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Abstract — Temperature- and injection-dependent lifetime
spectroscopy (TIDLS) is employed to study the defect responsible
for light- and elevated temperature-induced degradation (LeTID).
In our previous analyses, titanium (Ti), molybdenum (Mo), and
tungsten (W) were identified as potential candidates for LeTID.
The addition of temperature dependence further constrains the
defect parameters. Assuming constant defect parameters with
temperature, we identify two possible sets of defect parameters: k&
=239 5.5 at E-Ei=-0.21 £ 0.06 eV and k =23.5 + 5.6 at E--Ei =
-0.10 = 0.07 eV. We consider our results in the context of published
defect parameters identified by TIDLS in other LeTID samples,
and we evaluate our results against reported defect parameter
temperature dependencies for Ti and Mo. We conclude that Mo is
most consistent with our measurements. Approaches beyond
lifetime spectroscopy, including intentional contamination and
chemical composition measurements, are required to determine
the root cause of LeTID.

Index Terms — bulk lifetime, carrier-induced degradation,
lifetime spectroscopy, light- and elevated temperature-induced
degradation (LeTID), light-induced degradation, materials
reliability, multicrystalline silicon (mc-Si).

I. PERC LETID: IDENTIFYING ROOT CAUSE

Light- and elevated temperature-induced degradation
(LeTID) can cause approximately 10% relative efficiency
degradation in multicrystalline silicon (mc-Si) PERC solar cells
within the first months of operation [1]. While mitigation
strategies for LeTID (e.g. accelerated degradation and
regeneration [2]—-[4]) have been suggested and proven, the root
cause of LeTID is still unknown. Uncertainty about the root
cause of LeTID necessitates process- and/or material-specific
optimization of the proposed engineering solutions, which can
be costly and time-consuming. Pinpointing the root cause of
LeTID is critical to developing targeted solutions that maximize
device efficiency.

The LeTID defect has been hypothesized to be a
ubiquitously-distributed bulk defect [5]-[7]. Lifetime
spectroscopy analysis of room-temperature injection-
dependent lifetime curves for samples in the degraded state
suggests three potential candidates known to be present during
the silicon feedstock refining and growth processes: titanium
(T1), molybdenum (Mo), and tungsten (W). The identification
of these candidates is dependent on comparison of calculated
defect parameters with those reported by deep-level transient
spectroscopy (DLTS) or otherwise in the literature. A further
investigation of the defect parameters is warranted due to
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experimental evidence of getterability of the LeTID defect [8],
which is not necessarily compatible with such slow diffusers as
W [9].

In this contribution, we extend our previous lifetime
spectroscopy  analyses to consider quantitatively the
temperature- and injection-dependent lifetime of the LeTID
defect. We identify one possible set of defect parameters in
each bandgap half: k£ =23.9 £ 5.5 at E-F; = -0.21 = 0.06 eV
(more likely) and £ =23.5 £ 5.6 at E-E;i = 0.10 = 0.07 eV (less
likely). However, we note that the defect parameters are
probably temperature-dependent, which impedes identification
of the energy levels. Based on comparisons to reported
temperature dependencies of the defect parameters for Mo and
Ti (W has not yet been studied), we find that Mo is consistent
with our measurements. We propose further experiments,
beyond lifetime spectroscopy, to discern whether Mo is
responsible for LeTID and whether there are any additional
candidate defects.

II. TIDLS MEASUREMENT AND ANALYSIS METHODS

The samples used in this study are taken from the same
wafers as those described in Refs. [5]-[7]. Two adjacent p-type
mc-Si wafers, grown by directional solidification with
resistivity 1.6 Q-cm and thickness 175 pm, were selected.
These wafers were prepared as PERC semifabricates, with front
side silicon nitride (SiNy) passivated emitter and rear side
oxide/SiNy stack. Both wafers were fired at 950°C (actual
sample temperature ~850°C). To isolate the defect responsible
for LeTID, one wafer was stored in the dark (undegraded) and
one wafer was subjected to degradation conditions (65-75°C
and 0.9-1.1 suns) for 168 hours (degraded).

Temperature- and injection-dependent lifetime spectroscopy
(TIDLS) measurements were completed at the University of
New South Wales with a lifetime tester equipped with a
temperature-controlled cryostat, photoconductance coil, and a
standard Xenon flash lamp for illumination [10], [11].
Measurements were acquired at sample setpoint temperatures
25°C, 50°C, 100°C, 150°C, and 200°C. Since the LeTID defect
is known to be metastable at 200°C, room-temperature QSSPC
measurements were completed after each elevated temperature
measurement with a Sinton Instruments WCT-120.

