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1. Introduction

The light- and elevated temperature-induced degradation
(LeTID) of crystalline silicon solar cells is an efficiency limiting
effect affecting B- and Ga-doped materials.[1] Although there
have been studies on ways to suppress it as far as possible
by suitable processing,[2–8] the true nature of this defect is still
unclear.

Hydrogen, originating from dielectric passivation layers such
as SiNx:H, is shown to play a critical role in this defect. This has
been demonstrated in several ways: There are numerous studies
that determine the H content of the wafers indirectly, for

example, by varying the hydrogen release
during a rapid thermal anneal (RTA) by
changing the peak temperature[2,9–12] or
the properties of the hydrogen-rich
SiNx:H layer.[5,6,13] In another study,
Bredemeier et al. investigated the diffusion
of the defect precursor and found a corre-
spondence with the diffusion of H in
c-Si.[14] In addition, a quantitative cor-
relation between hydrogen concentration
and defect density was found in B-doped
multi-Si[15] as well as in B-doped
Czochralski grown Si[16] and float zone
Si.[17] These quantitative correlations are
important because they can provide
information on the defect composition
and thus enable the understanding of
LeTID.

In all these contributions, degradation
occurred under isogenerative conditions,
meaning that the excess charge carrier
concentration (injection) was not constant
during degradation as it depends on the
defect concentration that changes with time.

Unfortunately, defect dynamics and also the observed maximum
defect density depend on the injection,[18,19] hence complicating
the analysis with respect to other influencing factors like the
hydrogen concentration. Furthermore, it is important to clarify
whether the trends found in B-doped material also apply to Ga-
doped material, i.e., whether the defect exhibits the same charac-
teristics independent of the dopant.

In this contribution, the correlation between hydrogen con-
centration in the Si bulk and LeTID defect density is investigated
in Ga-doped Cz-Si. Here, the samples are degraded at constant
injection[20] to explicitly exclude the dependency of maximum
defect density on injection. The concentration of hydrogen in
the Si bulk is determined by means of highly sensitive resistivity
measurements.[21,22] This technique is advantageous compared
to the detection of hydrogen species by Fourier transform
infrared spectroscopy (FTIR) (e.g., Refs. [17,23]) because it
requires much less experimental effort and allows repeated
measurements during degradation. At the same time, resistivity
measurement has a better detection limit than secondary
ion mass spectroscopy (SIMS).[24] As a result, an improved
correlation can be obtained, which allows for accurate conclu-
sions on the influence of the hydrogen species H2 and GaH
pairs on defect formation. In addition, the influence of
degradation conditions, i.e., injection and temperature, is
investigated.
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Many studies suggest that hydrogen is an important factor for light and
elevated temperature-induced degradation (LeTID) in p-type c-Si solar cells. The
exact mechanism of this defect is still unknown. Here, Ga-doped Si wafers fired
with an SiNx:H layer present were used to establish a correlation between the
initial concentration of GaH pairs and H2 dimers on one and the maximum
defect density evolving during degradation on the other hand. Degradation of all
samples is performed at constant excess charge carrier injection. The corre-
lation to LeTID defect density is found to be linear in the case of [H2], hence, a
direct involvement of H2 in the defect formation is expected. In contrast, the
correlation between GaH pairs and defects is found to scale with the fraction of
GaH on total hydrogen concentration. This fraction is not constant but rather
decreases with an increase in total hydrogen concentration. In addition,
changes in [GaH] and lifetime are examined under different degradation
conditions with either fixed injection up to 1016cm�3 and temperatures up to
180 °C. Under these conditions, LeTID evolves but no dissociation of [GaH]
takes place. The effective activation energy of LeTID defect formation is
determined to be 0.76(17) eV.
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2. Results and Discussion

2.1. Influence of Sample Preparation

2.1.1. Linear Correlation of H2 and Defects

Hydrogen is introduced into the Si bulk by diffusion from the
SiNx:H passivation layer during the fast firing step applied dur-
ing solar cell manufacturing. The amount of hydrogen that is
diffused into the Si bulk by this step depends among other things
on the peak firing temperature.[25,26] This was used in this exper-
iment to achieve a wide variation in hydrogen concentration by
varying the peak temperature of the belt furnace, for which val-
ues between 709 and 816 °C were measured.

