (cc) diagram of the ASi-Sii-defect 

model with seven states and 16 possible transitions, after Ref. [9] 

 



2 Theoretical background 

In Fig. 1 the configuration coordinate-energy (cc) diagram of the ASi-Sii-defect model is 

replotted from Ref. [9]. Three different atomic configurations denoted by S1, S2 and S3 

are assumed to be possible. The ASi-Sii-defect can be charged positively or negatively 

or be neutral, which may or may not change the local configurations slightly, which is 

accounted for by horizontal displacements of the minima positions. Depending on the 

charge state different defect configurations can be meta-stable and the global minimum 

may change between them. 

Considering forward and backward transitions between neighboring configurations, in 

the proposed model there are 16 conceivable rates 𝑘𝑗→𝑖 in total, which can be partitioned 

into two categories: 

The first category is given by changes of the configuration of the defect without chang-

ing the charge. These transitions may be described as motion along a configuration co-

ordinate on a potential energy surface with several activation energy barriers. In our 

context we will reduce this picture to incoherent hopping processes between the respec-

tive potential energy surface minima with rates given by the minimum configuration 

energies as well as the barrier heights between them. An example for such a transition 

is that from state 4 to state 6 on the potential energy surface for the negatively charged 

defect. 

The second kind of transitions comprise a change of the defect charge due to capture or 

ejection of electrons or holes, respectively. According to the Franck Condon approxi-

mation, we assume that these transitions are almost vertical, i.e. with only minor changes 

in the configuration coordinate of the defect. For example, the transition from state 6 to 

7 represents a hole capture. With this notation we follow cc-diagrams of the past, where 

such transitions are indicated as vertical lines.[10] These transitions are not necessarily 

fluorescent [11] but represent non-radiative multi phonon emission processes. Due to 

the capture or emission of electrons or holes the determination of the rates requires not 

only the defect energy as shown Fig. 1 but also the inclusion of chemical potentials for 

electrons and holes, respectively. [12] Note that for illumination these differ from each 

other, namely as quasi-Fermi-levels. 

For each transition we assume a constant rate denoted by 𝑘𝑗→𝑖. The indices j and i indi-

cate the minimum configuration states within the ASi-Sii-defect model, and the arrow the 

direction of the transition. This means for example that 𝑘4→6 denotes the transition rate 

from state 4 to state 6. For a discussion of the dependencies of these transition rates on, 

e.g., the activation energy see Ref. [9]. 



We assume that all processes are first order reactions. In case of the transitions between 

states on the same potential energy surface, i.e. 3 ↔ 4 ↔ 6 and 2 ↔ 5 ↔ 7, the linearity 

is evident, since there is no other reaction partner. The transitions between potential 

energy surfaces, e.g. 6 → 7, 4 → 5 or 2 → 1, however, are accompanied by hole cap-

ture and, therefore, depend on the hole density. Assuming, that this is constant for a 

given chemical potential, i.e. the holes represent an inexhaustible reservoir due to per-

manent optical pumping of the band-to-band transitions during illumination, and since 

the remaining dependences on the defect state concentrations (denoted by [𝑍𝑖]) is linear, 

the surface hopping process may be assumed as linear as well. For the reverse transitions 

7 → 6, 5 → 4 or 1 → 2, the same arguments hold for capturing electrons, respectively. 

Now, we can set up a differential equation system for the concentration of defects [𝑍𝑖] 

in different states i of the ASi-Sii-defect model [9]:  

 

𝑑[𝑍𝑖](𝑡)

𝑑𝑡
= ∑ 𝑘𝑗→𝑖 ∙ [𝑍𝑗](𝑡)7

𝑗=1  with  𝑘𝑖→𝑖 = − ∑ 𝑘𝑖→𝑗𝑗≠𝑖 .   (1) 

 

For given transition rates 𝑘𝑗→𝑖 and given initial conditions [𝑍𝑖](𝑡 = 0) the concentration 

[𝑍𝑖](𝑡) for each state i of the ASi-Sii-defect can be calculated as a function of time ap-

proaching the thermal equilibrium. 

