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A B S T R A C T   

The carrier lifetime stability of gallium-doped silicon wafers and performance stability of industrial PERC solar cells produced from sister wafers were investigated 
under four different illumination conditions and temperatures. The seven investigated materials feature a resistivity variation of 0.4–1.0 Ωcm and lifetime samples 
were processed to create high hydrogen content (with PECVD SiNx) or low hydrogen content (with ALD Al2O3 or HfO2). Our results confirm that the material itself is 
prone to light and elevated temperature induced degradation (LeTID), however experiments on PERC cells produced utilising the same silicon material indicate that 
the production process can successfully suppress LeTID. In contrast to earlier studies, we observe only small levels of degradation at the cell level, with some showing 
an improvement in cell parameters under LeTID testing conditions. Our results indicate that LeTID is not necessarily a major issue for the performance of modern 
passivated emitter and rear cells made from gallium-doped silicon substrates.   

1. Introduction 

The degradation of solar cells upon exposure to illumination at 
elevated temperatures – that is during field operation conditions – 
addressed as light and elevated temperature induced degradation 
(LeTID) has been a major source of uncertainty for the stability of 
passivated emitter and rear cell (PERC) devices. The effect was first 
reported as a degradation effect of PERC cells made from boron-doped 
multicrystalline silicon in 2012 [1] but was later found in other mate
rials and identified to arise from activation of a bulk defect, e.g., Refs. 
[2–7]. Efficiency degradation around 5%rel and up to 10%rel has been 
reported [3,8] and the effect has been linked to excess bulk hydroge
nation [2–4,7,9–11]. 

The photovoltaic industry has recently undergone a substantial 
change in substrate doping, when the prevalent dopant for p-type doping 
changed from boron to gallium. The less favourable segregation coeffi
cient of gallium compared to boron complicates growing crystals with a 
tight resistivity range [12,13]. In return, the absence of boron in 
Czochralski-grown (Cz-Si) silicon relaxes the constraints for oxygen 
incorporation by avoiding the formation of Boron–Oxygen Defects and 

hence light-induced degradation (LID) [14,15]. Another central moti
vation for the shift to gallium doping was indications that this material 
could be robust to LeTID. This suggestion has been questioned and there 
are studies demonstrating characteristic degradation effects in 
gallium-doped silicon, e.g., Refs. [16–18]. Several studies on the basis of 
charge carrier lifetime test structures have reported degradation when 
Cz-Si:Ga samples were subjected to LeTID testing, e.g., Refs. [7,18–21]. 
Investigations of cell precursors or finished solar cells made from Cz-Si: 
Ga substrates have reported both good stability [22–24] or significant 
degradation [25,26]. The performance degradation due to LID and 
LeTID have many similarities in overall behaviour, and both are known 
to recover upon extended exposure. In this direct comparison, a mis
managed LeTID will likely have a worse effect on module energy pro
duction yield due to the slower recovery timescale – LeTID can be 
expected to affect most of the module lifespan [8]. Most studies on the 
topic of LeTID in Ga-doped silicon have investigated specific aspects 
such as one specific sample type and a narrow window of stability 
testing conditions. In this study, we perform a wide variety of stability 
tests on typical industrial Ga-doped Cz-Si wafers and industrial PERC 
cells produced on the same material. This serves to demonstrate that the 
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robustness to LeTID of modern PERC cells originates in large part from 
adaptions within the cell process, as the material itself is still prone to 
degradation. 

2. Experiments 

2.1. Samples 

A series of experiments was performed on a set of Cz-Si:Ga wafers 
from a major industrial supplier. Several boron-doped reference wafers 
were also used. The gallium-doped sample set consists of seven groups 
A-G that span a resistivity range of ~0.4–1.0 Ωcm. This resistivity range 
covers industrial production of PERC and similar solar cell concepts. The 
sample groups are listed in Table 1 with the information provided by the 
manufacturer. From each group, half of the wafers were processed into 
PERC cells by Trina Solar in an old industrial production line. The cell 
efficiencies as processed were in a range 22.4–22.8 % and within the 
typical range of the used facility at the time (i.e., 2020). We did not 
observe systematic differences in efficiency between the materials used. 

