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down the regeneration process after a firing step, a 16 nm thick layer does. This can be explained by 
the reduced H diffusion from the SiNx:H through the thicker Ah03 layer. It was also observed, that 
a deposited PECVD SiNx:H without following firing step to release large ammmts ofH into the c-Si 
bulk does not lead to a significant regeneration effect [14]. 

For time resolved measurements during regeneration on lifetime samples, effective lifetime 'teff 

(including surface recombination as well) is normally measured directly after an annealing step 
without any BO-related defects in the degraded state (Fig. 1) and then several times during 
regeneration. Assuming Shockley-Read-Hall recombination to be the dominant process in the bulk, 
the measured 'teff can be transformed into a n01malized defect concentration N* (t) via 

• 1 1 
N (t)=-- - ---

r eff (t) Teff,annealed 

(1) 

because lifetime of a certain SRH recombination cha1111el scales inversely to the defect density. A fit 
of the decaying N* (t) during regeneration yields a characteristic regeneration time constant to or a 
regeneration rate 1/t{) via 

(2) 
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Fig. 2: Effect of ALD Ah03 layers of varying thickness as H diffusion bani.er during firing on 
regeneration kinetics (left). Effect of firing of a PECVD SiNx:H layer on regeneration kinetics 
(right). For both investigations n01malized BO-related defect concentration after anneal (first data 
point) and dmi.ng subsequent regeneration at 130°C ar1d 0.6 snns illumination is given. (after [14]) 

In addition, another method for incorporation of H in the c-Si bulk was applied. Samples treated 
in a microwave-induced remote H plasma at temperatures <250°C for incorporation of H led also to 
a significant regeneration, even without an additional firing step which in this case is not needed to 
diffuse H into the c-Si bulk [15]. 

Impact of Hydrogen Concentration. If H is a prerequisite for regeneration to occur, then the 
question arises whether regeneration kinetics can be sped up with increasing [H]. To check this, 
again a seri.es of experiments was conducted by varying the PECVD SiNx:H firing step in a 
conventional fast firing belt furnace [ 16, 17]. Here a higher peak fui.ng temperature leads to more H 
being released from the SiNx:H layer into the c-Si bulk and a faster regeneration. In addition the belt 
speed was var·ied, resulting in different temperature ramps dmi.ng cool-down. For higher peak firing 
temperature, a fast cool-down speeds up the regeneration process, while for low peak firi.ng 
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temperatures <700°C a fast cool-down does not accelerate regeneration (Fig. 3). This can be 
explained by a quenching effect of H: if temperatme is high, H can effuse out of c-Si during cool
down faster than additional H can enter the c-Si bulk from the SiNx:H source. This suggests that [H] 
in the c-Si bulk is another imp01iant parameter aprui from temperature and M to describe and 
understand regeneration kinetics. 
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Fig. 3: Dependence of regeneration kinetics on peak firing temperature and belt speed (left). For 
peak firing temperatures <700°C, higher cooling rates do not lead to faster regeneration anymore. 
(after [17]) 

Description of Defect Kinetics via Reaction Rates 

A vety instmctive model for explaining the observed kinetics during regeneration was published in 
2010 based on the occUlTing transitions between the different states of the BO-related defect (Fig. 1) 
[18]. A set of lineru· differential equations describes the occupation of a respective staten; and the 
reaction towards or out of this specific state via reaction rates k;j with iij. The respective reaction 
constants can be influenced by pru·ameters like temperature, M , or [H]. An example for the change 
in occupation of the degraded state B ns can therefore be given as 

(3) 

With this model, the behavior of recombination activity can be simulated. Under the assumptions 
that only reaction constants kAB (degradation) and ksc (regeneration) have values >0 and 
kAB =10 ksc, the resulting occupation of states in the course of time is shown in Fig. 4 (left). 
Struiing after an annealing step (with all defects being in state A), the degraded state B is populated. 
Once there are defects available in state B, the regeneration reaction sets in and state C gets 
populated. As both states A and C show negligible recombination activity, the lifetime measurement 
will follow the line representing the sum of defects being in state A and state C. h1 Fig. 4 (right) a 
lifetime measurement in the course of time during regeneration is shown (1 slm illumination at 
vmying temperatures). The fit according to the model described above leads to excellent matching 
and therefore proves that the 3-state model can describe the situation vety well. 
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Fig. 4: Occupation of different states of the BO-related defect (Fig. 1) according to the model 
described in the text (left). The measmed minority canier lifetime values during regeneration of an 
annealed sample (1 sm1 at temperatmes given in the graph) can be fitted vety well according to the 
model assuming that both states A and C have negligible recombination activity (right). (after [18]) 

Effect of fast and slow Regeneration on long term Equilibrium of Defect States. All fom 
reactions shown in Fig. 1 are thetmally activated and of Anhenius type, describing the probability 
of conversion p conv from one state to another 

(4) 

with characteristic trial frequency Vchar, activation energy Ea, Boltzmann constant kB and temperatme 
T. While anneal and destabilization reaction rate depend only on T, the degradation reaction rate is 
influenced also by Lill (generated, e.g., by varying illumination intensity) up to illumination levels 
satmating for values >0.01 SllllS [6]. This mem1s that for fixed values ofT and illumination levels 
>0.01 Sllll, degradation, anneal and destabilization reaction rates show fixed values, whereas 
regeneration reaction rate depends also strongly on specific values of Lill (adjusted, e.g., by 
illumination level) and [H]. Table 1 gives an overview of values for Ea and reaction rates for 
T = 200°C. 

