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We compare light induced degradation behaviours in lifetime samples and fully fabricated solar cells made from
p-type boron-doped high performance multicrystalline silicon, p-type boron-doped mono-like silicon, n-type
phosphorus-doped high performance multicrystalline silicon and p-type boron-doped Czochralski-grown silicon.
Our results conﬁrm that the degradation in multicrystalline silicon is triggered by the rapid cooling after the
ﬁring process. All cast-grown silicon samples subjected to fast cooling show lifetime reduction after light
soaking. Interestingly, the degradation rate in n-type multicrystalline silicon is found to be orders of magnitude
slower than in p-type multicrystalline silicon, suggesting that the defect formation mechanism could be aﬀected
by the positions of the quasi fermi levels.

1. Introduction
Solar cells made from multicrystalline silicon (mc-Si) suﬀer from an
unexpectedly strong light induced degradation (LID) phenomenon that
cannot be attributed to the boron-oxygen (BO) complex [1–3] commonly observed in p-type boron-doped Czochralski-grown silicon (CzSi). This degradation eﬀect is commonly referred as light and elevated
temperature induced degradation (LeTID), since the degradation measurements are typically performed at a higher temperature to accelerate
the reaction, which otherwise occurs too slowly to be measured within
a reasonable time scale at room temperature. Solar cells based on the
passivated emitter and rear cell (PERC) structure are reported to be
particularly aﬀected by this degradation [4–8]. A performance loss of
up to 7% at the module level is estimated within the ﬁrst 3 years after
installation [9].
The root cause for the degradation remains unclear to date. Studies
have linked LeTID to the high temperature processing steps in solar cell
fabrication [7,10–14]. Bredemeier et al. [12] compared mc-Si wafers
ﬁred at 900℃ and 650℃, and only observed severe lifetime degradation
in wafers ﬁred at 900℃. Chan et al. [10] suggested that substantial
LeTID can only be triggered if the peak ﬁring temperature exceeds 700
℃, and can be largely reduced by incorporating an additional ﬁring step
at a reduced temperature afterwards. Eberle et al. [14] showed that
wafers that were subjected to a fast ﬁring process exhibit signiﬁcantly
stronger degradation than wafers subjected to the same peak ﬁring
⁎

temperature, but with slower heating and cooling rates. Zuschlag et al.
[13] demonstrated that non-gettered wafers are more sensitive to LeTID
compared to gettered samples. Moreover, it has been found that the rate
and extent of the degradation depends not only on temperature [15],
but also on the carrier injection level [16], which is inﬂuenced by the
operating conditions [17,18] (e.g. open-circuit, short-circuit and maximum power point) and the illumination intensity [15,19]. In addition,
recent works [20] have reported that the degradation can also be induced by dark annealing at elevated temperature, even without the
presence of light.
Various solutions have been proposed to mitigate LeTID. One
strategy is to prevent LeTID by adapting solar cell fabrication processes,
such as applying a lower peak ﬁring temperature [7,10,12], changing
the ﬁring proﬁle [10,14], or rearranging the processing sequence
[17,18]. These methods are eﬀective in avoiding LeTID, but often require signiﬁcant modiﬁcations in the processing which may not be
feasible for industrial production. Another strategy is to erase the impact of LeTID by activating and accelerating the regeneration process
that occurs after the degradation, through annealing the solar cells at
higher temperature with stronger illumination [10,19,21,22], or under
biased conditions [17,18]. These methods have proven to be eﬀective in
passivating LID caused by BO defects [23], but may not be so successfully applied on LeTID, due to its slow reaction rate and the uncertain long-term stability of the regenerated cells.
In addition to p-type mc-Si, some very recent works have observed
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heated with a ramp-up rate of around 10℃ / min from 150℃ to 300℃
where the temperature was held stable for 23 min for ﬁlms deposition,
before cooling down at around 7.5℃ / min and unloading at 150℃.
Wafers from the second series were coated with a stack of Al2O3 deposited by plasma-assisted atomic layer deposition (ALD) and SiNx
deposited using an Oxford PlasmaLab PECVD system. The Al2O3 ﬁlms
were deposited at 175℃ for around 40 min, whereas the SiNx ﬁlms were
deposited at 400℃ for around 8 min. After ﬁlm deposition, the wafers
were annealed in a nitrogen ambient at 425℃ for 15 min to activate the
surface passivation of the Al2O3 ﬁlms. Both selected dielectric ﬁlms
provide excellent surface passivation with Seff below 10cm / s , conﬁrmed
with monocrystalline silicon control wafers.
Degradation was performed on a hotplate under illumination with a
halogen lamp at around 2 sun light intensity. Rather than using 1 sun
condition, we chose to use a slightly higher light intensity to accelerate
the degradation [19]. The wafers were illuminated at 80℃ and 145℃
respectively. Before the degradation, the samples were annealed in the
dark at 200℃ for 15 min. The eﬀective carrier lifetimes were measured
at deﬁned time steps during the degradation, using the quasi-steadystate photoconductance (QSSPC) technique [31] and photoluminescence (PL) imaging [32].
Moreover, the work also includes several p-type PERC solar cells
made from Cz-Si, HP mc-Si and mono-like Si to show the detrimental
impact of LeTID on ﬁnished cells. The solar cells were randomly selected from an industrial production line. The wafers used were sourced
from the same suppliers, but taken from diﬀerent ingots than the lifetime samples described above. The degradation treatment was carried
out in a light-soaking chamber at around 65℃ for 5 h under an irradiance level of 1 sun. The cell eﬃciency was measured before and after
the degradation, using a solar simulator. Note the diﬀerent degradation
conditions used in the ﬁnished solar cells and the lifetime test samples
mentioned above, as the degradations were performed with diﬀerent
equipment setups.

