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ABSTRACT

Due to significantly lower costs than compound semiconductor counterparts, there is increasing interest in using silicon solar cells for cost-sensitive space missions,
particularly in low Earth orbit (LEO). A major concern is, however, that the minority carrier lifetime (lifetime) of silicon solar cells degrades severely under high-
energy electron irradiation. Fortunately, thermal and hydrogenation processes can potentially recover all the irradiation losses. This work studies these defects and
their recovery using contactless lifetime measurement and deep-level transient spectroscopy (DLTS). Both fired and unfired Ga-doped passivated emitter and rear
contact (PERC) solar cell precursors are used in this work. The precursors were irradiated with 1 MeV electrons and annealed at 300 °C and 380 °C, respectively. All
the samples exhibited lifetime recovery, with fired samples recovering faster and achieving higher saturated lifetime. After ~360s of annealing at 380 °C, the
irradiated fired samples recovered to their pre-irradiation lifetime, whereas the irradiated non-fired samples required 71.5 times longer (25,740 s). Remarkably,
longer annealing caused reductions in lifetime, likely due to surface-related degradation. The DLTS measurements revealed a clear reduction of recombination-active
defects after annealing, including V-V*' and G;-Cs in irradiated fired samples and V-V in irradiated unfired samples. This study demonstrates that the firing process is
critical for optimizing the recovery of irradiation damage in silicon solar cells. Hydrogenation of the silicon bulk results in quicker recovery and superior End-of-life
performance compared to thermal recovery without hydrogen. Therefore, Ga PERC with bulk hydrogenation can recover radiation-induced damage, rendering it

suitable for LEO missions.

1. Introduction

From the beginning of the space race until the 1990s, silicon solar
cells were the dominant power source for space applications [1]. How-
ever, silicon electronic quality significantly degrades during space mis-
sions due to its weak irradiation tolerance. Performance loss occurs
when high-energy space particles collide with silicon atoms in the lat-
tice, creating recombination-active Shockley-Read-Hall traps [2]. These
traps suppress the effective minority carrier lifetime (referred to
henceforth as lifetime), resulting in a low End-of-Life (EoL) performance
of irradiated silicon solar cell devices. In contrast, solar cells made from
III-V semiconductors, like gallium arsenide (GaAs), have taken over the
current space market, benefiting from superior irradiation tolerance, a
higher Beginning-of-Life (BoL) efficiency, and lower weight. After
exposure to 10'%/cm3of 1 MeV electron irradiation, III-V solar cells can
retain ~80-90 % of their performance [3-5]. III-V solar cells like
GaAs;.xSby show high irradiation tolerance with almost no Vo degra-
dation and over 80 % Jgc retention after 10'%/cm?® of 1 MeV electron
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irradiation [4] and the multijunction III-V solar cells with a
Gag 51In9.49P/GaAs/Gayg 73Ing 27As subcell can retain 83 % of BoL per-
formance after the same irradiation doses [5]. In contrast, silicon solar
cells typically exhibit a Remaining Factor (RF) ranging from 50 % to 80
%, depending on their design [6,7], after the same electron dose.

Although silicon shows weaker irradiation tolerance, it is now
opportune to reconsider using silicon solar cells for space applications
for several reasons. Firstly, the performance of silicon solar cells has
been significantly enhanced, from 15 % to over 26 % under the AM1.5G
spectrum [8]. Meanwhile, the manufacturing cost of III-V solar cells is
two or three magnitudes higher than commercial silicon solar cells [9],
which means the current industrial silicon-based cells can potentially
lower the cost of space missions, in particular for relatively short Low
Earth Orbit (LEO) missions that demand lower irradiation stability than
deep-space exploration. Thus, reintroducing silicon solar cells with
enhanced lifetime recovery capabilities may be a cost-effective option
for short-term LEO space missions.