Finally, the defect concentrations [𝑍𝑖](𝑡) are connected to the measured carrier lifetime 

by assuming fixed Shockley-Read-Hall (SRH) prefactors for all ASi-Sii-defect configu-

rations.[9] 

 

3 Simulation method 

The differential equation system Eq. (1) has been solved using the python code which 

is given in the appendix. To avoid the singularity problem, we solved only six differen-

tial equations for the concentrations [𝑍1](𝑡)  to [𝑍6](𝑡) and utilized the continuity equa-

tion for [𝑍7](𝑡), i.e. [𝑍7] = 1 − ∑ [𝑍𝑖]6
𝑖=1 . For the calculation we normalized all state 

concentrations to the overall defect concentration.  

As an example, the transition rates 𝑘𝑗→𝑖  for LID in boron doped silicon at 40°C are given 

in Tab. 1. The rate 𝑘3→4 may be identified as the generation rate of the fast LID compo-

nent (FRC),  𝑘4→6 as the generation rate for the slow LID component (SRC), 𝑘7→5 as 

the annihilation rate of the SRC and 𝑘5→2 the annihilation rate of the FRC. The values 

of these rates were estimated from the diagrams published by Bothe and Schmidt.[7] 

The corresponding back reaction rates for the SRC (𝑘6→4 and 𝑘5→7) are assumed to be 



one order of magnitude smaller, whereas the back reaction rates for the FRC (𝑘4→3 and 

𝑘2→5) appear to be the same as the respective forward reactions. The latter assumption 

implies that the respective energies of the states, e.g. 3 and 4, are nearly equal in the 

ASi-Sii-defect model. Finally, all charge-changing transitions (𝑘1↔2, 𝑘2↔3, 𝑘4↔5,  and 

𝑘6↔7) were assumed to be much faster than the configuration changes on the same po-

tential energy surface. Notably, the LID process is quite insensitive to the actual values 

of these rates, but rather depends on the ratio between electron and hole capture pro-

cesses. For the illuminated silicon, we set the electron capture rates 𝑘1→2, 𝑘2→3, 𝑘4→5 

and 𝑘7→6  to 100 s-1 and the hole capture rates 𝑘2→1, 𝑘3→2, 𝑘4→5 and 𝑘6→7 to 1 s-1, in 

correspondence to measurements on Fei defects in Si.[13]  Notably, these rates are only 

a first guess and we will particularly discuss the effect of varying the most relevant rates 

𝑘3→4, 𝑘4→3 and 𝑘6→4 on the solution of Eq. (1) in the next section. 

 

Tab. 1: Matrix of the assumed transition rates 𝑘𝑗→𝑖 for the ASi-Sii defect if A = B = boron, under 

illumination at 40°C. 

    j 

  

𝒌𝒋→𝒊 

[1/s] 1 2 3 4 5 6 7 

  i 

1 𝑘1→1 1 0 0 0 0 0 

2 100 𝑘2→2 1 0 0.027 0 0 

3 0 100 𝑘3→3 0.05 0 0 0 

4 0 0 0.05 𝑘4→4 100 7x10-6 0 

5 0 0.027 0 1 𝑘5→5 0 7x10-9 

6 0 0 0 7x10-5 0 𝑘6→6 100 

7 0 0 0 0 7x10-10 1 𝑘7→7 

 

4 Results 

For the BSi-Sii-defect, i.e. boron at the substitutional position ASi, the transition rates 

given in Tab. 1 result in a solution of Eq. (1) as shown in Fig. 2 for each state Zi. In the 



short run, state 3 is populated from state 1 via state 2. Then, the configuration changes 

from state 3 to 4 until after 100 s an equilibrium has been reached. Then, a slower con-

figuration change from state 4 to 6 takes place until the final equilibrium is reached in 

the long run. 
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Fig. 2: Normalized defect concentration for all seven states i of the ASi-Sii-defect as shown in 

Fig. 1 during illumination. The transition rates used for Eq. (1) are given in Tab. 1. 

 

To transform these normalized defect concentrations into a charge-carrier lifetime, 

which is finally measured, we multiplied [Z4] and [Z6] each with a constant factor as 

motivated by SRH theory. Since these SRH factors are so far unknown for the ASi-Sii-de-

fect, we estimated them from lifetime measurements for the initial, the intermediate, and 

the final stage of the LID process. This allows us to compare our model results with 

measurements of the carrier lifetime during illumination as shown in Fig. 3. 