In p-type Si, hydrogen is present after RTAmainly either as H2

dimer or as an overall neutral acceptor-hydrogen pair,[27,28] in
particular as Ga Hþ in our case. Additional GaH pairs can be
formed from H2 dimers if samples are annealed in the dark
according to the overall reaction scheme

2Ga þH2 þ 2hþ ! 2GaH0 (1)

whereby the applied 4 h at 180 °C should suffice to dissociate
almost all dimers.[29] Since the splitting of H2 requires two holes
hþ, it is possible to calculate the concentration ½H2� from half the
difference in initial hole concentration pinit and hole concentra-
tion after dark anneal pda

½H2�init ¼
1
2
ðpinit � pdaÞ (2)

In a next step, the samples undergo an illuminated anneal at
approximately two suns equivalent[30] and a temperature of
300 °C. This process leads to the dissociation of the GaH pairs
into an unknown species[31] whereby holes are released again.
After �11 h, the hole concentration of the samples saturates,
which is interpreted as the dissociation of all or most of the
GaH pairs.[31] Thus, the initial concentration of GaH is given
by the difference of the hole concentration in the initial state
pinit and after the illuminated anneal pia.

½GaH�init ¼ pia � pinit (3)

For the calculation of the two quantities (2) and (3), the
assumption was made that hole concentration changes only
due to pair formation. In this temperature range, no other pro-
cesses are reported that are able to change hole concentration in
the order of 1014cm 3, except for thermal donors. These form
significantly later compared to the GaH pair dynamics,[32] so that
the influence is negligible. Also, it was assumed that the majority
of H2 participates in the pair formation mechanism.

The method described above allows for a reliable detection of
the initial H2 and GaH concentration. In order to investigate how
these concentrations affect the formation of LeTID defects, two
5� 5 cm2 sister samples were cut from each wafer after the fir-
ing step. This ensures both samples to have experienced the
same firing profile independent of fluctuations of the belt fur-
nace in between wafers. One of these sample then is used for
[H2]init and [GaH]init determination while the other sample is
degraded at a constant excess charge carrier injection of Δn ¼

1015cm 3 until the maximum defect concentration was reached.
The change in lifetime-equivalent defect density ΔN leq

[33] was
calculated from the change in excess charge carrier lifetime τ
measured during degradation and evaluated at Δn ¼
1.5� 1015cm 3 with respect to the initial lifetime τ0

ΔN leq ¼
1
τ0

� 1
τ

(4)

From this, the maximum defect density ΔNmax was extracted
using the exponential rise-to-maximum function (as a solution to
first-order reactions with constant rate)

ΔN leqðtÞ ¼ ΔNmaxð1� expð�Rdeg � tÞÞ (5)

where Rdeg denotes for the specific rate of the degradation
process.

These two evaluations allow to correlate the initial hydrogen
species concentration ([H2]init, [GaH]init) and the maximum
defect density ΔNmax. The resulting data is presented in
Figure 1. A wide range of both defect density and initial concen-
trations is shown as the firing temperature was varied from 709
to 816 °C as indicated by the color map.

At first glance, both hydrogen species, [GaH]init and [H2]init,
appear to increase linearly with ΔN leq following a similar slope.
While it can be argued that the intersection of the [H2]init linear
trend line with the origin is smeared out due to uncertainties
during the measurements, this is not the case for [GaH]init.
Here, a linear trend line would be clearly shifted by about
3� 1014cm 3 towards higher concentrations. A linear correla-
tion in the case of [GaH]init would mean that a certain amount
of 3� 1014cm 3 of initial GaH pairs could be present in the Si
without LeTID occurring.