similar degradation activities in p-type boron-doped Cz-Si [20,24] and
ﬂoat-zone Si [25–27] when illuminated at elevated temperature. In this
paper, we will compare the degradation kinetics on three types of castgrown Si materials, namely p-type boron-doped high performance (HP)
mc-Si, p-type boron-doped mono-like Si and n-type phosphorus-doped
HP mc-Si. Also grown by directional solidiﬁcation, mono-like Si contains similar amounts of metal impurities compared to mc-Si, but features a distinct crystallographic structure [28,29], making it a suitable
material for investigating the possible roles of metal impurities, grain
boundaries and crystal dislocations in LeTID. On the other hand, n-type
mc-Si does not contain boron, hence is not aﬀected by BO defects and
iron-boron (Fe-B) pairing reactions [30]. Furthermore, the use of n-type
material may reveal any inﬂuence of the position of the quasi fermi
levels on LeTID, which may in turn provide additional insights into the
origins of the defects responsible for the degradation.
2. Experimental methods
Cast-grown wafers studied in this work were cut from the middle
section of a central brick of a p-type boron-doped HP mc-Si ingot, an ntype phosphorus-doped HP mc-Si ingot and a p-type boron-doped
mono-like Si ingot respectively. All ingots were cast in industrial G6
crucibles. The p-type and n-type HP mc-Si ingot were grown by the
same manufacturer, whereas the mono-like Si ingot was produced by a
second manufacturer. P-type boron-doped Cz-Si wafers were also included in the study as a reference. All wafers were around 200µm thick
before processing. Table 1 summarises the resistivity and the interstitial
oxygen concentration measured with Fourier Transform Infrared
Spectroscopy (FTIR) for the studied wafers.
The wafers were processed into lifetime test structures, based on a
PERC fabrication process without the metallisation step, in an industrial
production line. The cell process involves texturing, POCl3 diﬀusion,
rear-side etch and surface passivation. The p-type samples feature
plasma enhanced chemical vapour deposition (PECVD) SiNx ﬁlms on
the front surfaces, and Al2O3/SiNx stacks on the rear surfaces. The ntype samples feature PECVD SiNx ﬁlms on both front and rear surfaces.
The samples were then divided into four groups and ﬁred under different conditions. Wafers from group A were non-ﬁred control samples.
Wafers from group B were ﬁred in an industrial conveyor-belt furnace
in a cell production line, with a peak temperature of approximately
700℃. Wafers from group C and D were annealed in a rapid thermal
processing (RTP) furnace at an actual temperature of 700℃ for 5 s (as
measured by a thermocouple attached to the sample), followed by
diﬀerent ramp-down rates (20℃ / s for the slow-cooled samples and
65 − 85℃ / s for the fast-cooled samples). The reported cooling rate is
the average cooling rate between 700℃ and 400℃. An identical ramp-up
rate (20℃ / s ) was applied to all RTP-processed wafers.
Additional samples were prepared to evaluate the inﬂuence of surface passivating ﬁlms on the degradation properties. The samples received similar treatments as the n-type samples mentioned above. After
surface passivation, all wafers were ﬁred in an industrial conveyor-belt
furnace, then had the dielectric ﬁlms and the n + layers removed via
HF dip. Afterwards, the wafers were chemically polished, separated into
two series, and re-coated with two diﬀerent dielectric ﬁlms for surface
passivation. Wafers from the ﬁrst series were coated with SiNx deposited using a Roth & Rau AK400 PECVD system. The wafers were

