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Accelerating regeneration of LeTID-affected silicon solar cells under field-related
conditions

Light- and elevated temperature-induced degradation (LeTID) in silicon (Si) solar cells has become
a significant concern in the photovoltaic (PV) industry [1]. Initially observed in multi-crystalline Si (mc-
Si) passivated emitter and rear contact (PERC) cells in 2012, LeTID has garnered attention due to
its detrimental impact on cell performance, typically causing relative performance losses of up to
10% [1]. The degradation and regeneration processes of LeTID in untreated cells can take years
under typical field conditions [1], leading to significant energy loss in PV plants [1]. Numerous
methods have been explored in the literature to mitigate LeTID or accelerate its regeneration process
[2-8]. These methods encompass material-level solutions (such as optimised ingot selections [2, 3]
and the use of thin wafers [4]), adjustments to fabrication process conditions [5, 6], and post-
manufacturing treatments for completed cells, which primarily involve carrier injection at elevated
temperatures [7] or purely thermal approaches [8]. Notably, existing regeneration techniques for
completed cells typically rely on high temperatures and illumination intensities (often exceeding
several suns, commonly achieved using lasers), rendering them impractical for field applications.
Furthermore, the long-term efficacy of factory-based treatments remains uncertain. Therefore, an
approach to accelerate the regeneration process and rapidly restore cell performance under field-
related conditions is highly desirable.

In this paper, we introduce a novel method leveraging recent advancements in inverter technology.
This approach involves injecting electrical current in a manner specifically tailored to solar modules
operating under field-related conditions, taking into account the presence of bypass diodes within
the modules and current limitations imposed by string fuses. The proposed method is shown to
significantly accelerate the regeneration process in solar cells affected by performance degradation
due to LeTID.

Commercial Cz boron-doped, 6-inch, p-type PERC cells from an industrial partner were used in
this study. All cells were degraded at 63 °C under one-sun illumination to simulate typical daytime
field conditions. Regeneration conditions (see Table 1) included injection currents in the range of 5—
40 A to assess their effect on regeneration time. Currents below 20 A were selected for practical
relevance, as utility-scale PV strings typically use fuses rated < 20 A. Additional conditions included
25 °C in the dark (nighttime simulation) and 100 °C under 1.5 suns (accelerated indoor LeTID
treatments [9, 10]). The “25 °C” and “63 °C” labels refer to hot plate settings; actual cell temperatures
increased during current injection (see Table 1). Before degradation, cells were light-soaked for 48 h
under one-sun illumination at 25 °C using a light soaker (GSola GCD-4) to activate boron—oxygen
defects (if present), but no change in the open-circuit voltage (Vo) was observed, indicating prior
activation.

Table 1: Summary of the regeneration conditions.

lllumination  Setting temperature (°C) Injected current (A) Measured temperature during
(suns) current injection (°C)
0 (dark) 25 (no heating) 5,10, 13.5, 20, 30, and 40 29-56
1 63 5,10, 13.5, 20, 30, and 40 70-90
1 63 None 66
1.5 100 None 101

A proof-of-concept tool was developed to track the cell's Vi in situ during current injection. The
current was supplied by a direct current (DC) power supply (Elektro Automatik; EA-PS 5040), and a
source measurement unit (SMU, Keithley 2600) was used for real-time tracking of Voc. lllumination
equivalent to one sun was provided by light-emitting diodes (LEDs), calibrated so the measured
short-circuit current (Jsc) matched its value when measured under standard testing conditions.
Temperature was controlled via a hot plate and monitored with a thermocouple data logger (PicoLog
TC-08). The temperature coefficient (TC) of Vi obtained prior to the degradation process was used
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to correct all the Vi, values measured at varying temperatures to their equivalent at 25 °C. The TCyoc
of the studied PERC cells was measured to be —1.88 mV/°C.