It is unlikely that GaH pairs act as defect precursor above a
certain threshold only but not at all for fewer pairs. Hence,
GaH pairs are presumably not involved in defect formation at
all, and more likely the observed correlation is not of causal

Figure 1. Dependence of the maximum defect concentration, quantified
by the maximum of lifetime equivalent defect density ΔNmax on the con-
centration of the initial hydrogen species H2 and GaH. The correlation with
H2 is fitted by a linear approach, whereas the curved correlation with GaH
is derived in Section 2.1.2.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2023, 7, 2300501 2300501 (2 of 7) © 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


nature but rather a side effect. In contrast, the fairly good linear
relationship between [H2]init and ΔNmax points toward the H2

dimer as the relevant source of hydrogen for LeTID. However,
the initial concentrations of GaH and H2 are not independent
from each other. Both are linked to the temperatures encoun-
tered during RTA, in particular the cool-down phase, when both
H2 and GaH form from atomic hydrogen or exchange hydrogen
with each other as they do during dark and illuminated annealing.
Insofar, it seems logical that there is some relationship between
[H2]init and [GaH]init and this might explain whyΔNmax scales with
[GaH]init, even though GaH pairs might not trigger LeTID. In
other words, it is not possible to prepare a sample with indepen-
dent concentrations of H2 and GaH, in particular it is not possible
to prepare a sample containing only GaH pairs, but no H2 dimers
at all. As soon as there are GaH pairs, there are also H2 dimers and
thus a nonvanishing defect density.

That is why there is not a linear relationship of ΔNmax and
[GaH]. There is no intersection with the y-axis, but rather a cur-
vature toward the origin. The justification of the drawn course
will be given in the next section.

2.1.2. Fraction of GaH Pairs on Total H Concentration

As the experimental data suggest, there seems to be a true linear
dependence of maximum LeTID defect concentration on initial
hydrogen dimer concentration, i.e., ΔNmax ∝ ½H2�init. If this is
the case, the dependency of defect concentration on total hydrogen
concentration [H] or pair concentration [GaH] should not be
directly proportional as discussed in the following. Total hydrogen
concentration corresponds to hydrogen bound in dimers and pairs,
i.e., ½H� ¼ 2½H2� þ ½GaH�. Then defect density scales as
ΔNmax∝ 1

2 ð½H� � ½GaH�Þ. If the pair concentration is expressed
as a fraction f of total hydrogen, so that ½GaH� ¼ f ½H�, the above
equation simplifies to either ΔNmax ∝ 1

2 ½H�ð1� f Þ or
ΔNmax ∝ 1

2 ½GaH�ðf 1 � 1Þ. If this fraction would be constant,
defect density would be proportional to both, [H] and [GaH].
However, the experiment suggests that this fraction f is not con-
stant, but depends on the hydrogen concentration itself as can
be seen in Figure 2. In consequence, defect density does not scale
linearly with pair concentration, or at least not over the whole range
of hydrogen concentrations. In the experiment, f seems to decay
more or less exponentially with ½H�, potentially saturating around
a value of 0.4. In this saturation region,ΔNmax should scale linearly
with both ½H� and ½GaH�, but with a certain offset shifting the line
to higher ½H� or ½GaH�. As discussed earlier, extrapolating this lin-
ear trend valid at high [H] to zero ΔNmax then produces an axis
intercept that could be interpreted as a critical concentration of
[H] or [GaH] below that no defect formation occurs, simply because
no [H2] exists. However, this is a misinterpretation because the
dependence of ΔNmax becomes nonlinear toward low concentra-
tions. The experimental data suggest that f increases toward low ½H�
concentrations, implying that the GaH concentration should
bend toward the origin. The exact progression cannot be concluded
from the experimental data not covering concentrations below
3� 1014cm 3 but for reasons of consistency it is clear that
f ¼ ½GaH�=½H� cannot exceed unity. It seems reasonable to assume
that f approaches, but does not become unity toward zero ½H� con-
centrations, so that the empirical trend curve in Figure 2 should start

at (0j1). Therefore, the trend curve of [GaH] vs ΔNmax in Figure 1
should start at the origin. In fact, the curved line in Figure 1 calcu-
lated with the described approach and f from Figure 2 matches the
experimental data quite well even though the bending toward origin
is not covered by the data. It is very likely that the fraction f of GaH
pairs in the total hydrogen concentration also depends on the tem-
perature profile, in particular the cooling rate, during the firing pro-
cess. Therefore, a different f may be expected for other firing
processes. The firing profiles of the samples shown here are given
in the Supporting Information for comparison.