3. Results
Table 2 shows the degradation in the studied p-type PERC solar cells
after 5 h of light soaking at 65℃ under an irradiance level of 1 sun. Note
that Table 2 only provides an illustration of the degradation trends, as
the degradation maximum has not been achieved given the short illumination time. Nevertheless, the results clearly demonstrate that all
three types of solar cells exhibit degradation behaviour under illumination. A relative degradation of 4.3% and 4.6% was observed on the HP
mc-Si and Cz-Si PERC solar cells after light soaking. Surprisingly, the
degradation was most severe on the mono-like Si PERC solar cells, with
an average relative degradation of 9.1%. This is contrary to a previous
study by Ramspeck et al. [4] who observed a smaller degradation on
mono-like Si PERC solar cells compared to conventional mc-Si PERC
solar cells. A possible explanation is that the two materials (mono-like
Si and HP mc-Si) contain diﬀerent impurity concentrations as they were
grown by diﬀerent manufacturers. However, we have observed a similar behaviour on solar cells made from HP mc-Si and mono-like Si
materials grown by the same manufacturer (measurements not presented here). In any case, our results show that the degradation in
Table 2
Eﬃciency variation in p-type boron-doped PERC solar cells after 5 h of light soaking at
65℃ under an irradiance level of 1 sun.

Table 1
Properties of materials studied in this work.
Material

Dopant

Resistivity (Ω cm)

[Oi](cm−3)

p-type HP mc-Si

Boron

1.7

n-type HP mc-Si
p-type mono-like Si

Phosphorus
Boron

p-type Cz-Si

Boron

2.1
1.4
1.6

1.7×1017
NA
2.3×1017
5.6×1017

99

Material

Number of
cells

Avg. initial
eﬃciency

Avg. ﬁnal
eﬃciency

Relative
degradation

p-type HP
mc-Si
p-type monolike Si
p-type Cz-Si

4

19.0%

18.2%

4.3%

4

19.7%

17.9%

9.1%

5

20.9%

19.9%

4.6%
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Fig. 1. Eﬀective carrier lifetimes of cell pre-cursors as a function of time under 2 sun illumination at (a) 80 ℃ and (b) 145℃ . All samples were ﬁred in an industrial conveyor-belt furnace.
The lifetimes are measured at an excess carrier density of 1×10 15 cm−3 by the QSSPC technique. All samples were annealed in the dark at 200℃ for 15 min before degradation. Hollow
symbols in (a) represent the lifetimes of a p-type Cz-Si sample with degradation performed below 45 ℃ .