The second half of wafers were processed to symmetrically passiv
ated lifetime samples to assess the potential impact of LeTID on material 
quality. We based this sample set on the known impact of high hydrogen 
containing dielectrics during solar cell production on the formation of 
LeTID. The silicon wafers from all material groups listed in Table 1 were 
subjected to phosphorus diffusion gettering (emitter resistance ~83 
Ω/□) followed by fully etching back the diffused region, resulting in 
final sample thicknesses around 150 μm for all lifetime samples. The 
samples were subsequently coated with 75 nm of SiNx (refractive index 
nnitride = 2.015) by a plasma-enhanced chemical vapour deposition 
(PECVD) process. Following the SiNx deposition, the samples were then 
fired in an industrial furnace, whereby the process was tuned to achieve 
a peak sample temperature of 800 ◦C and an average cooling rate of 81 
K/s (whilst above a temperature of 600 ◦C) as outlined by Maischner 
et al. [27]. The SiNx layers and the firing processes used in this study 
were based on an experiment by Maischner et al. whom demonstrated 
that such conditions produce a significant LeTID effect in materials they 
investigated [28]. The samples for this study were processed alongside 
the samples discussed in Ref. [28]. Boron-doped Cz-Si and FZ-Si wafers 
were included in the experiments for comparison (see Table 1). 

Based on literature, the main impact on LeTID is suspected to be the 
degree of bulk material hydrogenation. We also created a second type of 
samples with low bulk hydrogenation from the same Cz-Si:Ga materials. 
The samples and their testing are discussed in the Appendix. 

2.2. Experiments 

Various experiments were performed to assess the impact of LeTID at 
a material and cell level under different conditions. These experiments 
are numbered and listed in Table 2. Experiments I-III were performed 
on the lifetime samples cleaved from processed wafers to investigate 
whether the gallium-doped material itself is susceptible to LeTID and 
whether there is an impact of doping concentration. Degradation was 
assessed in terms of changes of charge carrier lifetime, which were 
monitored with photoconductance decay (PCD) measurements using 
Sinton WCT-120 lifetime testers (software version 5.73.2). In addition to 
effective charge carrier lifetime measurements, we tracked the variation 
of measured sample sheet resistance and the surface recombination 
parameter J0s. The sheet resistance (measured by the WCT-120 directly 
before flashing) can reveal pronounced changes in sample doping that 
may arise, e.g., due to formation or dissolution of dopant-hydrogen 
pairs, as discussed and studied, e.g., by Walter et al. [29] and Ham
mann et al. [30]. Monitoring J0s during stability experiments is useful to 
distinguish between the activation of defects in the wafer bulk and close 
to its surfaces [31,32]. This is especially useful since the sample pro
cessing and stability testing conditions of LeTID studies are known to 
give rise to degradation of surface passivation quality, as demonstrated, 
e.g., by Sperber et al. [33]. 

The first experiment, Experiment I, was LeTID testing performed on 
lifetime samples by subjecting them to an illumination intensity of 0.15 
sun equivalents at 75 ◦C. The rather low intensity when compared to the 
common 1 sun eq. intensity was chosen deliberately based on reports 
that this may give rise to more pronounced LeTID in Cz-Si:Ga [18]. Also, 
application of a lower excess carrier generation rate on lifetime samples 
can be useful since the arising excess carrier density is more comparable 
with the conditions that would be observed in finished solar cells during 
LeTID testing (where diffused regions and metal contacts give rise to 
additional recombination). The same conditions were also applied to 
samples with a different passivation scheme with low bulk hydrogena
tion, as discussed in the appendix. 

For Experiment II, lifetime samples were subjected to an accelerated 
LeTID test by illumination with 2 sun eq. illumination at 140 ◦C. Ac
cording to Maischner et al. [28,34] these conditions allow for acceler
ated testing of LeTID stability on both wafer and solar cell level. Elevated 
temperature in the dark has been demonstrated to activate LeTID defects 
in boron-doped silicon, e.g., by Chen et al. [35]. To investigate whether 
this effect can also be observed in Cz-Si:Ga material, lifetime samples 
were subjected to dark annealing at 175 ◦C in Experiment III. 

Potential LeTID of the finished PERC cells was investigated in Ex
periments IV-IX by exposing them to unbiased LeTID testing (i.e., in Voc 
condition). The chosen conditions resemble the conditions described 
above. Most experiments were performed on the basis of the PL proxy 
method introduced by Grant et al. in Ref. [16]. This method applies 
steady state PL imaging of fixed illumination intensity and integration 
time and evaluates the count rate caused by luminescent recombination. 
This signal is a direct probe of charge carrier density under open circuit 
conditions – and hence relates to charge carrier lifetime. Due to the 
quadratic relation between carrier density and luminescence intensity 
on one hand and the logarithmic relation to device voltage on the other 
hand, this method allows detection of small changes within the solar cell 
that may be difficult to track in classical IV parameter testing.1 In 
Experiment IV, tokens cleaved from the solar cells were subjected to 1 

Table 1 
Studied material groups. Groups A-G are Cz-Si:Ga wafers. The resistivity range of 
the wafers and a representative interstitial oxygen concentration [Oi] were 
provided by the supplier.  