The method involves DC injection into fielded modules, which in practice could be performed by
bi-directional inverters converting alternating current (AC) from the grid or supplying DC from
batteries. These inverters, with nominal power up to 4,700 kVA, are suitable for utility-scale PV plants
[11, 12]. To assess the impact of internal bypass diodes and external string fuses, LTSpice
simulations [13] were conducted. Each simulated module comprised 144 half-cells (72 in series,
paralleled with another 72) and three bypass diodes, matching field configurations. A string of 28
series-connected modules with a protective fuse was modelled, with DC injected from a current
source representing the inverter. The module parameters were selected to closely match the
performance characteristics of commercially available 390—-410 W modules [38-40].

The corrected Vi values under selected representative conditions are presented in Fig. 1(a). All
the cells were degraded under identical conditions, and their degradation times, defined as the point
at which V. reaches its minimum, are 3.6 = 0.5 h. For an injection current of 40 A under one-sun
illumination at 63 °C, V. increases rapidly before saturating, indicating a substantially accelerated
regeneration process. When the injection current reduces to 13.5 A under the same conditions, Vo
still rises notably, although at a slower rate compared to the 40 A injection current. With further
extension of the current injection time, Vi tends to approach saturation. Under dark conditions at
25 °C (no heating), the regeneration rate is slower than that observed at 63 °C under one-sun
illumination for the same injection current. Without current injection, the rate of V. improvement at
63°C under one-sun illumination is lower than under any condition involving current injection. For the
regeneration process performed at 100 °C under 1.5 suns without current injection, the rate of Vo
increase is lower than that observed with a 40 A current injection but faster than that obaserved with
a 13.5 A current injection. To quantify the differences in regeneration rates across various conditions,
Ve as a function of time was fitted [see the dashed lines in Fig. 1(a)] using an exponential growth
function with the form of y = yy + A-exp((x—xo)/t), where ys is the offset value of y, A is the amplitude
of the exponential term, xo represents the horizontal shift of the function, and t is the time constant.
The fitting quality of all the curves is high (R-square [14] values > 0.96).

The extracted regeneration times as a function of the injected current are shown in Fig. 1(b); which
includes additional conditions not presented in Fig. 1(a). As expected, regeneration times are shorter
under one-sun illumination compared to those in the dark. This difference diminishes significantly
with higher currents. Since the actual cell temperature rises with higher injected currents (see
Table 1), this diminishing difference is likely driven by thermal effects. It was proposed that LeTID
regeneration is attributed to hydrogen in-diffusion toward the wafer surfaces, where it can passivate
defects and enable recovery [4]. Given the strong temperature dependence of hydrogen diffusion,
elevated temperatures enhance this process, leading to accelerated regeneration. This temperature-
driven improvement is consistent with both our observations and previous reports in the literature
[10, 15]. For the regeneration process conducted at 100 °C under 1.5 suns without current injection
for indoor LeTID treatments, the regeneration time (~51 h) is longer than that observed with injection
currents above 20 A but faster than that seen with injection currents below this threshold.
Exponential decay functions [y = yo + A-exp(—x/t)] were employed to fit the data [see the dashed lines
in Fig. 1(b)]. The fitting quality of all the curves is high (R-square values > 0.95). These fitted curves
are highly valuable for estimating regeneration rates at injection currents that have not yet been
investigated. These results underscore the effectiveness of the proposed method in significantly
accelerating the regeneration process of LeTID-affected cells under field-related conditions,
offering a practical and efficient solution for improving PV system performance.