To understand the complexity of irradiation damage, researchers
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have investigated the formation of irradiation-induced defects in silicon
material for over five decades [10,11]. It has been found that the
irradiation-induced defects are more complicated than the defects
typically found in terrestrial silicon solar cells. For the standard silicon
solar cell process, one of the impurities, phosphorus, boron, or gallium,
is introduced as an electrically active dopant to manipulate the bulk
carrier concentration [12]. Additional unfavorable contaminants, such
as carbon and oxygen, are introduced during crystalline silicon’s growth
and can form complexes acting as recombination-active centers within
the silicon bandgap [13]. In addition to these common defects/impur-
ities, the collision between electrons/protons and silicon atoms in-
troduces interstitial silicon atoms and vacancies within the lattice [14].
These vacancies are mobile and can later form di-vacancies [15] or react
with carbon or oxygen in the silicon material to form recombination
active complexes such as the A-center (oxygen-vacancy) [16] in both
n-type and B-doped p-type silicon material. Generally, the p-type base
silicon solar cells have better irradiation tolerance compared to the
n-type base, and gallium-doped cells were found to be more irradiation
stable than the boron-doped [17,18]. Remarkably, these defects can be
removed with thermal processes [19,20]. In previous work, the
annealing recovery of irradiation-induced defects from either electron
[19,21-23], proton [23,24] or gamma radiation [20], was well
explained using the deep-level transient spectroscopy (DLTS) technique.
By applying pulsed bias voltage on silicon wafer with Schottky contact,
the DLTS method can measure the transient electrical capacitances,
hence identifying the deep-level defects. According to Khan et al. [19],
the di-vacancies introduced by electron irradiation can be annealed out
at 400 ° C for 10 min, and a similar recovery was also observed at lower
temperatures (270-325 ° C) but with a longer annealing duration (15
min) [21]. Similarly, it was also shown that proton-induced damage
could be recovered by annealing [24]. These results show that the
annealing recovery of irradiation damage is temperature dependent, as
such recovery is attributed to the interaction of vacancies and
self-interstitials. However, such a self-healing process is extremely slow
at relatively low operating temperatures, typically <100 ° C, during
space missions. Thus, the temperature-independent recovery mecha-
nism needs to be investigated to accelerate the recovery ability of space
silicon solar cells. Recently, Khan et al. [25] observed that the fabrica-
tion of silicon devices can also bring a significant difference in the ki-
netics of irradiation defect recovery. The fired silicon samples exposed
to 1 MeV electron irradiation showed significant performance recovery
with subsequent thermal annealing at 150 ° C. However, it was observed
that the non-fired samples did not recover using identical annealing
conditions. Gaining insights into this mechanism may enhance engi-
neering methods to increase the recovery ability of space silicon solar
cells.

In this work, we will compare the recovery dynamics between fired
and unfired samples. We will evaluate the irradiation damage and

Solar Energy Materials and Solar Cells 290 (2025) 113729

subsequent thermal recovery mechanism by using both Injection
Dependent Lifetime Spectroscopy (IDLS) [26] and DLTS. Our study
conducted at 300 °C and 380 °C shows that the fired samples recover
significantly faster than their non-fired counterparts. This indisputably
confirms that bulk hydrogenation is considerably more efficient in
recovering radiation damage compared to thermal annealing. Conse-
quently, our work provides a pathway to self-healing silicon solar cells
that can be produced at a cost similar to terrestrial silicon solar cells,
thus enabling significantly lower-cost LEO space missions.

2. Experimental details and methodologies

As the p-type silicon solar cells show a higher irradiation tolerance
[17,18] and Ga-doped PERC solar cells are widely used in the current
photovoltaic (PV) market, Ga-doped PERC precursors were used for this
study. 15.8 cm x 15.8 cm Ga-doped PERC precursors were taken from an
industrial manufacturing line before metallization and firing. As shown
in Fig. 1, one group of Ga PERC precursors was bulk hydrogenated with
a firing process with a peak temperature of 750 ° C using a Schmid 2500
Series Controlled Atmosphere Conveyor Furnace. Whereas for the un-
fired PERC precursors, no hydrogen was diffused into the bulk from the
SiNy layer and consequently hydrogen is only available to passivate
defects at the c-Si interface.

Then, these samples were cut into 4 cm x 4 cm tokens and irradiated
from the front side with a 5 x 10'* e/cm? total dose of 1 MeV electrons at
the Delft University of Technology. The irradiation time was chosen
based on the dose rate and target dose (5 x 10 e/cm?). The temper-
ature of the irradiation table did not exceed 23 ° C during the irradiation
process. Some unfired and fired samples were not irradiated and kept as
a control.

