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Influencing Light and Elevated Temperature Induced

Degradation and Surface-Related Degradation

Kinetics in Float-Zone Silicon by Varying

the Initial Sample State
Benjamin Hammann , Josh Engelhardt, David Sperber , Axel Herguth , and Giso Hahn

Abstract—Light and elevated temperature induced degradation
(LeTID) kinetics in float-zone silicon are investigated by varying
the initial sample state, composed of different base material, base
doping, SiNx:H films, and subsequent firing, and/or annealing
steps. The approach of deliberately changing the initial sample state
is shown to allow for specific studies of influences of LeTID kinetics.
Bulk- and surface-related degradations are examined separately
and the influence on the kinetics of bulk- and surface-related
degradation is illustrated by a four-state and three-state model,
respectively. In case of bulk-related degradation, an increase in
defect density because of the firing step is shown, whereas the
annealing step has an inverse effect. Both temperature steps—
individually and combined—influence the transition rates of bulk-
related degradation and regeneration by presumably changing the
distribution of a defect precursor. For surface-related degradation,
the firing step reduces the transition rate from the initial to the
degraded state. In addition, the influence of a comparably humid
atmosphere and the absence of UV light are found to be negligible.

Index Terms—Bulk-related degradation (BRD), crystalline
silicon, defect density, float zone (FZ), light and elevated
temperature induced degradation (LeTID), surface-related
degradation (SRD).

I. INTRODUCTION

L
IGHT and elevated temperature induced degradation

(LeTID) is a degradation phenomenon first found

especially in mc-Si in 2012 [1]. Recently, a similar or the

same phenomenon was discovered in Cz-Si [2], [3] and

float-zone (FZ) Si [4], [5]. Compared with other degradation

effects like boron-oxygen-related (BO) degradation [6], higher

treatment temperatures >50 °C are needed to investigate the

effect on experimentally viable time scales [1], [7]. Besides

LeTID, which is a bulk-related degradation (BRD), a second

degradation phenomenon is visible and can be identified as a
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surface-related degradation (SRD) [8]. In this article, the initial

sample state is varied to investigate its influence on LeTID

and SRD kinetics. The initial sample state is composed of the

Si base material, the SiNx:H deposition, and additional firing

and/or annealing steps. Their respective influence is investigated

individually via separating bulk and surface defect densities.

The results shown here confirm recent publications as well as

reveal features concerning LeTID in FZ-Si for the first time.

By changing the initial sample state, it is possible to in-

vestigate the influence on the kinetics of both BRD and SRD

more precisely. A nonfired sample with BRD is used to show

the influence of firing and annealing steps. The samples are

subjected to either one of the temperature steps or a combination

of both, and their respective influence on the density of recom-

bination active defects and the transition rates are investigated.

The combination of both temperature steps leads to different

kinetics, depending on the order of temperature steps as well as

the annealing duration. Whereas all samples are susceptible to

SRD, BRD kinetics are influenced in a different way than SRD

kinetics. In addition, the influence of humidity and UV light on

SRD is investigated under realistic conditions.

II. THEORETICAL BACKGROUND

Fig. 1 schematically depicts both BRD and SRD, their re-

spective regeneration [9], and the models that are used in this

article. The model for BRD consists of a defect precursor state

A, the recombination-active state B, and a regenerated state C.

It is based on the four-state model by Fung et al. [10] (compare

Fig. 1), which has an additional reservoir state R that is not

necessary for the findings of this article. The defect transition

between two states is described via transition rates kij , where i is

the initial and j the final state. In the following, this model is used

to investigate the kinetics of samples with different temperature

steps. For SRD, a three-state model is used with an initial, a

degraded, and a regenerated state. Although the regeneration of

SRD is not explicitly observed in this article, previous works [9],

[11] allow to expect that by using longer measurement times,

it would have led to the occurrence of regeneration of SRD.