Lifetime spectroscopy analysis is carried out as described in
Refs. [6], [12], [13]. We assume that the LeTID defect is
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responsible for the lifetime difference between the undegraded
and degraded wafers and that recombination at the defect can
be described by Shockley-Read-Hall (SRH) statistics. For each
temperature, the injection-dependent SRH lifetime is
determined according to the inverse harmonic difference
between the two lifetimes:

-1
1 1
TsrRH = -
Tdeg Tundeg

An important assumption underlying this approach is that
background recombination mechanisms, including surface,
radiative, Auger, and other SRH defects, are identical at each
temperature between the two samples. The SRH lifetime is then
linearized [13], and a two-defect fit that minimizes the y? error
between the measured and fit SRH lifetimes is used to identify
possible defect parameters. The electron-to-hole capture cross-
section ratio (k = ov/0p) and electron capture time-constant (zyo),
which is a function of electron capture cross-section (o,), defect
concentration (), and thermal velocity (vi), are calculated as
functions of possible defect levels within the bandgap. The
defect level is referenced to the intrinsic level, as in Ref. [11].

III. LIFETIME MEASUREMENTS
A. TIDLS measurements

Injection-dependent lifetime measurements at each elevated
temperature are shown in Figs. 1(a) and (c¢) for both samples.
As previously reported in Ref. [6], the injection dependence
(i.e. the shape of the curve) of the LeTID defect, represented by
the degraded sample [Fig. 1(a)], does not change significantly
as the sample temperature increases. The lifetime changes
significantly in magnitude at 200°C. A corresponding change
in lifetime can be observed in the undegraded sample [Fig.
1(c)].

B. Measurements after TIDLS

To assess the stability of the LeTID defect, room-temperature
QSSPC measurements were completed after each elevated
temperature measurement [Figs. 1(b) and (d)]. The room-
temperature lifetimes increase and decrease after the 200°C
measurement for the degraded and undegraded samples,
respectively. The lifetime change for the undegraded sample
begins as low as 150°C. Similar results have been observed
after dark annealing of undegraded samples at temperatures up
to 250°C [14].

One possible explanation for the change in room temperature
lifetime [Figs. 1(b) and (d)] is that the undegraded sample
experiences an accelerated degradation while at high
temperature and under illumination from the flash lamp.
Similarly, the degraded sample may experience an accelerated
regeneration. However, since a dark anneal performed in the
degraded state is known to reverse the LeTID defect to its initial
condition [5], [15], [16], the lifetime measured after 200°C for
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Fig. 1: (a) and (c): Injection-dependent lifetime measurements at
setpoint temperatures 25°C, 50°C, 100°C, 150°C, and 200°C for the
degraded and undegraded samples, respectively. (b) and (d): Room-
temperature injection-dependent lifetime measurements performed
after each elevated temperature measurement to demonstrate the
stability of the LeTID defect.

the degraded sample may correspond instead to an intermediate
state. Vargas, Zhu et al. avoided the issue of metastable defect
configurations by measuring below room temperature up to
75°C [11].

In either case, similar injection dependence can still be
observed in the degraded sample after the 200°C measurement.
Lifetime spectroscopy analysis of the measurements after each
TIDLS temperature indicates that a defect with nearly identical
E-E; vs. k dominates the room temperature degraded lifetimes.
The k-values at midgap for the dominant defect are 27.9, 29.7,
30.7, and 30.1 for the degraded measurements after 50°C,
100°C, 150°C, and 200°C, respectively. If the defect is still
present in the sample after each elevated temperature
measurement (same E-Ej, k), the possible change in state after
this measurement would influence calculation of 17y
(1/0,N.vyy, ) rather than k. A changing LeTID defect
concentration would then account for the lifetime difference
between samples as temperature is increased, similar to the
trend observed during degradation and regeneration in Ref. [7].
The change in lifetime of the undegraded sample [Fig. 1(d)] is
too small for reliable analysis; however, these curves are also
expected to be dominated by a similar defect (but lower
concentration) if degradation starts during the measurement, as
in Ref. [7]. Therefore, we do not exclude the 200°C
measurement from further discussion.