Following the electron irradiation, the samples were dark annealed
using an IKAC-MAG HP 10 hotplate. Based on previous work [19,24],
the hotplate temperature was set at 300 ° C and 380 ° C, respectively.
These elevated temperatures were chosen to accelerate defect recovery
and enable a more efficient assessment of irradiation-induced defect
passivation. Future work will investigate recovery behavior at lower,
more moderate temperatures under illumination, as this condition is
more relevant to space environments. To evaluate the effects of electron
irradiation and dark annealing process on the lifetime, a Sinton
WCT-120 tool was employed, enabling contactless ex-situ IDLS mea-
surements. The effective lifetime was measured before irradiation, after
irradiation and intermittently during the dark annealing recovery. The
effective lifetime has reciprocal relations among the lifetime compo-
nents, including intrinsic recombination lifetime 7;, SRH lifetime zsry
and surface lifetime 7;. Where the 7; includes radiative 7,,4 and Auger
lifetime 744, And the 7, is directly corresponded with the surface
recombination current, Jy. Thus, the effective lifetime can be written as
follows:
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[ Laser cutting
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Fig. 1. The experimental workflow used in this work.
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(~5 pm) was removed before the metal contacts were evaporated,
allowing us to obtain the bulk relevant signals after irradiation. The

silicon samples were measured: before annealing, fully recovered, and

Where N, is the acceptor density, d the sample thickness, g the
elementary charge, Jo, frons and Jg reqr the front and rear surface saturation
current density, respectively, and n; the intrinsic carrier density. Both
Trqa and 7,y are intrinsic properties of silicon material and the irradia-
tion damage variation in 7.5 manifests itself through the variation of 7gzy
and Jo. To evaluate the level of degradation and recovery, the normal-
ized defect density (NDD) value is used in this work to quantify the
defect density [27]. It can be written as:

NDD =7} (&)

off (t) - T;f},BoL

Where the 7.4(t) is the effective lifetime of PERC precursors after
incremental steps of the dark annealing process, and the 7.z, is the
effective lifetime of the same sample prior to the irradiation process. The
effective lifetime values are extracted at the same injection level (MCD
=10'%/cm®). As the resistivity of our tested sample changed under 380 °
C dark annealing, the lifetime and NDD were calculated based on the
actual resistivity.

DLTS measurements were carried out to investigate the electrically
active defects using a PhysTech FT-1030 HERA DLTS tool. As the DLTS
measurements on Schottky barrier diodes (SBDs) only probe the space
charge region near the contact, a significant amount of surface material

after extended annealing. DLTS measurements were conducted using the
samples cleaved from the same lifetime tokens to minimize the differ-
ence from sample to sample. The following steps are applied to prepare
the DLTS samples:

(1) Mechanical polishing using a Tegramin-25 tool from Struers to
remove the samples on the diffused side for ~5 pm (including
SiNy and the diffused layer) until the surface was mirror polished,

(2) Radio Corporation of America (RCA) cleaning,

(3) Rear side SiNy layer removal using 4.9 % HF solution until
hydrophobic,

(4) DI-Wafer rinse for 5 min to remove any residual HF,

(5) Aluminum and gold evaporation using a Lesker physical vapor
deposition (PVD) 75 electron beam evaporation tool to form front
Schottky and rear Ohmic contact, respectively.

3. Results and discussion
3.1. Stability of the unirradiated control samples

To demonstrate the thermal stability of the Ga PERC samples used in
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Fig. 2. (a) NDD and Jj results of unirradiated unfired (black) and fired (red) PERC as a function of the dark annealing time. The NDD was calculated at an injection
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this study, the NDD value of the control samples is presented as shown in
Fig. 2 (a). These unirradiated control samples were annealed at the same
condition as the irradiated samples, i.e., 300 and 380 ° C. The IDLS
curves for unfired and fired samples are shown in Fig. 2 (b) and (c) to
identify the source of the possible degradation.

As shown in Fig. 2 (a), both the NDD and Jy values for unfired
samples show a decreasing trend at both dark annealing temperatures.
Specifically, the NDD and Jo of unfired samples decreased to —1.1 x 10*
s~! and 75.4 fA/cm? after 30 s of annealing at 380 °C. On the contrary,
the NDD and J of unirradiated fired samples show a different pattern
than their unfired counterparts. The NDD and J, were relatively stable
(0 + 500 s~! and 9.2 fA/cm?) for a DA at 300 ° C, while we can see a
gradual increase for a DA at 380 ° C. Although the highest NDD of un-
irradiated fired samples was only 2.45 x 10 s, it still represents a
28.45 % loss of 7, compared to its original value. Thus, we can conclude
that the unfired samples slightly improved during the dark annealing,
benefiting from surface passivation, while the fired samples were rela-
tively more stable during annealing.