Therefore, the focus for SRD lies on the degradation and the

transition between the two first states with a transition rate kSRD.
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Fig. 1. Schematic representation of the four-state model for BRD and three-
state model for SRD and the influence of these degradations on recombination.

The root cause of both BRD and SRD is yet unknown.

Although hydrogen is a likely candidate to impact BRD [12],

[13], it is still under discussion whether the defect is formed in

combination with additional species. SRD, in turn, is a degra-

dation of chemical passivation quality in case of, e.g., SiNx:H

passivation and of field effect passivation quality in case of, e.g.,

AlOx/SiNx:H passivated samples [11]. SRD is likely linked to

hydrogen [8], although again its cause is also not yet known.

Both degradation phenomena seem to be linked to the firing

step as a high-temperature treatment process step. With higher

temperatures, a stronger degradation occurs [13], [14], although

recent results [15] with unfired samples question the theory that

the firing step enhances BRD.

Since recombination is the limiting factor, the effective “ex-

cess” charge carrier lifetime τeff allows the analysis of re-

combination mechanisms. Using τeff , one can calculate the

lifetime-equivalent defect density ∆Nleq [16] as the difference

of inverse effective excess charge carrier lifetimes. Per sample,

one reference value τeff(t0) is chosen in order to investigate

the changes with respect to the lifetime reference point. The

lifetime-equivalent defect density corresponds to a change in

density of a single defect described by the Shockley–Read–Hall

theory while having no changes to surface passivation [16]

∆Nleq =
1

τeff (t)
−

1

τeff (t0)
∝ ∆NSRH. (1)

As previously mentioned, in FZ-Si BRD and SRD occur.

Therefore, it is necessary to separate bulk from surface-related

effects. This is done by analyzing the saturation current density at

the surface J0s according to [17] as it was demonstrated already

in [8]. With J0s, it is possible to calculate a lifetime-equivalent

defect density at the surface ∆Nleq,s according to [16]

∆Nleq,s =
2 (p0 +∆n)

qwn2
i

· (J0s (t)− J0s (t0)) (2)

with p0 being the equilibrium density of holes, ∆n the charge

carrier injection, q the elementary charge, w the thickness, and

ni the intrinsic charge carrier density. SRD is described via

∆Nleq,s, whereas for BRD ∆Nleq,b is used. The latter can be

TABLE I
DIFFERENT BASE MATERIALS WITH THEIR RESPECTIVE

REFERENCE USED IN THIS ARTICLE

calculated by subtracting the surface-related defect density from

total ∆Nleq

∆Nleq,b = ∆Nleq −∆Nleq,s. (3)

∆Nleq,b can be directly related to the density of defects

converting to the recombination-active state of the four-state

model ∆Nleq,b ∝ ∆NB and is used to describe changes in the

BRD kinetics. In the same manner, ∆Nleq,s is used to describe

the changes of the defect density of the degraded state and

therefore the SRD kinetics. Since both defect compositions are

not yet fully understood, the investigation of influences on their

respective kinetics can provide further information about the

defect structure.

III. EXPERIMENTAL DETAILS

As base material, 250-µm-thick FZ silicon substrates supplied

by Siltronic AG were used with variations shown in Table I.

The FZ-Si wafers did not receive a chemical treatment after

removal from the shipment box and therefore feature a 2–3 nm

thick, wet-chemically grown silicon oxide layer (SiOx). The

FZ wafers were cut into pieces of approximately 5 × 5 cm2

and received a consecutive deposition of hydrogen-rich silicon

nitride (SiNx:H) on both sides. Two different tools were used for

deposition, both using plasma-enhanced chemical vapor depo-

sition techniques. Both techniques result in 70 nm thick SiNx:H

with a refractive index n633nm ∼ 2. Most of the samples were

processed in a PlasmalabSystem100 from Oxford Instruments

(deposited SiNx:H further referred to as SiN-1). The deposition

process takes ∼8 min at 400–450 °C per side. This is faster

than the second tool, an industrial setup from Centrotherm

International AG, in which the deposition takes per side around

40 min at 400–450 °C (deposited SiNx:H further referred to as

SiN-2). Evaluations of fourier-transform infrared spectroscopy

(FTIR) measurements after deposition (not shown here) resulted

in an approximately 33% higher peak of the N–H binding at 3350

cm−1 (see, e.g., [18]) in SiN-2 suggesting a higher H density in

this specific SiNx:H.