IV. CALCULATED DEFECT PARAMETERS

The results of the defect fitting procedure for the SRH
lifetime are shown in Fig. 2. Defects with comparable k-values
are plotted in red (see Refs. [9], [17]-[19]). If the k-value is not
temperature-dependent, the true defect parameters can be
determined from the intersection of the Ei-E; vs. k curves [12].
At every temperature, there is one defect that dominates the
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Fig. 2: Calculated LeTID defect parameters at each measured
temperature, with no clear intersection point for all curves. (top): k-
value (electron-to-hole capture cross-section ratio) as a function of
energy level. Intersection points between curves are marked with gray
circles. Reported defect parameters are plotted in red for comparison.
(bottom): Tno (electron capture time constant) as a function of energy
level.

lifetime signature throughout the measured injection range and
would therefore be dominant under solar cell operating
conditions. This defect is most likely to be the LeTID defect;
therefore, we focus the discussion on the dominant defect.
Defect 2 (not shown) is a shallow defect with no clear
intersection points between Ei-E; vs. k curves measured at
different temperatures.

All possible curve intersections are plotted as gray circles on
Fig. 2(top). There are several quantitative ways to evaluate
possible intersections and thus defect parameters from TIDLS
measurements [12], [20]. For example, the mostly likely
intersection points may correspond to the minimum standard
deviation of the k-values at each energy level. Using this
approach, two local minima can be identified: k= 22.8 3.2 at
-0.19 eV (lower bandgap half) and £ = 21.9 + 4.4 at 0.07 eV
(upper bandgap half). The error in the k-value is assigned based
on the range of k-values at the local minimum. If the 200°C
measurement is excluded, the two local minima are £ =24.2 +
2.7 at-0.21 eV and k=23.7+3.1 at 0.10 eV. In both cases, the
intersection in the lower bandgap half has a lower standard
deviation, which may indicate that the true defect level resides
in the lower bandgap half.

However, as shown in Fig. 2, there is not a single distinct
intersection for all curves. Considering all possible
intersections points, the average intersection points are at k =
23.9+5.5at-0.21 £0.06 eV and k=23.5+5.6 at 0.10 + 0.07
eV. Here, the error in both k-value and energy level are defined
by the ranges for all intersection points in each bandgap half.

We note that the energy levels and k-values reported herein
are inconsistent with those identified by Vargas, Zhu, et al. (k
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=56+23at-032+0.05eVand k=49 £21 at0.21 £ 0.05 eV)
[11]. This inconsistency is likely due to uncertainties in the
measuring and fitting procedures. For example, there may be
changes in background recombination mechanisms (e.g.
surface recombination) and/or differences in material quality
(e.g. dislocation density and related recombination), both of
which are not explicitly accounted for in the analysis presented
herein. It is also possible that the defect, although similar in
nature, is not exactly the same between the two sample sets, or
that the net recombination of the defect, although similar at
room temperature, varies at elevated temperatures due to the
changing defect concentration (see Section III). The similarities
and differences between the two sample sets will be discussed
further in the next section.

Fig. 2(bottom) shows the electron capture time-constant as a
function of energy level. As discussed in the previous section,
the electron capture time-constant increases significantly at
200°C. This is likely related to a decrease in LeTID defect
concentration, ra Ei-E; vs. k ther than a change in the dominant
defect itself.

V. COMPARISON TO LITERATURE VALUES: TITANIUM &
MOLBYDENUM

Since the defect does not demonstrate a clear intersection
point for all curves, there are three possibilities: (1) uncertainty
in the measuring and fitting procedures masks the intersection
point, (2) the defect itself changes during the measurement, or
(3) one or both of the capture cross-sections may be
temperature-dependent. The first possibility was quantified and
discussed in the previous section.

The second possibility is not a likely explanation for the lack
of a clear intersection. In previous work, we reported that
changes in recombination during most of degradation and
regeneration are due to a change in concentration of a single
defect [7]. Although we observe a change in the room-
temperature lifetime after the TIDLS measurements, it is likely
that the underlying defect is still the same, with the same -
value but different concentration. We therefore assess the
second possibility here.

To assess the third possibility, we compare the temperature
dependencies of the k-values reported in literature for two
possible LeTID defect candidates, Ti and Mo [5], [6], to our
calculated values at the defect-relevant energy level (reference
defect parameters: Ti [17] and Mo [21]). It should be noted that
the reference Ti k-value was only measured at high
temperatures (140-270°C) [17], while the reference Mo k-value
was measured over a wider range (-110-150°C) [21]. For the
purposes of comparison with experimental data, the reference
trend for Ti is extrapolated to temperatures down to -25°C. The
other proposed defect candidate, W, is excluded from this
analysis because an equivalent study has not yet been
conducted. We include the measurements reported in Ref. [11],
processed with the same algorithms used herein, in this
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comparison to further assess any inconsistency between our
results.