In summary, hydrogen favors pairs over dimers, the stronger
the lower [H], but even at lowest concentrations a few dimers are
expected to form that could trigger defect formation. Overall, this
is good news for the mitigation of LeTID because it means that
the lower the hydrogen concentration gets, the less defects can be
formed from H2 because hydrogen prefers to form stable GaH
pairs instead of H2 during firing/cool down.

2.2. Influence of Degradation Conditions

2.2.1. Injection Dependence

Figure 3 shows the lifetime equivalent defect density ΔN leq and
the change in hole concentration Δp over the course of a degra-
dation treatment. During this process, injection in the sample is
fixed by varying the illumination intensity accordingly. These
measurements were conducted for a range of different injection
levels between 7.5� 1014 and 1� 1016cm 3. Furthermore, one
sample was treated without any illumination.

The degradation and regeneration of ΔN leq are fitted with the
sum of two exponential functions as shown in Equation (6), of
which one represents the degradation with the rate Rdeg, while
the other one describes the slower running regeneration process
with the rate Rreg. The prefactors Nreg=deg scale with the maxi-
mum amount of degradation and regeneration, respectively.
The constant c ¼ Nreg � Ndeg ensures that ΔN leq start at 0 as
given by its definition in Equation (4).

Figure 2. Share of the hydrogen initially bound as GaH-pairs dependent on
the total concentration of hydrogen in the sample. Different hydrogen concen-
trations are achieved by varying the peak temperature during the firing step.
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ΔN leqðtÞ ¼ Ndeg � expð�Rdeg � tÞ � Nreg � expð�Rreg � tÞ þ c

(6)

Between all those samples, clear differences in the behavior of
the defect density are visible. The strongest difference is found
when comparing the defect density of the sample degraded in the
dark with the illuminated samples. The degradation effect in the
nonilluminated sample is an order of magnitude smaller than in
the illuminated ones, so it is difficult to see in the graph. This
contrasts with studies on B-doped samples, which also show
strong degradation in the dark.[10] However, whether the effect
is actually due to the dopant or merely to differences in sample
preparation cannot be answered comprehensively due to a lack of
data in literature. If injection is increased, the degradation phe-
nomenon occurs faster. Also, this affects the regeneration phase
such that regeneration is only visible for high carrier injections
due to the limited treatment time of around 10 h. There is no
indication of surface-related degradation during treatment as
the saturation current density J0, evaluated by difference analy-
sis,[34] remains constant during treatment. The amplitude of the
defect density ΔNmax seems to lower with an increase in injec-
tion. This effect might be caused by three possible reasons: 1) a
reduced formation of defects with an increasing injection, 2) a
changing ratio of Rdeg and Rreg implying a change in observable
amplitude of degradation, or 3) differences in the total hydrogen
concentration due to fluctuations during sample processing,
which would lead to a different amount of degradation.
Hence, no reliable statement can be made about the dependence
of the maximum defect density on the injection, as variations dur-
ing processing cannot be excluded and the ratio of Rdeg and Rreg

cannot be evaluated due to the lack of data during regeneration.
However, since there is a strong dependence of the time constant
on injection, defect formation is an electron-driven process.
Numerous previous studies also came to this conclusion.[10,35–37]

The lower part in Figure 3 shows the change in GaH pair con-
centration obtained from the change in resistivity over the course
of the degradation on the same sample. In the case of the dark
anneal, the pair concentration increases continuously over the
course of the experiment. This is attributed to the formation
of GaH pairs fromH2 present in the Si after firing. Low injection
levels up to 1� 1015cm 3 exhibit an almost identical behavior in
the pair concentration. A further rise of the injection level up to
3.6� 1016cm 3 leads to a flattening of the increase in [GaH].
Still, additional pairs are formed, but the saturation value seems
to be lower. In principle, the same limitations on the evaluation
of the maximum pair concentration as in the case of the maxi-
mum defect concentration apply. However, the equilibrium
between H2 and formed pairs is known to be dependent on injec-
tion,[31] shifting away from pairs toward dimers with increasing
injection, and the data shown follow this trend.