In the proposed method, DC is injected into the treated cell via a power supply. In utility-scale PV
plants, this function could be performed by bi-directional inverters operating as central or string
inverters [11, 12]. The simulated current-voltage (I-V) characteristics of a string with a 13.5 A
injection current at 63 °C under one-sun illumination and at 25 °C in the dark using LTSpice are
depicted in Fig. 1(c). In this model, the current source simulates the operation of a bi-directional
inverter. Under forward bias, the operating points shift to higher voltages—1,486 V under one-sun
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illumination and 1,377 V in the dark—representing a 9.9% to 12.1% increase compared to the string's
Voe. Under reverse bias, as expected, the bypass diodes within the PV module conduct in response
to the reverse current. This leads to a 97.5% reduction in string voltage compared to the V.. These
results indicate that the proposed method should be carried out only in forward bias mode for PV
modules in utility-scale plants. Additionally, it is crucial to ensure that the operating voltage during
current injection, which is determined by the injection current intensity and the cell’s Voc, must remain
within inverter operating limits and comply with national and local voltage regulations (typically
capped at 1,500 V).
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Figure 1: (a) Corrected Vo (to their equivalent at 25 °C) of representative PERC cells during the degradation
and regeneration processes under different conditions, with exponential growth fits (dashed lines, R? > 0.96).
(b) Regeneration times under different conditions, with exponential decay fits (dashed lines, R*>> 0.95). (c)
LTSpice-simulated I-V characteristic of a string with a 13.5 A injection current at 63 °C under one-sun
illumination and at 25 °C in the dark.

Around noon—when solar generation peaks—electricity prices often drop significantly or even
become negative [16], causing profit losses for utility-scale PV plants. Using these periods for
regenerating LeTID-affected modules offers a practical and economical solution. The proposed
method can accelerate regeneration even in short time windows, offering a valuable strategy to
recover module performance, thereby improving the output of utility-scale PV plants. To implement
this, regeneration should occur during low/negative price periods and favourable field conditions.
Electricity price data (Feb 2022—Feb 2023) from the Australian Energy Market Operator [17] were
analysed along with real-world temperature and irradiance data from a utility-scale PV plant in New
South Wales [see Fig. 2(a)]. Suitable conditions were defined as: Electricity price <0 AU$/MWh,
module temperature =55 °C, and irradiance = 0.8 suns. These conditions co-occurred for
~144 h/year (~12 h/month).

Two scenarios under 63 °C and one-sun illumination were compared: (a) without current injection,
and (b) with 13.5 A injection for 12 h/month. Regeneration rates for both cases were derived from
the data presented in Fig. 1(b). Cells with current injection recovered to initial performance in ~8
months [see Fig. 2(b)], showing strong potential for restoring LeTID-affected modules. Energy output
analysis showed a 0.65% reduction in energy loss with current injection, equivalent to
~1,300 MWh/year for a 100 MWp plant in NSW (annual generation ~200,000 MWh [17]). With LCOE
at AU$44—-65/MWh [18], this equals AU$57,200-84,500 per year (~AU$572—-845 per MWp per
year), excluding potential compensation from negative pricing. Even without negative prices,
financial gains are possible by adjusting treatment times to meet plant profitability thresholds. The
method’s flexibility allows selective application during favourable periods.

This study presents a novel current injection technique leveraging the advantage of bi-directional
inverters to significantly accelerate the regeneration process of LeTID-affected solar cells under
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field-related conditions. The findings demonstrate that current injection markedly enhances the
regeneration rate, both under illumination and in the dark. Additionally, simulations confirm the
practicality and effectiveness of the proposed method. Guidelines for its implementation in utility-
scale PV systems were developed based on experimental and simulated results. A techno-economic
analysis was conducted, revealing a significant increase in the potential financial benefits for utility-
scale PV plants using the proposed approach. This technique's ability to rapidly restore performance
is especially valuable during curtailment periods, enabling the recovery of LeTID-affected modules
and enhancing the overall output of utility-scale PV plants. Importantly, this technique is broadly
applicable to any Si-based solar cell technology susceptible to LeTID, including advanced
architectures such as tunnel oxide passivated contact (TOPCon) and silicon heterojunction (SHJ).
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Figure 2: (a) Electricity price data (Feb 2022—-Feb 2023) from the Australian Energy Market Operator (grey line)
[19], along with real-world module temperature (blue line) and irradiance (green line) data from a utility-scale
PV plant in New South Wales, Australia. Red dashed lines mark suitable ranges for current injection. (b)
Estimated generated power of p-type PERC cells at 63 °C under one-sun illumination during a year without
current injection and with a 13.5 A injection current for 12 h/month. For comparison, the generated power of an
undegraded PERC cell is also shown here (green line).
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