Table 1: Activation energies and reaction rates at 200°C and 1 Sllll illumination for reactions shown 
in Fig. 1. (values from [19-22]) 

Reaction path Ea reVl Time constants rminl 
Annealing 1.3 0.25 
Degradation 0.4 0.03 
Regeneration 1.0 vatying 
Destabilization 1.25 60 

As all fom reactions shown in Fig. 1 ru·e active in parallel, the ratio of the time constants 
determines the long te1m equilibrium values of occupancy for the three defect states. For a possible 
industrial application, a fast and complete regeneration process is desired. As regeneration is sped 
up by higher T, it is interesting to investigate whether T can be increased independently of the 
specific sample with still all defects ending up in the regenerated state in long te1m equilibrium, or 
whether there is a peak T that should not be exceeded. At higher T the destabilization reaction strut s 
to compete with regeneration, therefore the ratio between the time constants of regeneration and 
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destabilization becomes impmtant. If this ratio is 1/100, almost all defects (99%) can reach the 
regenerated state in long tenn equilibrium (Fig. 5, left). If this ratio is only 1/2, then only ~60% of 
the defects end up in the regenerated state, and also the annealed state stays populated (Fig. 5, right). 
As the only difference between the two scenru·ios shown in Fig. 5 is the time constant of 
regeneration (0.04 min vs. 33 min, other time constants fi:om Tab. 1), it becomes clear that for a 
complete regeneration at high T (200°C or above) the srunple has to have a shmt regeneration time 
constant. 
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Fig. 5: Occupancy of BO-related defects with time under illmnination (1 sun) at 200°C, struting 
after annealing. For fast regenerating samples (assumed regeneration time constant: 0.04 min) all 
defects end up in the regenerated C in long term equilibrium (left), while a regeneration time 
constant of 33 min leads to incomplete regeneration with a fraction of defects ending up in the 
(unstable) annealed state A (right). (after [19]) 

High Speed Regeneration. The regeneration time constant at a given T can be influenced by Llli 
and [H]. This means that aprut from adjusting illmnination to speed up regeneration, the main 
parruneter detennining whether regeneration is complete at given T and Llli is the amount of H in the 
c-Si bulk present in the fmm needed for the regeneration reaction to occm [14]. The combination of 
chosen Llli and distribution of H therefore detetmines the peak T allowed for reaching complete 
regeneration. 

Fig. 6 visualizes what this means in practice by plotting the completeness of regeneration in long 
tenn equilibrium in dependency of regeneration time constants with process temperatme as 
parameter. For regeneration temperatme of 200°C it can be concluded that a regeneration time 
constant <1 min is needed to end up with almost all defects in the regenerated state C, whereas a 
time constant of ~50 min will lead only to 50% of the defects in the regenerated state. At 160°C, a 
time constant of 50 min will lead to almost complete regeneration, and a time constant of 50 min at 
130°C to complete regeneration. 
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Fig. 6: Dependency of completeness of regeneration in long term equilibrimn on regeneration time 
constants with T as parameter. (after [19]) 

For fast regenerating samples, regenerating temperature can be increased (with also illumination 
intensity being increased), so that regeneration time constants in the range of 1 scan be reached [14, 
23, 24). Generation of Llli is also possible via laser illumination leading to regeneration time 
constants <1 s [26]. 

Model of Regeneration 

A general model explaining the observed dependency of regeneration kinetics on [H] has been 
developed [14, 15]. At temperatures <100°C, His normally bound to impurities in c-Si (e.g. dopants 
or other impurities/defects) or to H forming molecular H. Assuming that at least pa1t of the H is 
bmmd in a configuration so that dissociation is enhanced tmder carTier injection, e.g., in BH-pairs 
with a dissociation energy being reduced to 1.1 eV under injection conditions [14], this might 
explain the observed necessity for carTier injection for regeneration to occur and the activation 
energy for the regeneration reaction of 1.0 eV (Table 1) . Slow cool-down rates after peak firing 
temperature can result in less overall [H] in the c-Si bulk and to H being botmd to other defects than 
B [14, 25] , showing a more stable configuration with higher dissociation energy. This applies also 
to temperatm·e steps ar·otmd 100-400°C being canied out after cool-down as shown in [14, 25]. 
Therefore, the temperature history after peak firing (introduction of H into the c-Si bulk) determines 
the regeneration rate at given regeneration temperature and &1. 

Depending on Llli, the charge state of H can be changed in p-type c-Si material. E.g., upon 
illmnination part of the normally positively charged W can be present in the neutral state H0

. The 
importance of the H char·ge state for mobility of H in c-Si and the possible bom1ding to and 
therefore passivation of defects like, e.g., the BO-related defect was highlighted recently by several 
authors [24, 26, 27). ill combination with the model presented in the paragraph above, this might 
explain the observed need for hydrogen, temperature ar1d Llli for regeneration to occur. 
Within the model also the observed dependency of regeneration rate on the amount of dopants, with 
higher dopant density leading to lower regeneration rates [28], can be explained at least 
qualitatively. The more dopants present in the c-Si bulk, the more H is trapped at these defect sites 
and the slower is the trap limited diffusion of H towards the BO-related defect. This behavior was 
also observed in compensated c-Si, where for compensation of the present P more B (and possibly 
also Ga) is present, significantly increasing the overall p-type dopant concentration and slowing 
down regeneration rate despite of the same net doping concentration [19, 28-30). A longer 
regeneration time constant then allows only lower regeneration temperatures at constant Llli for 
complete regeneration (see above) or leads to incomplete regeneration as observed experimentally 
[19). 
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