In conclusion, no dissociation of GaH pairs can be observed
during degradation immediately after the RTA. In this respect,
GaH pairs do not contribute to the hydrogen budget from which
LeTID is supplied. However, this characteristic only applies to
the state immediately after the RTA, as investigated here. If addi-
tional pairs are formed prior to degradation by other processes,
such as dark annealing, GaH could also dissociate under the con-
ditions studied here until an equilibrium is reached. Amitigation
strategy based on forming GaH pairs prior to degradation may
therefore fail to prevent LeTID.

2.2.2. Temperature Dependence

Similar measurements to those presented before but now with
different annealing temperatures and a fixed injection of
1015cm 3 are shown in Figure 4. It is apparent that a higher

Figure 3. Change in lifetime equivalent defect density ΔNleq and pair
concentration Δ½GaH� during the course of a treatment at 120 °C and illu-
mination with different, but in each case constant, charge carrier injection.

Figure 4. Change in lifetime equivalent defect density ΔNleq and pair con-
centration Δ½GaH� during degradation at different temperatures.
Illumination of the samples is adapted to allow a constant carrier injection
of 1015cm 3.
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temperature causes a faster degradation and regeneration
of the sample. In contrast to the variation in carrier injection,
the variation of temperature changes the timescale on which
the formation of GaH pairs takes place.

From the data shown earlier, it is visible that there is no dis-
sociation of GaH pairs under typical conditions as used for the
degradations examined in Section 2.1. As a consequence of this,
no additional H2 is released during degradation. However, dis-
sociation of GaH pairs may still occur at higher temperatures or
injection.

Determination of the Activation Energy: To determine the acti-
vation energy of the defect, the time constants of the degradation
Rdeg resulting from the fits of Equation (6) are plotted in Figure 5
against the inverse of the degradation temperature T.

The correlation between temperature and degradation rate is
well described by Arrhenius’ law

RdegðTÞ ¼ R0 ⋅ exp � EA

kBT

� �
(7)

where kB is the Boltzmann’s constant, R0 is the temperature-
independent prefactor, and EA is the effective activation energy
of the defect. A fit according to this equation is also shown in
Figure 5.

From this, EA is determined to be 0.76(17) eV. This value fits
well with other activation energies determined in the literature.
Jafari et al. found this value to be 0.74(10) eV, while Winter et al.
determined 0.58(4) eV.[38] Lin et al. noticed a two-step degrada-
tion process with the respective activation energies 0.96(4) and
0.90(5) eV.[39] In the data presented here, there are no indications
for such a two-step process. This may be a consequence of con-
stant carrier injection during degradation rather than constant
illumination used in the cited study above. It could also be that
two-step degradation can only be observed at lower temperatures
and/or injections. Furthermore, the effective activation energy is
also dependent on the firing temperature[20] and might depend
on the injection during degradation.

3. Conclusion

The relationship between the initial hydrogen dimer concentra-
tion [H2] and the defect density in Ga-doped Si appears to be lin-
ear over the range of concentrations studied. This result is in
good agreement with a previous investigation in B-doped multi-
crystalline Si.[15]

This suggests that the LeTID defect in both materials is com-
posed of hydrogen and that the available amount of H2 deter-
mines the defect concentration. In addition, this finding is
consistent with hypotheses about the microscopic structure of
the defect that require H2 as a precursor for LeTID.