applied is not as fast as the rapid cooling rate used in an industrial
conveyor-belt furnace, meaning fewer defects are generated.
Our results are in line with previous work by Eberle et al. [14], and
further demonstrate that LeTID can be activated by increasing the
cooling rate alone, while keeping the ramp-up rate ﬁxed. Moreover, our
results suggest that the same defects could be responsible for the degradation in p-type and n-type cast-grown materials, as we observed a
similar dependence of the degradation behaviour on the ﬁring process.
We note that the p-type and n-type samples described above feature
diﬀerent passivating dielectric ﬁlms on the rear surfaces, and the presence of n + layers on the front surfaces also limits the measured lifetime. To reduce the potential inﬂuence of surface recombination on the
results, additional lifetime test samples were prepared. These samples
received the same thermal treatments as the n-type samples mentioned
above (phosphorus diﬀused and passivated with SiNx), but had their
dielectric ﬁlms and the n + layers removed after ﬁring in an industrial
conveyor-belt furnace, before being re-coated with fresh dielectric ﬁlms
on both surfaces.
Fig. 3(a) shows the lifetimes of the SiNx re-passivated samples
during the degradation treatment. Plotted also in Fig. 3(a) are the
lifetimes of a p-type FZ-Si and an n-type Cz-Si control samples with the
same passivating ﬁlms. It is important to consider the stability of the
passivating ﬁlms when evaluating bulk degradation [26,36–38]. The
control samples were not ﬁred, and hence should not be aﬀected by
LeTID. The control samples show a reduction in lifetimes after illumination of 1000 min, which is likely to be due to degradation in the
passivation quality of the dielectric ﬁlms [26,36,37]. The degradation
in surface passivation has minimal impact on the p-type samples given
their relatively lower bulk lifetimes, but can, to some extent, aﬀect the
measured lifetimes of the n-type HP mc-Si. Nevertheless, the degradation rate observed in the controls appears to be at least one order of
magnitude slower than in the studied samples, indicating that the observed degradation in the studied samples is bulk related. In order to
further discriminate the potential inﬂuence of surface recombination on
the n-type HP mc-Si, we repeated the experiment with a diﬀerent dielectric ﬁlm (Al2O3-SiNx stack) and raised the temperature to 145℃ to
accelerate the degradation. The result is shown in Fig. 3(b). No signiﬁcant lifetime degradation can be observed in the controls within
1000 min of light soaking, whereas the lifetime in the n-type HP mc-Si
drops considerably and recover afterwards, conﬁrming that the degradation observed in n-type HP mc-Si is indeed a bulk eﬀect.
Comparing Figs. 3(a) and 1(a), the degradation behaviour in the re-

mono-like Si solar cells can be even more severe than in Cz-Si solar
cells.
Fig. 1 shows the measured eﬀective lifetimes on cell pre-cursors as a
function of degradation time. Also included in Fig. 1 is an n-type
phosphorus-doped HP mc-Si sample which was treated similarly to the
p-type cell pre-cursors, but passivated with diﬀerent dielectric ﬁlms.
Overall, a reduction in lifetimes after illumination can be seen on all
samples, including the p-type mono-like Si and the n-type HP mc-Si.
While degradation occurs in all samples, the rate of degradation varies.
The p-type Cz-Si sample exhibits the fastest degradation, owing to the
faster reaction rate of the BO complex compared to LeTID. A lifetime
recovery can also be seen in the p-type Cz-Si samples after 17 min of
light soaking, due to regeneration of BO complex. Note that various
works have also detected LeTID defects in Cz-Si [20,24]. Here, we are
not able to conﬁrm the presence of LeTID defects in the Cz-Si sample, as
its inﬂuence is overshadowed by BO defects. However, we observe a
similar extent of degradation in the Cz-Si sample when illuminated
below 45℃, suggesting that the measured eﬀective lifetimes of the
studied Cz-Si samples are likely to be dominated by BO defects.
On the other hand, the degradation rate in n-type HP mc-Si is orders
of magnitude slower than in the p-type mc-Si and mono-like Si samples.
At 80℃, the lifetime reduction is not obvious within the ﬁrst 100 min of
illumination. Increasing the temperature to 145℃ dramatically increases the reaction rate. For the n-type HP mc-Si, lifetime reduction is
already noticeable after 1 min of illumination and a recovery of lifetime
can be observed after 36 min. The result may suggest the presence of
LeTID defects in n-type HP mc-Si.
In order to conﬁrm whether the lifetime reduction in the p-type
mono-like Si sample and the n-type HP mc-Si sample are caused by
LeTID defects commonly observed on p-type mc-Si, the inﬂuence of the
ﬁring proﬁle on the degradation behaviour are evaluated, as it has been
reported that LeTID depends strongly on the ﬁring conditions [10,14].
Fig. 2 compares the lifetime degradation on samples that have not been
ﬁred, and ﬁred with diﬀerent cooling proﬁles. All Cz-Si samples show a
reduction in lifetimes after illumination. Comparing Figs. 1(a) and 2, it
can be seen that the formation and passivation of the BO defect in Cz-Si
is dramatically accelerated in the ﬁred samples, but not signiﬁcantly
aﬀected by the cooling proﬁle at this temperature range, consistent
with previous studies [33–35]. In contrast, only the fast-cooled monolike Si and mc-Si samples degrade noticeably after light soaking. We
note that for the p-type HP mc-Si, only a small amount of degradation
can be detected. This could be due to the fact that the cooling rate
100
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Fig. 2. Eﬀective carrier lifetimes of cell pre-cursors as a function of time under 2 sun illumination at 80 ℃ . The samples were (a) not ﬁred, (b) ﬁred at 700℃ for 5s in a RTP furnace with
slow ramp-down and (c) ﬁred at 700℃ for 5s in a RTP furnace with fast ramp-down. The lifetimes are measured at an excess carrier density of 1×10 15 cm−3 by QSSPC technique. Note the
diﬀerent lifetime scale used for (a).