Material Resistivity [Ωcm] [Oi] [ppma] 

A  1.03–0.85 14 

B  0.85–0.77 8.1 

C  0.77–0.70 7.8 

D  0.7–0.64 8.9 

E  0.64–0.54 9 

F  0.54–0.46 9.5 

G  0.46–0.37 9.3 

Cz:B  ~0.8 unknown 

FZ:B  2.4 unknown  
1 See the appendix for the relation between PL intensity changes and device 

voltage. 
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sun eq. illumination at 75 ◦C. Following the observation of Kwapil et al. 
[18] that LeTID may be more pronounced in Ga-doped material when 
subjected to low injection conditions, we also applied a low intensity of 
0.1–0.15 sun eq. illumination at 75 ◦C to cells and monitored their 
progression over time (Experiment V). Low intensity illumination at Voc 
is also somewhat more reflective of field conditions, since during 
maximum power point operation the majority of excess carriers would be 
extracted. An additional test was performed under accelerated LeTID 
testing conditions of 2 sun eq. at 140 ◦C on one cell (Experiment VI). 
The impact of dark annealing at 175 ◦C on PERC cells was studied in 
detail by comparing the PL proxy method (Experiment VIIa & b) to the 
results of full dark and light IV curve measurements in a LOANA tool 
(Experiment VIII). In view of findings in previous work by Grant et al. 
that the stability of Ga-doped PERC cells during degradation tests might 
change significantly when subjected to a 30 min 300 ◦C dark anneal [16, 
17], all experiments on solar cells featured samples both 
as-manufactured and after such a pre-anneal. While such treatments are 
not typical in cell or module production, it serves to test the effect of a 
redistribution of hydrogen across the cell which may occur during a 
module’s lifetime. The direct impact of such an anneal at 300 ◦C on solar 
cell IV parameters was monitored in Experiment IX. 

Different setups were used to realise the vastly different experi
mental conditions. All experiments were conducted on laboratory hot
plates and the temperatures given in Table 2 are set temperatures along 
with uncertainty estimates based on the laboratory conditions. For dark 
annealing, samples were either packed between two sheets of 
aluminium foil and a pre-warmed metal weight placed on top (Experi
ments III & VII) or hotplates with a lid were used, ensuring a hot air 
environment (Experiments VIII & IX). Illumination was either realised 
with halogen lamps (Experiments II, IV & V) with the intensity deter
mined by a Amprobe Solar-100 light meter or with white light LED ar
rays (Experiments I & VI) where the intensity was measured via the 
current of a pre-characterised solar cell (c.f., [36]). The given uncer
tainty ranges reflect the spatial intensity variation found for the setups 
and the impact of lamp degradation during long experiments. 

3. Results 

3.1. Material/lifetime samples 

As discussed in section 2, Experiments I-III studied the charge 
carrier lifetime reaction of simple test structures (lifetime samples) to 
different LeTID testing conditions. All lifetimes reported here were 
extracted at an excess carrier density Δn of 1015 cm− 3. Given the doping 
density Ndop varies between the different materials, this means different 
injection conditions were achieved. We ensured that this choice of a 
fixed excess carrier density used for lifetime evaluations did not affect 

the reported trends. This was done via comparison with measurements 
extracted at a constant Δn/Ndop ratio and at the respective cross-over 
point of FeGa pairs and interstitial iron, which was calculated with the 
parameters reported by Post et al. [37]. 

3.1.1. Moderate LeTID testing 
Our pretests on lowly hydrogenated samples demonstrated good 

initial material quality of the investigated Cz-Si:Ga wafers (as discussed 
in the appendix). For LeTID testing, a moderate temperature of 75 ◦C 
and a low intensity illumination were chosen to mimic the conditions of 
module operation. The experiment spans more than 1000 h of total 
testing. Fig. 1a) demonstrates that under moderate testing conditions of 
Experiment II, the Cz-Si:Ga samples show a slight degradation in life
time around 100 h of treatment time, which is more noticeable for 
samples of higher lifetime (c.f., Materials B & F compared to Material G, 
which only degraded by a few μs). The FZ-Si:B reference samples (which 
were processed and treated alongside the Cz-Si:Ga samples) exhibit a 
typical LeTID degradation-regeneration cycle within the first ~40 h of 
testing followed by a second degradation due to an increase in surface 
recombination (c.f,. Fig. 1c)). The Cz-Si:B samples show a pronounced 
improvement after 100 h of treatment time likely driven by regeneration 
of BO-defects [15]. We do not observe pronounced features in the fitted 
J0s of Cz-Si samples beyond small fluctuations that should be expected 
when overall effective lifetime of the sample changes significantly (c.f., 
discussion in Ref. [32]). On the FZ-Si reference sample we observe a 
significant increase in fitted J0s, which is similar to the behaviour of 
surface related degradation (SRD) reported by Sperber et al. [10] who 
however applied more intense illumination. 