[40–43] In con-
trast, degradation is not affected by the initially present GaH
pairs. Right after RTA, hydrogen tends to favor GaH pairs over
H2 dimers the lower the overall hydrogen concentration. This is
conducive to the mitigation of LeTID by hydrogen reductions,
since disproportionately more initial GaH pairs with decreasing
H concentration means disproportionately less initial H2 dimers
and thus less LeTID defects that can arise from them. Or in other
words, it gets easier to mitigate LeTID the lower the hydrogen
concentration gets. Furthermore, it has been shown that in our
case GaH pairs do not dissociate under typical degradation con-
ditions, but on the contrary resemble hydrogen sinks, at least
when the initial GaH pair concentration is lower than its equilib-
rium value. The duration of LeTID formation strongly depends on
temperature and excess charge carrier injection. The effective acti-
vation energy for the formation of the defect is 0.76(17) eV. A
strong dependence of the maximum extent of degradation on
injection or temperature cannot be observed in the data shown.

4. Experimental Section

Preprocessing: For all experiments, Ga-doped Cz-Si wafers with a resis-
tivity of 1.0Ω cm were used. After saw damage etching (KOH at 80 °C for
8 min) and wet chemical cleaning (H2O:O3 and subsequent HF dip), a
SiNx:H passivation layer was deposited to both sides using plasma-
enhanced chemical vapor deposition (PECVD). The SiNx:H layers featured
a thickness of 75 nm and a refractive index of 2.0 as this is a common
antireflective coating.

Firing: All wafers were fired using an industrial belt furnace
(centrotherm c.fire9000). The temperature profile during this process
was measured multiple times before and after the actual firing step on a
dummy wafer that experienced identical preprocessing steps. Tem-
perature measurements were performed with a data logger and a k-type
thermocouple which was pressed onto the center of the wafer. For the first
part of the experiments, wafers were fired in small batches at different tem-
peratures in the range between 700 and 820 °C in order to vary the amount
of hydrogen introduced into the sample. For the experiments on injection
and temperature dependence of the degradation, all wafers were fired as
one group at the same temperature of 795 °C. In all cases, about 15 dummy
wafers with the same optical properties were sent ahead of the actual pro-
cess wafers at intervals of 5 s to stabilize the belt furnace. From every wafer,
two 5� 5 cm2 sized samples were cut from the front half with an IR laser.

Iso-Injective Degradation: During iso-injective degradation, the samples
were illuminated using a laser at 805 nm wavelength with adjustable power
that was widened to cover the full area of the sample using a beam homog-
enizer. During the degradation, excess charge carrier lifetime τ was mea-
sured using a temperature-controlled PCD setup (WCT-120TS, Sinton
Instruments) set to the degradation temperature. The photon flux of
the laser was adjusted such that the charge carrier generation rateG fulfills
the condition of a constant excess charge carrier concentration Δn in the
sample

Figure 5. Degradation rate from exponential fit plotted over the inverse of
the temperature during degradation. The red line is a fit according to
Arrhenius’ law fromwhich the activation energy of the defect is determined
as EA ¼ 0:76ð17Þ eV.
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G ¼ Δn
τ

(8)

Further details of this procedure are published elsewhere.[20]

Hole Concentration Measurement: Since the hydrogen concentration
was derived from the change in hole concentration, direct resistivity meas-
urements were performed on the samples. Therefore, two pairs of stripe-
like Al-pads were evaporated on opposing sides of the samples using an
electron-beam vapor deposition. Electrical contact to the substrate
through the passivation layer was achieved by laser-fired contacts
(LFC).[44] Resistivity measurements were performed on a temperature-
stabilized 4-terminal setup,[22] and the hole concentration was calculated
with hole mobility data obtained from PVlighthouse.[45] For the detection
of initial hydrogen in Section 2.1, the formation of GaH pairs was triggered
by a dark anneal at 180 °C for 4 h on a hotplate (praezitherm). To dissociate
these pairs again, samples were annealed at 300 °C for 11 h at the photon
flux equivalent to 2 suns with halogen lamps.[30] For Section 2.2, the hole
concentration pi was monitored frequently during the degradation. From
the change in hole concentration during treatment of the sample, the
change in pair concentration Δ½GaH� ¼ pinit pi with respect to the initial
value was calculated.
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