As depicted in the process chart (see Fig. 2), the samples

may receive a firing or annealing step after deposition. For

firing, a belt furnace c.FIRE from Centrotherm International

AG is used with the firing profile optimized in such a way

that the maximum sample temperature equals 800 ± 15 °C.

A tube furnace with a set temperature of 450 °C and a sample

temperature of approximately 400 °C is used for the annealing

process. The annealing step takes place in a N2 atmosphere.

The duration of this annealing step is either 5 or 30 min. In

order to keep the processing procedure as simple as possible,
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Fig. 2. Schematic overview of the investigated samples and their respective
initial state. Group I is used to investigate the influence of firing and annealing
steps on the kinetics of LeTID, whereas samples of Group II are used to study
the influence of different base materials and SiNx:H depositions.

further temperature treatments like preoxidation or POCl3 dif-

fusion have been omitted. Investigations from Sperber et al.

[19] show that despite these treatments BRD and SRD occur.

The re-evaluation of these experiments in [20] shows that the

samples show different degradation behavior when subjected to

different high temperature steps. By excluding additional high

temperature treatments, the sample is only influenced by its base

material, the SiNx:H deposition, and subsequent temperature

steps thus defining the individual initial state of each sample and

making the influence of each respective part easily accessible.

Samples are then placed in a SunEvent SUN/600/S climate

chamber from Weiss Umwelttechnik. The samples are treated

in the chamber at 800 ± 20 W/m2, with a sun-like spectrum

according to CIE No. 85, 100 ± 2 °C and 50% relative humidity

(RH), although for a specific study humidity is varied where the

humidity is depicted separately. Injection-dependent effective

lifetime τeff(∆n) is measured at different treatment times using

a WCT-120 lifetime tester from Sinton Instruments.

For the calculation of ∆Nleq(,s,b), τeff is chosen such that it

is as close as possible to the crossover point of FeB-pair disso-

ciation [21]. The best injection level to neglect the influence of

FeB-pair dissociation would be 2 · 1014 cm−3 and 2 · 1013 cm−3

for the 2 and 200 Ω·cm material, respectively. However because

of higher noise at lower injection level, ∆n = 5 · 1014 cm−3 is

chosen for∆Nleq calculation (if not stated otherwise) as a trade-

off between neglecting the influence of FeB-pair dissociation

and minimizing noise. This in turn means for the 200 Ω·cm

material that a possible BRD might be underestimated in ∆Nleq

and thus in ∆Nleq,b if the samples are affected by FeB-pair

dissociation. In the context of this experiment, the state of

possible FeB pairs would differ between the reference point and

all other points because of the treatment conditions (100 °C,

800 W/m2). A possible Fe concentration (not measured here)

would therefore only influence the absolute values of∆Nleq and

not the kinetics. For the J0s analysis, the range of ∆n is varied

from sample to sample in the range of 0.5−1.5 · 1016 cm−3.

IV. RESULTS

A. Overview of Base Material and SiNx:H Deposition

Variation

As can be seen in Fig. 3, varying base material and SiNx:H

deposition leads to different behavior under the given treatment

conditions in the climate chamber.

Fig. 3. Effective lifetime over treatment duration for five samples from Group
II with different base materials and SiNx:H layers from different deposition tools,
as shown in each graph separately. The colors represent τeff at different injection
levels (scale bar) from transient measurements. Note the different scaling of the
lifetime axes. (For interpretation of the references to color in the figures, the
reader is referred to the web version of this article.)