3.1.2. Accelerated LeTID testing 
To verify the existence of LeTID in a given sample, it can be conve

nient to perform accelerated testing under more extreme conditions than 
would occur under operation. In this work, the highH lifetime samples 
were exposed to intense illumination (2 sun eq.) at elevated temperature 
(140 ◦C) in Experiment III. The carrier lifetime of the Cz-Si:Ga samples 
was found to degrade rapidly under these conditions, reaching its 
maximum degradation point in 1–2 min, after which the carrier lifetime 
recovered, as shown in Fig. 1b). We attribute this degradation regen
eration cycle to LeTID. Interestingly, the lifetime decrease of FZ-Si:B 
reference samples appears to be caused only by SRD under these 
experimental conditions. Based on previous experiments on boron- 
doped material under these conditions, we consider it likely that the 
FZ-Si:B samples underwent the complete degradation regeneration cycle 
prior to the first data point being measured. In contrast, the behaviour of 
the Cz-Si:B sample is likely dominated by the deactivation of BO-defects 
[15] and the increase in fitted J0s is likely not meaningful. 

Table 2 
Overview of the different experiments performed in this study.  

Experiment Sample type # of tested Cz-Si:Ga materials Temperature (◦C) Intensity (sun eq.) Characterisation 

I PECVD lifetime, highH, 5 × 5 cm2 3 75 ± 3 0.15 ± 0.05 PCD 
II PECVD lifetime, highH, 5 × 5 cm2 4 140 ± 3 2 ± 0.3 PCD 
III PECVD lifetime, highH, ~5 × 6 cm2 4 175 ± 5 0 PCD 
IV Cell tokens, 5 × 5 cm2 7 75 ± 5 1 ± 0.15 PL proxy 
V Cell tokens, 5 × 5 cm2 7 75 ± 5 0.15 ± 0.08 PL proxy 
VI Full cell 1 140 ± 3 2 ± 0.3 PL proxy 
VIIa Cell tokens, 5 × 5 cm2 6 175 ± 5 0 PL proxy 
VIIb Full cell 1    
VIII Full cells 6 175 ± 5 0 IV (LOANA) 
IX Full cells 2 300 ± 5 0 IV (LOANA)  
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3.1.3. Dark annealing 
Extended annealing in the dark allows the redistribution of hydrogen 

across the sample and between different configurations and complexes. 
In boron-doped silicon this has been shown to include the formation of 
the defect responsible for LeTID e.g. by Chen et al. [35]. The effect of 
dark annealing the hydrogenated Cz-Si:Ga lifetime samples at 175 ◦C 
(Experiment III) is shown in Fig. 2. We observed stable effective life
time and no changes in surface passivation for tens of hours. This was 
followed by a decline in effective lifetime that was mirrored by an in
crease in the fitted J0s, as shown in Fig. 2a) and b). Interestingly, this 
decline in effective lifetime is preceded by a markable decline in sheet 
resistance that appears to start around 5–10 h of treatment time, as 
shown in Fig. 2c). The observed resistivity changes are rather small 
compared to measurement uncertainties of the Sinton WCT-120 lifetime 
tester and therefore may be caused e.g., by the impact of temperature 
fluctuations. However, such effects occur less systematically, as illus
trated by the respective resistivity traces for the other experiments on 
lifetime samples shown in Appendix Fig. 2. The systematic resistivity 
decrease implies the dissolution of GaH pairs, which appears to be about 
an order of magnitude slower compared to the work of Simon et al. who 
however annealed their samples at 180 ◦C [38]. Experiment III was 
very similar to the study presented by Kwapil et al. [18]. The main 
differences are our study featuring an Al2O3 layer between Cz-Si:Ga and 
SiNx and the assignment of observed lifetime degradation to bulk or 
surface degradation. Thus we sourced the dark annealed sample from 
the study of Kwapil et al. [18] and tried to clarify the origin of degra
dation alongside three samples from Experiment III: the passivation 
layers were etched back and the samples were passivated using a low 
temperature temporary surface passivation scheme suggested by Grant 

et al. [39] (see Ref. [40] for the specific process used). The lifetimes 
measured with this temporary passivation were similar to before 
re-passivation and hence indicate that the degradation is not necessarily 
related to passivation quality. 