Figure 3 shows two time-scales for carrier lifetime decrease corresponding to the fast 

component (FRC) and slow component (SRC) of LID. The simulation describes the 

measured change in the charge-carrier lifetime for the SRC quite well, which indicates 

that the used transition rate 𝑘4→6 of the ASi-Sii-defect model is a good first approximation 

for the SRC. The impact of the backward transition rate 𝑘6→4 on the measured SRC 

generation rate will be discussed later. 

In contrast, we find that the rate 𝑘3→4 directly taken from the FRC of the measured LID 

[7] in the simulation does not reproduce the experiment. Obviously, the backward tran-

sition rate 𝑘4→3 has a strong impact. The reader interested in this matter is referred to 



the discussion of this problem using more simple defect complexes, namely the 

ASi-Fei-defects in Ref. [14]. 
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Fig. 3: Comparison of the carrier lifetime measured on a typical boron-doped silicon sample 

prone to the LID phenomenon with the modeled carrier lifetime based on the solution 

of Eq. (1) shown in Fig. 2. 

 

To further explore the impact of the transition rates on the modeled charge carrier life-

time and finally the extracted transition rate, we changed systematically the transition 

rates 𝑘3→4, 𝑘4→3 and 𝑘6→4 of the ASi-Sii-defect model and solved Eq. (1) again. Then, 

we simulated the lifetime measurement during the LID process and extract from the 

simulated lifetime curve by fitting a mono-exponential function a simulated transition 

rate. The simulated transition rate is then compared with the transition rate put into the 

simulation. These simulated transition rates can be identified with the transition rates, 

which can be extracted from time-dependent carrier lifetime measurements during LID 

by a mono-exponential fit if only one defect reaction is assumed. 

In Fig. 4 and Fig. 5 the simulated evolution of the carrier lifetime is shown for variation 

of the most relevant rates within the ASi-Sii-defect model 𝑘3→4 =  𝑘4→3 and 𝑘6→4, re-

spectively. The difference between these transition rates which are put into the simula-

tion and the simulated transition rates can be found in Fig. 4 and Tab. 2. 
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Fig. 4: Modeled carrier lifetime during LID for different transition rates 𝑘3→4 =  𝑘4→3. Ad-

ditionally, the simulated FRC transition rate is given in the diagram. 
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Fig. 5: Modeled carrier lifetime during LID for varying transition rate 𝑘6→4. 

 

For the FRC process of LID we find a difference of about a factor of two between the 

rate put into the simulation and the simulated FRC transition rate. In case of the SRC 

process of LID we varied the backward transition rate 𝑘6→4 while holding the forward 

transition rate 𝑘4→6  constant. The difference between 𝑘4→6 and the simulated generation 

rate of SRC decreases roughly with decreasing 𝑘6→4. The largest difference is observed 

if 𝑘4→6 equals 𝑘6→4. 

 



Tab. 2: Comparison between the transition rate 𝑘4→6 put into the simulation and the simulated 

transition rate of the SRC while varying the backward transition rate 𝑘6→4. 

𝑘6→4 put into 

simulation [1/s] 

𝑘4→6 put into 

simulation [1/s] 

simulated generation 

rate of SRC [1/s] 

7.0 ⋅ 10−5 7.0 ⋅ 10−5 1.2 ⋅ 10−4 

7.0 ⋅ 10−6 7.0 ⋅ 10−5 5.3 ⋅ 10−5 

7.0 ⋅ 10−7 7.0 ⋅ 10−5 4.7 ⋅ 10−5 

7.0 ⋅ 10−8 7.0 ⋅ 10−5 4.9 ⋅ 10−5 

7.0 ⋅ 10−9 7.0 ⋅ 10−5 4.6 ⋅ 10−5 

 

These investigations exemplify that the simulated transition rates depend in principle on 

a lot of different transitions in such a complex model like the ASi-Sii-defect model and 

sophisticated measurement strategies are necessary to extract transition rates from time-

dependent carrier lifetime measurements which can be compared to calculated transition 

rates.  