Whereas Fig. 3(a) and (b) shows a LeTID behavior rather

common in FZ-Si [8], [9], [11] as schematically depicted in

Fig. 1, they differ in their LeTID kinetics with respect to the

minima of BRD. Fig. 3(c) depicts a τeff behavior already seen

for n-type samples not being affected by bulk degradation and

regeneration, but by SRD [5], [9]. The n-type sample shown in

Fig. 3(d) featuring a differently deposited SiNx:H compared with

Fig. 3(c) shows an increase in τeff without significant preceding

BRD. In Fig. 3(e), a 200 Ω·cm n-type sample is shown, which

features a decrease and following increase in τeff at low injection

levels similar to p-type samples, but on a significantly higher

lifetime level.

In addition, samples with SiN-1 show a strong increase of

τeff mainly at lower injection levels in the first two data points.

This increase is primarily not because of the dissociation of

FeB pairs, which can be seen from the injection dependent

behavior of τeff not resulting in a crossover point [21] [deep

blue curves in Fig. 3(a) and (c)]. This increase can be attributed

to an effect called “light induced curing” [22], which appears
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Fig. 4. Lifetime-equivalent defect density during treatment of four samples
with different base material. As reference point, τeff before treatment was used
and ∆Nleq was evaluated at ∆n = 6 · 1014 cm−3. The black, gray, and blue
curve belong to the same sample as graphs (b), (d), and (e) from Fig. 3. Open
symbols represent data points influenced by SRD.

on fired samples with this specific SiN-1 layer. The exact cause

for this increase is not yet known, although its cause might be

linked to hydrogen [22]. Whether the smaller increase in n-type

samples with SiN-2 [compare Fig. 3(d) and (e)] is because of a

similar effect or not is beyond the scope of this article.

All samples in Fig. 3 show a decrease of τeff at higher

injections (red curves) at later treatment times leading to a drop

of τeff values in every injection level. This is the result of SRD,

which can be described by, e.g., increasing J0s values [8] or, in

this article, by ∆Nleq,s [see (2)]. In addition, the behavior of

SRD seems to depend on the type of SiNx:H layer.

B. Influence of Base Material

To have a closer look at the influence of the base material,

four fired samples from Group II with different doping type and

base doping are investigated. Fig. 4 shows the ∆Nleq values of

these samples with open symbols indicating data points under

the influence of an increased surface recombination and there-

fore an increasing ∆Nleq,s. The black curve depicts one LeTID

cycle quite well: BRD leads to increasing bulk recombination

rate and therefore increasing ∆Nleq, whereas the subsequent

regeneration leads to a reduced recombination rate in the bulk.

SRD starts to influence τeff at around 4 h, resulting in increasing

∆Nleq,s and therefore∆Nleq values (denoted by open symbols).

It can be seen that both p-type samples are affected by BRD,

although the 2p sample (black) does display higher∆Neq values.

This is because of using ∆n = 6 · 1014 cm−3 for every sample

regardless of the base doping Nd. Whereas for the 2p sample

∆n ≈ 0.1 ·Nd, the 200p sample is evaluated at ∆n ≈ 10 ·Nd.

Assuming a deep defect, the 200p sample is underestimated

by nearly an order of magnitude (see, e.g., [16]). The same

argument holds true for the 200n sample (blue) whose ∆Nleq

values are quite small while the τeff changes are clearly visible in

Fig. 3(e). Whereas the 3n sample does not show any degradation

Fig. 5. Lifetime-equivalent defect density during treatment of samples with
different doping type and SiNx:H deposition. As reference point, τeff before
treatment was used and ∆Nleq was evaluated at ∆n = 6 · 1014 cm−3. Refer-
ence point for samples with SiN-1 is the first τeff value after start of treatment
and for samples with SiN-2 τeff before treatment. Open symbols represent data
points influenced by SRD. The data belong to the same samples as the data in
Fig. 3(a)–(d).

in accordance with [5] and [9], a decrease of ∆Nleq is visible

for the 200n sample. Recent results have shown that LeTID in

n-type mc-Si can occur [23], [24], whereas these results indicate

that LeTID also might influence 200 Ω·cm n-type FZ-Si.