Figs. 3 and 4 show the results for the k-value as a function of
temperature for Ti and Mo, respectively. When evaluated at the
defect-relevant energy level, the k-values reported by the two
studies (this abstract and Vargas, Zhu et al. [11]) are consistent.
The measured trend is inconsistent with that predicted for Ti
(Fig. 3), as the measured k-value remains constant and increases
as temperature drops from 75°C to below room temperature.
While the measured k-values are not an exact match for Mo
(Fig. 4), the measured trend with temperature is consistent with
reported values.

An additional metric for evaluating these candidates is the
temperature dependence of the electron capture cross-section
(on), which can be derived from 0. Representative defect
concentrations can be calculated at room temperature, using the
thermal velocity [12] and the literature values for o,. For the
data reported herein, these concentrations are 6.4 and 1.2x10'2
cm for Ti and Mo, respectively. For the data reported in Ref.
[11], the same concentrations are 2.6x10'2 and 4.8x10'' cm.
Assuming a constant defect concentration up to 150°C, o, is
calculated as a function of temperature for both defects [Figs. 3
and 4 (bottom)]. Values above 150°C are not included due to
the possible change in defect concentration. Reported
temperature dependencies for each capture cross-section are
also plotted (Ti [17] and Mo [21]).

Both experimental data sets shown in the bottom plots of
Figs. 3 and 4 match the reference values at room temperature
due to the method of calculation. The experimental results are
most consistent with the reported trend and values (away from
room temperature) for Mo. Unlike the k-value, the reference
temperature-dependence of the capture cross-section for Ti is
derived from a model, valid in a wider temperature range [17].
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Fig. 3: (top) k-value calculated from the results shown in Fig. 2 as a
function of temperature at the Ti energy level. Experimental data from
this abstract is compared to published data from similar samples [11]
and reported literature values [17]. (bottom) Electron capture cross-
section calculated from Fig. 2 as a function of temperature at the Ti
energy level, assuming a constant defect concentration that is
calculated at room-temperature.
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The reference trend at lower temperatures is therefore expected
to be more accurate for o, than for the k-value. For these
reasons, we conclude that Mo is a more likely candidate for the
LeTID defect than Ti.

If Mo is responsible for LeTID, it is unlikely that the
gettering response observed by Zuschlag et al. is due to
gettering of the LeTID defect [8]. The pronounced difference
in degradation and regeneration between as-grown and gettered
samples could instead be due to process differences (e.g. firing
with an emitter for the gettered samples), perhaps modifying
the LeTID defect and/or surface passivation quality. Rohatgi et
al. observed no difference in the detrimental effect of Mo on
solar cell performance after annealing at 1100°C [22].
Additionally, compared to iron, which is known to be
getterable, Mo has a very low diffusivity [9], [23]. Therefore,
we do not expect changes in the Mo distribution or total
concentration to explain the observed gettering response.

It is possible that the true LeTID defect has similar
parameters and temperature dependencies to Mo and has not yet
been studied by DLTS or lifetime spectroscopy. While this
study fully utilizes the potential of TIDLS, to progress further
in identifying the root cause of the LeTID, a new approach is
required. Targeted experiments, either through intentional
contamination or through chemical composition measurements
of LeTID-affected samples, should be conducted to assess
current candidates and identify additional candidates.

VI. SUMMARY

In this contribution, we present quantitative analysis of the
temperature- and injection-dependent lifetime of p-type me-Si
affected by LeTID. By using adjacent degraded and undegraded
wafers from the same ingot, we isolate the SRH lifetime
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Fig. 4: (top) k-value calculated from the results shown in Fig. 2 as a
function of temperature at the Mo energy level. Experimental data
from this abstract is compared to published data from similar samples
[11] and reported literature values [21]. (bottom) Electron capture
cross-section calculated from Fig. 2 as a function of temperature at the
Mo energy level, assuming a constant defect concentration that is
calculated at room-temperature.

3293



associated with the LeTID defect and analyze this lifetime for
possible defect parameters. We find that one defect is dominant
throughout the measured injection range at each temperature,
and this defect has parameters consistent with those previously
reported for the LeTID defect at room temperature.
Quantitative analysis suggests that one or both of the capture
cross-sections are temperature-dependent, and that the
observed temperature dependencies are more consistent with
reported values for Mo than for Ti, two defects previously
identified as LeTID defect candidates. We suggest that the
defect responsible for LeTID has not yet been studied by DLTS
or other electrical characterization techniques, and we propose
further investigation via intentional contamination and/or
chemical composition measurements to assess candidates.
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