3.2. PERC cells 

As outlined in section 2, we performed LeTID stability testing under 
various conditions. Cells were heated to 75 ◦C and subjected to standard 
LeTID testing at either 1 or 0.15 sun eq. illumination intensity (Exper
iment IV and Experiment V, respectively) and monitored with the PL 
proxy method. The results are shown in Fig. 3a) and b). Where earlier 
studies of earlier Cz-Si:Ga PERC generations by Grant et al. [16,17] re
ported significant drops in PL intensity of up to 20 % - an indicator of 
LeTID defect activation - we found only small changes (~5 %) in our 
tests. The same was true for a full cell tested under the more extreme 
accelerated test conditions (140 ◦C and 2 sun eq.) in Experiment VI (see 
Fig. 3c)). Such small changes in PL translate to negligible change in cell 
voltage of less than 2 mV, which is below typical measurement un
certainties for solar cell IV testing. 

Upon dark annealing at 175 ◦C, cells improved. When 5 × 5 cm2 cell 
tokens were annealed in the dark in Experiment VIIa, the PL intensity 
increased by ~30 % within 10–100 h, as shown in Fig. 4a). Such in
tensity changes would imply a voltage increase of ~4–7 mV, which 
should be large enough to trace in IV curve measurements. However, the 
IV curves measured during dark annealing (Experiment VIII) did not 
reveal the same systematic behaviour, although small improvements of 
Voc were observed, as shown in Fig. 4b)). The contacting unit of the 
LOANA tool used was not optimized for the metal grid layout at hand 

Fig. 1. Measurement results of LeTID testing on highH samples (fired with SiNx passivation), i.e., Experiments I & II. a) & b): Effective charge carrier lifetimes τeff 
extracted at Δn = 1015 cm− 3. c) & d): Fitted surface recombination parameter J0s (shown error bars are representative for the expected uncertainty across the 
experiment). e) & f): Measured dark sheet resistance. 
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and hence reproducibility of the cell contacting across the annealing 
time series was not ideal. This had a minor impact on the voltage 
measurement but significantly reduced reliability of current measure
ments and hence IV curve analysis. Keeping this in mind, automated 
fitting of the measured IV curves of the cell indicated a potential slight 
decrease of the cells’ dark saturation current J0 and an increase of the 
shunt resistance Rshunt with annealing time. These changes however did 
not translate into significant cell efficiency improvement. The mismatch 
between the expected and observed extent of voltage change in Ex
periments VIIa and VIII can possibly be attributed to sample size/type. 
The significant increase in PL intensity of the small sample tokens may 
be related to reduced edge recombination caused by oxidation of the 

Fig. 2. Measurement results of dark annealing at 175 ◦C of hydrogenated Cz-Si: 
Ga lifetime samples, i.e., Experiment III. a) Effective charge carrier lifetimes 
τeff extracted at Δn = 1015 cm− 3. b) Fitted surface recombination parameter J0s 
(shown error bars are representative for the expected uncertainty across the 
experiment). c) Measured dark sheet resistance (see Appendix Fig. 2 
for comparison). 

Fig. 3. LeTID testing of Ga-doped PERC solar cells monitored by the PL proxy 
method. The symbol colours are defined in Table 1. a) Experiment V: low 
intensity LeTID test (0.15 sun eq. at 75 ◦C) creating injection conditions lower 
than typical Jmpp; no systematic degradation or improvement observed 
throughout the experiment. Intensity changes <10 % across >1000 h of testing. 
b) Experiment IV: Standard LeTID testing conditions (1 sun eq. at 75 ◦C); no 
systematic degradation or improvement observed throughout the experiment. 
Intensity changes <10 % across >1000 h of testing. c) Experiment VI: Accel
erated LeTID test (2 sun eq. at 140 ◦C [28]); no systematic PL intensity change 
observed throughout the experiment. Intensity changes less <5 % across 8 h 
of testing. 

Fig. 4. a) Experiment VII: Dark Annealing of PERC cells at 175 ◦C monitored 
by the PL proxy method; a systematic improvement over time by up to 35 % is 
observed. b) Experiments VIII and IX: Dark Annealing of PERC cells at 300 ◦C 
(left) and 175 ◦C (right) monitored by open circuit measurements; no pro
nounced systematic change is observed throughout the experiment. The symbol 
colours relate to base wafer doping as defined in Table 1. 
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cleaved cell edges during dark annealing. This hypothesis is supported 
by the result of Experiment VIIb where the PL proxy method was 
applied to monitor dark annealing of a full solar cell (see crossed sym
bols in Fig. 4a)). While the systematic PL signal increase was still 
observed, it was less pronounced and thus more in line with the voltage 
measurements in Experiment VIII. 