As can be seen in Fig. 3(d), the rise of τeff at around 6 h

is mostly at low injections, therefore probably linked to a bulk

effect. This could lead to the conclusion that both the increase in

n-type and regeneration in p-type come from the same effect.

Assuming this, the active defect should already exist in the

n-type sample after firing and before treatment in the climate

chamber. Another possible explanation could be that this in-

crease of τeff is a light-induced phenomenon linked to fired

samples with this specific SiN-2 for 3n samples with SiN-1

samples not showing the increase [compare Fig. 3(c)]. On the

other hand, the 200n sample in Fig. 4 shows first an increase and

a subsequent decrease of ∆Nleq. It is possible that this is caused

by the same defect structure responsible for BRD possibly being

an addition to recent findings of LeTID in n-type mc-Si [25].

C. Different SiNx:H Layer Deposition Tools

In Fig. 5, samples with SiNx:H layers from two different tools

are compared. Both displayed n-type samples with different

SiNx:H type do not show bulk degradation. Whereas the sample

with SiN-1 (yellow) does not show any changes in bulk recom-

bination, the sample with SiN-2 (gray) shows a decrease in bulk

recombination with a minimum recombination rate at around 6 h,

which is already discussed before. In addition, the other n-type

sample with SiN-1 [orange curve in Fig. 5 or Fig. 3(c)] does not

show signs of a decreased recombination rate. In addition, both

n-type samples show surface degradation.

The p-type samples with different SiNx:H types differ from

each other in their respective kinetics. The sample with SiN-1

(red) shows a lower maximum of ∆Nleq, which appears at a
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much later treatment time compared with the sample with SiN-2

(black). While the black curve displays three clear phases with

bulk degradation, bulk regeneration, and surface degradation,

the red curve does not show any bulk regeneration, although one

would expect the red curve to drop after a maximum at around

10 h due to bulk regeneration. The onset of surface degradation

(depicted as open symbols) leads to increased recombination at

this point in time. Because of this, the regeneration effect is only

slightly visible in τeff and therefore ∆Nleq, which leads to the

plateau-like behavior of ∆Nleq.

Recent results on mc-Si [26], [27] have shown a correlation of

defect density with increasing H release from the SiNx:H layer.

In accordance with these results, the lower maximum in ∆Nleq

of the red curve suggests that less hydrogen was released into the

bulk. This correlates to FTIR measurements (not displayed here)

that show a larger density of N–H bonds, which may indicate

a larger H density in SiN-2. The maximum of ∆Nleq is also

influenced by the H out-diffusion rates of both SiNx:H layers.

Thus, as pointed out in a recent publication [28], bulk H density

measurements are necessary to confirm the impact of SiNx:H

layer properties on LeTID kinetics, which are beyond the scope

of this article.

In addition, the maximum is visible at a later treatment time

probably because of the transition rates kAB and kBC of the sam-

ple with SiN-1 being lower. Different rate constants could as well

reduce the maximum of ∆Nleq compared with the 2p sample

with SiN-2. Both effects, lower and later maximum because of

different rate constants and possibly different hydrogen density

in the SiNx:H layer, are probably because of different SiNx:H

deposition conditions and their respective influence since it is

the only difference in both samples’ treatment.

D. Influence of Different Temperature Steps on BRD

In the next step, 2p samples with SiN-1 (Group I) are taken

and subjected to a variation of temperature steps. In order to

investigate their influence on the bulk phenomena, ∆Nleq,b is

calculated by subtracting surface-related effects [see (3)].