 

5 Conclusion 

Silicon is one of the most investigated materials on earth. Nevertheless, evrolution in 

research on some defects in silicon and their kinetics, both in the dark and illuminated, 

limits the technology development of e.g. inexpensive highly efficient silicon solar cells. 

In particular, the light-induced degradation (LID) needs to be overcome. In this contri-

bution the ASi-Sii-defect model is used to explain the kinetics of the LID phenomenon. 

The LID phenomenon is simulated by a system of linear differential equations based on 

the ASi-Sii-defect model assuming charge-state-change-induced configuration changes. 

The impact of varying transition rates within the model on simulated transition rates is 

shown and very good fits to the experimentally observed complex LID kinetics are ob-

tained. To get a deeper insight into those configuration changes and corresponding tran-

sition rates comprehensive DFT calculations are underway, made by the SimASiSii 

group at the TU Ilmenau. 
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Appendix 

Source code of python program to solve the differential equation system. 

import numpy as np 

import matplotlib.pyplot as plt 

from scipy.integrate import odeint 

#rates [1/s] 

k34 = .05; k43 = .05; 

k46 = 7e-5; k64 = 7e-6; 

k57 = 7e-10;k75 = 7e-9; 

k25 = .027; k52 = .027; 

 

Lon = 100; Loff = 1; 

k12 = Lon; k21 = Loff;  

k23 = Lon; k32 = Loff;  

k45 = Loff; k54 = Lon; 

k67 = Loff; k76 = Lon; 

 

#initial conditions 



z10 = 1.0; z20 = 0.0; z30 = 0.0; z40 = 0.0; z50 = 0.0; z60 = 0.0  

#number of time steps 

tmax = 100 

#time steps, logarithmic from 0.01 to 10000000 

t = np.logspace(-2,8,tmax)  

 

#definition of DEQ system, 6 coupled DEQ and 1 continuity equation 

def dgl(y,t,k25,k52,k57,k75,k34,k43,k46,k64,k12,k21,k23,k32,k45,k54,k67,k76): 

 z1,z2,z3,z4,z5,z6 = y 

 dydt = [ -z1*k12+z2*k21, \ 

  z2*(-k21-k23-k25)+z1*k12+k32*z3+k52*z5, \ 

  (-k32-k34)*z3+k23*z2+k43*z4, \ 

  (-k43-k45-k46)*z4+k34*z3+k54*z5+k64*z6, \ 

  (-k52-k54-k57)*z5+k25*z2+k45*z4+k75*(1-z1-z2-z3-z4-z5-z6), \ 

  (-k64-k67)*z6+k46*z4+k76*(1-z1-z2-z3-z4-z5-z6)] 

 return dydt 

 

#initial conditions 

y0 = [z10,z20,z30,z40,z50,z60] 

 

# solution of DEQ system 

sol = odeint(dgl, y0, t,args=(k25,k52,k57,k75,k34,k43,k46,k64,k12,k21,k23,k32,k45,k54,k67,k76)) 

 

#write data to file 

fh = open("daten.txt","w") 

print("time Z1 Z2 Z3 Z4 Z5 Z6",file=fh) 

for i in range(1, tmax): 

 print(t[i], sol[:,0][i], sol[:,1][i], sol[:,2][i], sol[:,3][i], sol[:,4][i], sol[:,5][i], file=fh) 

fh.close() 

 

print(sol[:,0][tmax-1]) 

#create fugure 

plt.semilogx(t, sol[:,0],label='z1') 

plt.semilogx(t, sol[:,1],label='z2') 

plt.semilogx(t, sol[:,2],label='z3') 

plt.semilogx(t, sol[:,3],label='z4') 

plt.semilogx(t, sol[:,4],label='z5') 

plt.semilogx(t, sol[:,5],label='z6') 

plt.semilogx(t, 1-sol[:,0]-sol[:,1]-sol[:,2]-sol[:,3]-sol[:,4]-sol[:,5],label='z7') 

#plt.semilogx(t, sol[:,1]+2*(1-sol[:,0]-sol[:,1]),label='z4+2*z6') 

plt.legend(loc='best') 

plt.ylabel('occupation probability') 

plt.xlabel('time t [s]') 

plt.axis([0.01, 1000000, 0, 1]) 

plt.show() 

 