Samples that underwent dark annealing at 300 ◦C (Experiment IX) 
did not exhibit pronounced changes, as shown in the left part of Fig. 4b). 
Performing such dark annealing prior to other tests also did not cause 
different subsequent reaction to LeTID testing, as demonstrated by the 
half-filled symbols in Figs. 3 and 4. This is in contrast to the observations 
of Grant et al. for earlier Ga-PERC cell batches from the same manu
facturer [16,17]. 

4. Discussion 

Our experiments did not indicate a significant impact of the Ga 
doping concentration on the behaviour of the samples. We observed the 
expected impact of doping on lifetime levels (see e.g. Fig. 2) and slightly 
different solar cell parameters – but that was expected due to effects such 
as Auger recombination and series resistance. The studied doping con
centration range was insufficiently large to rule out the existence of a 
gallium concentration influence but large enough that strong effects – 
such as a direct linear impact on degradation kinetics or magnitude – 
should have been revealed. The observed degradation-recovery cycles 
observed upon testing samples with strong bulk hydrogenation (see 
Fig. 1) confirmed earlier indications that Ga-doped Cz silicon is sus
ceptible to LeTID. Thus, the shift from boron doping to gallium doping 
did not by itself mitigate the issue, as it did for LID caused by the BO- 
defect [14,15]. In agreement with numerous observations on 
boron-doped materials, we observed degradation in the strongly hy
drogenated lifetime samples while samples without dedicated hydrogen 
introduction – were more stable (see Appendix Fig. 1). 

We observe characteristic LeTID behaviour of samples doped with 
either boron or gallium with significant degradation both in accelerated 
tests and under simulated module operation conditions, as shown in 
Fig. 1. This finding supports the suggestion of Maischner et al. that 
accelerated LeTID testing conditions of 2 sun equivalent and 140 ◦C are 
capable of detecting instability [28]. Interestingly, we did not observe 
an onset of surface passivation degradation on the Cz-Si:Ga samples in 
our experimental timeframe, although parallel experiments with 
boron-doped material show effects. Fig. 1 shows lifetime curves for 
boron-doped samples for comparison (crossed orange data points). In 
the Cz-Si:B material the effects of BO-LID and LeTID overlap and cause a 
drastic lifetime degradation, which complicates a qualified discussion 
[41] but the FZ-Si:B samples clearly show pronounced surface recom
bination increase after the bulk degradation has finished – in good 
agreement with the findings of Sperber et al. [10]. 

We did not observe typical LeTID defect activation during dark 
annealing in Cz-Si:Ga. If present it should be noticeable in Fig. 2 
(Experiment III) for highly hydrogenated lifetime samples or in Fig. 4 
(Experiments VII & VIII) for finished PERC cells. This is in contrast to 
findings by Chen et al. on boron-doped multicrystalline and Cz-Si [35] 
and on boron-doped FZ silicon by e.g. Hammann et al. [30]. This may 
imply that defect activation in the dark is not possible in Cz-Si:Ga wa
fers. Kwapil et al. did report degradation of a hydrogen-rich Cz-Si:Ga 
sample upon dark annealing at 175 ◦C of unknown origin [18]. As dis
cussed in section 3.1 we confirmed that the degradation observed by 
Kwapil et al. and that in Experiment III are likely related to recombi
nation in the wafer bulk. The fact that our curve fitting interpreted the 
degradation as a J0s increase aligns well with a recent discussion by 
Herguth et al. who pointed out that under certain conditions surface and 

bulk recombination behave similarly [32]. Given that the degradation 
under illumination (Experiments I & II) was clearly different in terms of 
injection dependent recombination and showed similarities to SRD re
ported by Sperber et al. [10], it seems this degradation during dark 
annealing is not the activation of LeTID defects. While the exact mech
anisms for LeTID and SRD are still under debate, there appears to be 
consensus on the involvement of hydrogen [2–4,7,9–11]. The behaviour 
of hydrogen in boron-doped silicon has been investigated in several 
recent studies [30,42–46] and studies with Cz-Si:Ga have found that the 
higher stability of GaH pairs compared to BH pairs has a strong impact 
on hydrogen distribution [38,47]. Our results are well in line with 
findings of somewhat different extent and kinetics of LeTID when 
compared to B-doped material by e.g., Kwapil et al. [18] or Winter et al. 
[7]. The acceptor species does not need to be directly involved in the 
LeTID defect to have a strong impact on degradation stability. 