passivation. The lifetime of the n-type HP mc-Si wafer, for example,
reduces more than twofold (from around 2ms to below 1ms ) after light
soaking. Apart from the amplitude of the degradation, the rate of degradation also seems to be faster in the re-passivated samples. The
faster degradation rate is probably caused by the higher injection levels

passivated samples is similar to the cell pre-cursors discussed previously. Here, a larger degradation is observed in the re-passivated
samples, most likely due to the fact that the measured eﬀective lifetimes, in this case, are more sensitive to the bulk lifetimes, due to the
absence of the n + layers, combined with the excellent surface

Fig. 3. (a) Eﬀective carrier lifetimes of SiNx passivated samples as a function of time under 2 sun illumination at 80℃ . (b) Eﬀective carrier lifetimes of Al2O3-SiNx passivated samples as a
function of time under 2 sun illumination at 145℃ . All samples were coated with fresh dielectric ﬁlms with Seff below 10cm/ s after having their n + layers removed and their surfaces
chemically polished. The lifetimes are measured at an excess carrier density of 1×10 15 cm−3 by QSSPC technique. Note the diﬀerent logarithmic lifetime scales used for (a) and (b).
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regions should be, in principle, more susceptible to lifetime degradation
in comparison with lower lifetime regions such as crystal defects, as the
lifetime in the latter is strongly aﬀected by other recombination mechanisms.
Fig. 4 shows calibrated PL lifetime images of the SiNx re-passivated
samples before and after the degradation treatment. Degradation occurs
throughout the entire wafer in all samples, but is quite inhomogeneous,
being particularly severe in regions surrounding recombination active
crystal defects in p-type and n-type HP mc-Si. Similar observations have
been reported in previous work [6,13,14]. One plausible explanation is
that impurities or precursors responsible for LeTID could diﬀuse from
crystal defects into the surrounding regions during the light soaking,
leading to a faster degradation and a stronger reduction of lifetimes in
those areas. If metal impurities are responsible, only fast diﬀusing
species such as copper, cobalt and nickel, in principle, can contribute to
such a large lateral diﬀusion at the studied temperatures and times. In
contrast, certain inactive GBs in the p-type mc-Si sample, as highlighted
in Fig. 4, seem to be less aﬀected by the degradation. Bright regions or
denuded zones can be observed around those GBs after light soaking.
This phenomenon has also been reported by Luka et al. [45] and Selinger et al. [46].

in the re-passivated samples as a result of their higher initial minority
carrier lifetimes.
Comparing the measured lifetimes at the fully degraded state, ntype mc-Si exhibits substantially higher lifetimes than p-type mc-Si.
This implies that n-type mc-Si features a lower normalised defect concentration [39], either due to a reduced defect concentration or the fact
that the corresponding defects have a capture cross-section ratio greater
than 1. Moreover, the signiﬁcantly slower degradation rate in n-type
mc-Si may suggest that the locations of the quasi fermi levels play a role
in the formation of defects responsible for LeTID. For instance, various
works have shown that the degradation time constant of the boronoxygen complex depends on the hole concentration in both p-type and
compensated n-type Cz-Si [40–42]. It is possible that a similar correlation could occur for LeTID in mc-Si, which would explain the slower
degradation in n-type mc-Si materials. Further studies are needed to
verify this hypothesis. We note that these results indicate that LeTID
can potentially be more problematic in n-type mc-Si, as much longer
times are needed for the defect deactivation, owing to its slow reaction
rate.
It is important to consider the lateral inhomogeneity in mc-Si materials when evaluating the kinetics of LeTID. The reasons are several.
First, mc-Si contains crystal defects such as grain boundaries and dislocations which exhibit diﬀerent recombination properties compared to
the intra-grain regions [43,44]. It is possible that diﬀerent recombination sources at crystal defects and in intra-grain regions interact differently with the defects or precursors responsible for LeTID. Second,
the degradation is highly unlikely to be uniform across an entire mc-Si
wafer owing to the substantial lifetime variation across mc-Si wafers
and the strong dependence of the degradation rate on injection level, as
shown above and also in previous works [16–18,21]. We have observed
a variation of more than 1 order of magnitude in the excess carrier
density across the mc-Si wafers studied in this work under uniform illumination. Lastly, the amplitude of the degradation should also depend on the local lifetime. Higher lifetime areas such as the intra-grain