The sample without temperature treatment (“As-deposited,”

black curve) in Fig. 6 shows BRD and regeneration contradicting

results in mc-Si that imply the necessity of a firing step in order to

evoke LeTID [13]. This suggests that defect precursors (state A)

must be present after this specific SiN-1 deposition. Whether the

precursors already exist before deposition or the deposition itself

leads to the formation of precursors is not yet clear. A similar

result in FZ-Si was already presented in [15]. A firing step (blue

curve) changes the kinetics in comparison to the As-deposited

sample. The maximum of ∆Nleq,b is higher and is reached at

a later treatment time. One possible explanation for the higher

maximum could be the diffusion of H from the SiNx:H layer into

the bulk during the firing step (see, e.g., [29]). This might lead to

an increase in precursor defect density resulting in an increased

NB and therefore ∆Nleq,b. Another possibility could be that

the firing step alters the transition rates, leading to the larger

maximum. As an addition, the firing step must have reduced

kAB and/or kBC for the maximum appears at a later treatment

time.

Fig. 6. Influence of different temperature steps on the lifetime-equivalent de-
fect density of the bulk over treatment duration. Investigated samples are 2Ω·cm
p-type with SiN-1 from Group I. F—fired, 5/30A—annealed for 5/30 min,
F-5A—fired and annealed for 5 min, etc. Reference point is the first τeff value
after treatment start.

By only annealing a sample, the impact of LeTID can be re-

duced as seen by the green curves in Fig. 6. The sample with a 5-

min annealing step shows BRD and regeneration but with a lower

maximum compared with the As-deposited sample. Annealing

for 30 min leads to a sample without a visible BRD and therefore

without any relevant changes in ∆Nleq,b. A possible reason for

the behavior of both annealed samples is that the annealing step

reduces the precursor density. It is known that LeTID also occurs

in the dark [30]. With the annealing taking place at 450 °C

without additional illumination, it is possible that the precursor

defect density is being reduced by being transitioned into the

regenerated state C. Since the 5A curve in Fig. 6 shows BRD,

the depletion of defect precursors (state A) is probably linked

to annealing time. From recent studies investigating the impact

of dark annealing in mc-Si [31], [32], it can be concluded that a

higher annealing temperature leads to a faster regeneration and

therefore a faster transition from states A to C. For temperatures

above 275 °C, no clear degradation is observed during dark

anneal [31], which could be because of high transition rates kAB

and kBC as a result of higher annealing temperature. This could

indicate that at 450 °C, BRD and regeneration are happening.

The time of dark anneal would therefore be the factor deter-

mining what part of the precursor density is already regenerated

into state C. Although with such high transition rates no BRD is

visible in τeff making a direct insight into the mechanism of dark

annealing at 450 °C difficult without knowing and measuring the

species related to the specific states A and C.
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This theory is at first glance in contradiction to results from

Herguth et al. [33], [34] who investigated LeTID kinetics in

(fired) mc-Si solar cells at high temperatures combined with il-

lumination above 1 sun. They showed that at temperatures above

300 °C, no LeTID is visible anymore but subsequent treatments

at 121 °C do again show LeTID [34]. This in turn indicates that

at these high temperatures, the samples are not “cured” from

LeTID, or at least not enough active defects are transitioned to

the regenerated state C. With this result, one would expect the

30 A sample to degrade too. Since the 30 A sample does not show

any BRD, the differences between both experiments and their

respective influence on the kinetics are quite interesting. One

possible aspect—a firing step before annealing—is investigated

further in the following.

In addition, it appears that the annealing step itself alters kAB

and kBC of the 5A sample with the maximum being slightly

later. This could in principle as well be the explanation for the

lower maximum, which would mean that in the 30A case, the

rates are altered such that no visible defect density ∆NB exists.

If a sample is first annealed for 30 min and then fired (red curve

in Fig. 6), a maximum is once again observed but being lower

compared with the fired sample (blue curve). As previously

explained, the annealing step nearly depletes the precursor defect

density. A subsequent firing step presumably leads to diffusion

of H from the SiNx:H layer into the bulk and therefore to an

increase in precursor density, which leads to a visibly maximum

compared with the sample with 30 min annealing (green, closed

symbols) but with a lower maximum compared with the fired

sample (blue curve).