In earlier studies, we demonstrated that a 30 min dark anneal at 
300 ◦C changed the LeTID testing response of Ga-PERC cells similar to 
those investigated in this work [16,17]. The cells tested in this current 
work originate from a more recent batch of cell production – and we can 
report they now exhibit the same stable behaviour with and without this 
additional dark anneal. 

The biggest changes we observed on PERC cells in this study 
occurred upon dark annealing at 175 ◦C (see Fig. 4a)) – signal changes of 
up to 35 % PL intensity were observed, implying ~5 mV potential 
voltage change. A comparable improvement in Voc was also observed on 
a PERC cell after the 300 ◦C pre-annealing (half-filled green triangles in 
Fig. 4b)). However, this specific cell started well below the level of the 
other cells and so the improvement is rather a recovery to the expected 
level. It may have been caused by passivation of surface flaws or 
microcracks at the elevated temperature. Since all observed significant 
changes were actual small improvements, we do not regard them reason 
for concern on cell performance stability. 

5. Conclusion 

Our experiments on lifetime samples (Experiments I-III) confirm 
that LeTID can in fact occur in Cz-Si:Ga wafers. The degradation was less 
pronounced than in B-doped samples processed and tested alongside this 
study and appears to be delayed but it could still affect the in-field 
performance of PERC cells. The degradation was found under low and 
high illumination intensity at 75 ◦C and also during the accelerated 
LeTID test of 2 sun eq. illumination at 140 ◦C suggested by Maischner 
et al. [28]. We did not observe surface related degradation [10] on Cz-Si: 
Ga samples in any of our illuminated experiments. This may indicate 
that the effect is suppressed or at least delayed by Ga-doping, which may 
be related to the higher stability of GaH pairs compared to BH pairs. 
Dark annealing of the Cz-Si:Ga samples did not give rise to activation of 
LeTID defects in contrast to observations on B-doped material [30,35] 
and earlier reports on a Cz-Si:Ga wafer [18]. Interestingly however, we 
did observe a pronounced increase of surface recombination (in terms of 
J0s) after ~200 h. 

Our experiments performed on solar cells (Experiments IV-IX) 
indicate that, in practice, LeTID does not affect industrial PERC cell 
production of at least one major supplier. We tested PERC cells under 
several conditions resembling different operation conditions and the 
accelerated LeTID test but found no relevant degradation. This includes 
the cells to be stable after 300 ◦C dark annealing, which led to LeTID 
susceptibility in earlier product generations [16,17]. A significant in
crease of PL intensity was observed during dark annealing experiments, 
but further studies indicated this increase did not translate to relevant 
changes of the cell parameters and was instead likely related to sample 
preparation (i.e., passivation of local flaws such as cleaved edges). 
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Several recent studies have investigated the impact of LeTID on Ga- 
PERC and/or means to reduce or suppress it, e.g., Refs. [7,17,20,28,34, 
48]. While no details on the specific production process of the investi
gated PERC solar cells can be disclosed here, it can be stated that a 
suitable combination of dielectric passivation layers and thermal treat
ments – especially for metal contact formation – with Cz-Si:Ga effec
tively suppresses LeTID. As Cz-Si:Ga is not affected by light-induced 
degradation due to BO-Defects [15], it allows for different optimisation 
paths especially concerning bulk hydrogenation. 
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Appendix. Supplementary data 

Material quality & stability with low hydrogenation 

As mentioned in the contribution, we also prepared samples with intentionally low bulk hydrogenation. This set of lifetime samples (lowH) served 
to demonstrate the lifetime potential of the material and whether any instabilities would occur even in hydrogen-lean process schemes. Samples from 
~1 Ωcm wafers (Material A) were coated with 25 nm per side of different layers using plasma-enhanced ALD. Some samples were coated with Al2O3 
using an Oxford Instruments OpAL tool at Fraunhofer ISE and the passivation was subsequently activated by annealing at 425 ◦C in forming gas. Other 
samples were coated using a Veeco Fiji ALD system at University of Warwick with either Al2O3 or HfO2 at a deposition temperature of 200 ◦C with a 
remote O2 plasma co-reactant and subsequently activated by annealing at 460 ◦C in air (as discussed in Ref. [49]). The ALD-passivated samples did not 
undergo a diffusion gettering step. 