4. Discussions
Various physical models have been proposed for LeTID. It is
speculated that LeTID may originate from dissolution and reconﬁguration of metal impurities that occurs during the ﬁring process
[12,14,47]. This hypothesis is supported by the fact that substantial
LeTID can only be detected after rapid quenching, which is known to
aﬀect the forms and structures of metal precipitates in mc-Si [48]. This
hypothesis is consistent with our results given that the responsible
metal impurities are likely to be diﬀused from the crucible walls and
coatings used in the ingot growth process, and so should be present in
all of the cast-grown mc-Si samples studied in this work, including the

Fig. 4. Calibrated PL lifetime images of the SiNx passivated samples before and after degradation treatment. Maximum degradation was achieved after approximately 10, 25, 4 and
2600 min of illumination at 80℃ for the p-type mono-like Si, the p-type HP mc-Si, the p-type Cz-Si and the n-type HP mc-Si respectively. PL images were taken at 0.1 sun condition, which
corresponds to an injection level close to maximum power in a working solar cell. A logarithmic lifetime scale is used in the ﬁgure. Note the diﬀerent lifetime scales used for the p-type
and n-type samples.
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p-type mono-like Si and the n-type HP mc-Si, which show LeTID behaviours after a fast-ﬁring process. Researchers have indeed shown that
copper contamination can cause LID in silicon [49–51]. However, if
copper is responsible for the LID eﬀect observed in this work, it is not
clear why we observe a much slower defect reaction in the n-type cast
material than in p-type. Moreover, various research groups have also
detected LeTID-like behaviour in p-type Cz-Si [20,24] and FZ-Si
[25–27], which should, in principle, contain considerably less metal
impurities.
On the other hand, several authors have suggested the involvement
of hydrogen, which can form parts of the detrimental LeTID complex
[12,14,47], passivate the LeTID complex [7,47], or even serve both
roles during the degradation and regeneration [52]. This model may
explain the disparity in the degradation rate in p-type and n-type mc-Si
studied in this work, as it has been shown that the diﬀusivity of hydrogen varies in p-type and n-type silicon [53–56]. The two models
described here do not necessarily contradict with each other, and it is
possible that both metal impurities and hydrogen play a role in LeTID.
It should be mentioned that all samples studied in this work were
annealed in the dark at 200℃ for 15 min before light soaking. It has
been reported that dark annealing can change the kinetics of LeTID
[45,52,57]. This can aﬀect some of the results presented in this work
qualitatively, but is unlikely to alter the overall conclusions.
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Our results demonstrate the fundamental diﬀerences in the defect
formation mechanism between the BO complex in Cz-Si and LeTID in
mc-Si. While all Cz-Si samples degrade after light soaking, only the mcSi samples ﬁred with a rapid cool-down show noticeable degradation.
In addition to conventional p-type mc-Si, LeTID is also observed on ptype mono-like Si and n-type mc-Si. Interestingly, the degradation rate
in n-type HP mc-Si is found to be orders of magnitude slower than in ptype mc-Si, implying that the defect formation could be aﬀected by the
positions of the quasi fermi levels, which can aﬀect the charge states of
impurities. Furthermore, lifetime images reveal that the degradation
seems to be most severe in regions surrounding crystal defects. These
ﬁndings could serve to guide further studies to identify the root causes
of LeTID, and correspondingly develop eﬀective mitigation solutions.
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