Firing a sample and annealing it afterward leads yet again to

different kinetics (orange curves). As expected from previous

samples, the subsequent annealing step lowers the maximum

of ∆Nleq,b compared with the fired sample because of the

said reasons. Although now the main difference between 5 and

30 min annealing is not only the height of the maximum but

also the treatment time at which the maximum occurs. Whereas

5 min annealing after firing leads to a maximum at around 1 h, the

30 min annealing results in a maximum at around 20 h. There-

fore, the annealing step in itself alters the kinetics, but also its

duration has an effect. Similar results regarding different kinetics

with different annealing steps have been found in mc-Si [32],

[35]. Although in these publications, the annealing temperature

was varied instead of the annealing time. A similar trend was

found with lower annealing temperatures leading to an earlier

maximum of defect density, whereas higher annealing temper-

atures lead to a later maximum. One could argue that lower

annealing temperatures have similar effects as lower annealing

times on the BRD kinetics. A possible reason for this behavior

is that this bulk degradation is associated with a movement of

defects or one defect species (e.g., hydrogen) [32]. The annealing

step might modify the defect precursor distribution, which then

has an influence on the degradation kinetics leading to kAB and

kBC varying between different annealing durations.

The results of the F-30A sample are in agreement with the

investigations of Herguth et al. [33], [34] who found that treating

fired mc-Si samples at 380 °C under illumination does not lead

to stable samples under subsequent treatment at 121 °C and

Fig. 7. Influence of different temperature steps on the lifetime-equivalent
defect density of the surface over treatment duration, therefore on SRD. In-
vestigated samples are 2 Ω·cm p-type with SiN-1 from Group I. F—fired,
5/30A—annealed for 5/30 min, F-5A—fired and annealed for 5 min, etc.
Reference point is the first τeff value after treatment start.

illumination. This in turn means that the F-30A sample reacts

differently to the annealing step compared with the 30A sample.

While the annealing step leads to a stable sample regarding BRD,

an additional firing step influences the sample such that defect

precursors (state A) still exist in a noticeable amount after this

specific annealing. Samples F-30A and 30A indicate that the

firing step seems to be the key to having a stable or nonstable

sample after annealing. In another recent study [36], fired mc-

Si samples that were annealed for 18.5 h at 300 °C showed

nearly no bulk degradation. This suggests that the underlying

mechanism to deactivate LeTID in the 30A sample and the effect

seen in samples from [36] could be the same with the firing

step slowing down the process in such a way that much longer

annealing times are needed. Although additional investigations

are needed to specifically investigate why the firing step has

such an influence and if there are differences between mc-Si and

FZ-Si regarding the influence of different annealing conditions

since most of the references cited here studied mc-Si. Combined

with further studies with different combinations of firing and

annealing step parameters this could lead to a more thorough

understanding on how LeTID kinetics are influenced by these

temperature steps and thus lead to more clues about the defect

species and/or structure of LeTID.

E. Influence of Different Temperature Steps on SRD

SRD is investigated by first calculating J0s and then ∆Nleq,s

according to (2) from 2p samples with SiN-1 and different tem-

perature steps. SRD in samples with SiNx:H layers most likely

originates from a degradation of the chemical passivation as

shown by Sperber et al. [8]. By determining∆Nleq,s, one obtains

information about the change of recombination active defects at

the surface and therefore the kinetics of SRD. The samples in

Fig. 7 form two groups in regard to their kinetics. The first group

consists of an As-deposited sample and a sample with 5 min
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Fig. 8. Influence of different humidity and of samples under a UV filter during
treatment on the lifetime-equivalent defect density of the surface, therefore on
SRD. Investigated 2p samples with SiN-2 are from Group II, with reference point
before treatment. Samples are investigated at 10%, 50%, and 80% RH. UV filter
blocks photons up to 520 nm and approximately 40% of light intensity.

annealing. Compared with the other group—consisting of four

samples having the firing step in common—the rise of ∆Nleq,s

occurs at earlier treatment times. This means that it is probably

not the annealing step that influences the SRD kinetics, but the

firing step.