Charge carrier lifetime measurements were performed on these less hydrogenated samples. The samples featured effective lifetimes exceeding 1 ms 
at 1015 cm− 3 injection despite the small sample size and individual handling during sample preparation. Measurements after several days of storage in 
the dark did not reveal significant changes in the measured lifetime (not shown). This implies negligible impacts of potential iron contamination even 
without a gettering step, c.f, [19,50]. The lifetime results hence demonstrate that the investigated Cz-Si:Ga of Material A to be of good crystallographic 
quality and purity, which is likely transferrable for the other tested materials. When the samples were subject to LeTID testing under the same 
conditions as Experiment I (~0.15 sun eq. illumination at 75 ◦C), the effective lifetime of the samples was found to be very stable over time, as shown 
in Appendix Fig. 1a). 

To assess surface passivation quality and get an idea of its stability, we evaluated all measured effective lifetime curves by fitting the surface 
recombination parameter J0s. The used lifetime measurement and J0s fitting routine for evaluation were not optimized for taking impacts of bulk 
lifetime on J0s into account (c.f., [31,32]). This likely contributes to variations of J0s with overall lifetime level and the reported J0s should be regarded 
rather as qualitative tracking of changes rather than precise values. The surface passivation quality achieved with the ALD processes was found to be 
very good and robust against the low intensity testing conditions, as shown in Appendix Fig. 1b), where extracted single-side J0s are shown. 
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Appendix Fig. 1. Measurement results of LeTID testing on lowH lifetime samples (ALD Al2O3 and HfO2 surface passivation) under low intensity LeTID testing, 
i.e., Experiment I. a): Effective charge carrier lifetimes τeff extracted at Δn = 1015 cm− 3. b): Fitted surface recombination parameter J0s. 

Sample resistivity tracking 

The dark sheet resistance of the samples measured by WCT-120 before flashing was monitored in search of conductivity changes that would imply 
significant formation or dissolution of acceptor-hydrogen complexes, as discussed e.g. by Walter et al. [29] or Hammann et al. [30]. We observed sheet 
resistance changes during dark annealing (Experiment III, see Fig. 2) but they are rather small. Sample conductivity is very sensitive to temperature 
variation and the used WCT-120 setups feature a rather rudimentary temperature control. Thus, fluctuations in laboratory temperature or oscillations 
related to slow chuck temperature control may introduce unwanted variations across time series such as the ones in this study. Therefore Appendix 
Fig. 2 shows the recorded sheet resistance values of our other time series experiments for reference. Besides demonstrating that Experiment III 
recorded a distinctly different behaviour this data set may serve as comparison for similar studies. 

Appendix Fig. 2a shows sheet resistance measurements on three samples from Cz-Si:Ga Material A. The two samples annealed in air originated 
from the same wafer, while the third sample was cut from a sister wafer. An inter-sample variation in sheet resistance level of ~2 Ω/□ is observed. This 
likely arises from small variations of wafer thickness and lateral doping concentration across the host wafers. There may also be small effects caused by 
the differing amount of negative fixed charge between the different dielectric layers. The measured sheet resistance of the three samples is found to 
exhibit jumps and gradual changes by ~1 Ω/□ but stay rather stable overall. If we assume the samples with low bulk hydrogenation should not 
undergo significant changes during low intensity LeTID testing in bulk resistivity this variation gives an impression of the measurement uncertainty/ 
error in our study. 

A similar amount of fluctuations was observed for the strongly hydrogenated Cz-Si:Ga and Cz-Si:B samples low intensity LeTID testing (Experiment 
I) and the accelerated LeTID test (Experiment II), as shown in Appendix Fig. 2b) and c). 

Interestingly, slight changes were observed in the two FZ-Si:B samples during the first few hours of low intensity testing (see Appendix Fig. 2b)). 
This may hint towards reactions involving BH pairs, but a more detailed analysis was beyond the scope of this work. 
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Appendix Fig. 2. Sheet resistance of lifetime samples during LeTID different tests. a) low intensity LeTID testing of lowly hydrogenated samples of Material A. b) low 
intensity LeTID testing of strongly hydrogenated lifetime samples (Experiment I). c) Accelerated LeTID testing of hydrogenated lifetime samples (Experiment II). 

Appendix. PL proxy method 

Within reasonable assumptions for the used solar cells and observed PL intensity changes, the relative change of PL intensity compared to initial 
intensity IPL0 relates to a change of open circuit device voltage ΔVoc ≈

kBT
q ln IPL

IPL0 
with q being the elementary charge, T the temperature in Kelvin and the 

Boltzmann constant kB. A precise consideration would need to take the impact of band gap narrowing on radiative recombination into account [51, 
52], which is beyond the scope and requirements of the study presented here. 
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