This could imply that the firing step influences the Si–SiOx in-

terface responsible for chemical passivation and thus influences

degradation kinetics by decreasing the transition rate kSRD. In

addition, it is assumed that H might play a role in SRD [8]. As

the firing step is known to enhance diffusion of H [29], it might

influence SRD kinetics by changing the spatial distribution or

density of H. Hereby, only the influence of temperature steps

on the transition rate kSRD can be investigated. To examine

their influence on the maximum defect density and on the

transition rate of the regeneration, longer treatment durations

are necessary.

F. Influence of Humidity on SRD

As the defect causing SRD is not yet fully understood, 2p

fired samples with SiN-2 are investigated in order to determine

the influence of humidity on SRD. As shown in Fig. 8, samples

were treated at 10%, 50%, and 80% RH. In addition, a UV

filter was used on some samples, which blocks photons up to

520 nm resulting in around 40% intensity loss, with the intention

to investigate the influence of UV light on SRD.

The samples placed under a UV filter do show SRD, which

indicates that UV light is not responsible for SRD. This is in

accordance with [8] where it was demonstrated that the nonillu-

minated side also suffers from SRD, leading to the conclusion

that SRD is a carrier-induced phenomenon. Although the sam-

ples under the UV filter show a slower degradation compared

with the samples without a filter. Since a lower intensity leads

to a lower temperature of around 5 °C, it is likely that either the

reduced intensity or the temperature or both combined lead to a

slower degradation.

The samples with and without a UV filter, respectively, do

show a very similar behavior regardless of the set humidity of

the climate chamber. This indicates that humidity as a possible

factor causing SRD can be ruled out which is in accordance with

results indicating that SiNx:H protects the surface passivation

against humidity [37], [38]. With this result, it is unlikely that

humidity influences LeTID since it is a BRD phenomenon,

although further investigations might be necessary to confirm

this assumption.

V. CONCLUSION

As shown, LeTID kinetics in FZ-Si can be influenced by sev-

eral factors. LeTID was found to occur in p-type 2 and 200Ω·cm

samples as well as weakly in 200 Ω·cm n-type, whereas 2 Ω·cm

n-type samples did not show typical LeTID behavior. Different

SiNx:H deposition tools and different subsequent temperature

steps lead to different BRD kinetics. The changes in the BRD

kinetics can be seen in the transition rate kAB and the maximum

of ∆Nleq,b, which is directly related to the change in density

of the recombination active defects ∆NB . The firing step leads

to a larger maximum ∆Nleq,b value because of diffusion of H

from the SiNx:H layer into the Si bulk, although this effect might

depend on the firing temperature as shown in [15]. The firing step

changes either the defect precursor density or the transition rates

such that the maximum of ∆Nleq,b increases. The annealing

step on the other hand reduces presumably the precursor defect

density although the underlying mechanism is not clear yet.

The influence of SiNx:H deposition and subsequent temper-

ature steps on degradation rate kAB can best be described by

assuming that BRD involves a movement of defects and/or

defect precursors. The different temperature steps can vary the

distribution of defect precursors and thus influence the move-

ment in such a way that the degradation takes place faster or

slower depending on the precursor distribution before treatment.

With respect to SRD kinetics, a difference between fired and

nonfired samples has been observed, with fired samples showing

a slower degradation rate. This may be due either to a change

in the Si-SiOx interface or to a possibly different distribution of

H. It has been shown that SRD is not affected by changing the

humidity in the atmosphere. SRD also occurs without UV light,

but is dependent on light intensity and temperature, probably

because of being a carrier induced degradation phenomenon.

Thus, varying the initial sample state allows a specific and

extensive investigation of LeTID using a wide range of parame-

ters to accurately determine effects with negligible influence of

secondary effects.
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