To gain detailed insight into the effect of annealing on lifetime, three
IDLS curves are plotted for both unfired and fired cases (380 ° C DA), as
shown in Fig. 2(b) and (c). In Fig. 2 (b), it is notable that the 7.4 of the
unfired samples at lower injection levels is considerably higher than at
higher injection levels. However, the DA process significantly altered
the shape of the IDLS curve. The 7.4 at MCD > 10 em~3 increased from
~40 psto ~90 p s after 120 s of annealing, while it was reduced from 65
psto36psat 4.3 x 10'3/cm® minority carrier density level. With
further annealing process to 106,740 s, the 7. at low injection levels
(MCD < 10'* cm™2) also became higher than the BoL values. Given the
Jo decrease observed in Fig. 2 (a), the improvement in lifetime of the
unfired samples after annealing can likely be attributed to an improved
surface passivation. Apart from the high injection region, the observed
lifetime degradation at low injection levels may be related to the
dissociation of FeGa complexes during high-temperature annealing [28,
29].

Solar Energy Materials and Solar Cells 290 (2025) 113729

When looking into the IDLS curves for fired samples, as shown in
Fig. 2 (c), the lifetime at higher injection levels slightly decreases at
MCD = 10'®/cm?® from 109 p s to 101 p s after 120 s, then to 74 p s after
106,740 s of 380 ° C dark annealing process. Meanwhile, the change at
low injection level (MCD = 10" /cm?) is negligible (from 117 psto 115
p s after the annealing). This suggests that we mainly see a slight change
in surface passivation, potentially attributed to the handling of the
samples.

Overall, both the fired and unfired samples were found to be quite
stable, indicating that the changes observed after irradiation can mainly
be attributed to the irradiation-induced defects.

3.2. Impact of thermal annealing on irradiated silicon solar cells

3.2.1. Lifetime recovery from irradiation-induced damage

The injection-dependent lifetime as a function of annealing time at
300 ° Cand 380 ° C are shown in Fig. 3. For all the samples presented in
Fig. 3, the irradiation process significantly degraded the 7.4, particularly
at lower injection. The injection dependent 7.5 ranged from ~0.3 i s to
~2.5 p s for unfired and ~0.3 p s to ~1.9 p s for fired precursors after
irradiation, with lower lifetime observed in lower injection levels. This
suggests that the 1 MeV irradiation damage significantly impacted the
performance of our precursors, and the effect on the lower injection
level lifetime is more significant than that of the higher injection region.

The lifetime recovery of unfired samples is presented in Fig. 3 (a) and
(b) under different annealing temperatures (300 ° C and 380 ° C). For
unfired samples with 300 ° C DA shown in Fig. 3 (a), the lifetime at MCD
= 10%%/cm® performed a gradual recovery of up to 72.46 % of its irra-
diation loss after 784,440 s (~193.7 h) dark annealing process, and it
was not yet stabilized at the end of this study. By applying a slightly
higher temperature of 380 ° C as shown in Fig. 3 (b), the lifetime re-
covery in unfired samples was clearly accelerated with 10,440 s (2.9 h)
to regenerate 73.73 % of the lifetime loss at MCD = 10*°/cm®, Mean-
while, the lifetime recovery kept increasing trend and finally was
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Fig. 3. IDLS measurements as a function of DA time for unfired samples with (a) 300 ° C, (b) 380 ° C DA and for fired samples with (c) 300 ° C, (d) 380 ° C DA; The
injection level (MCD) ranges from 5 x 10" to 10'®, the 7, at 10'® cm ™ is indicated as black dashed line as a reference. The lifetime at different injection levels is
color-coded by a rainbow spectrum, with near-red indicating higher injection levels (up to 10*®/cm®) and near-blue representing lower injection levels (down to 5 x

10'3/cm®). The BoL IDLS measurement is shown in the figure as well. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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stabilized after approximately 25,740 s (7.15 h) of 380 ° C annealing. It
is worth noting that the 7.5 at higher injection levels was always higher
than 7.4 at lower injection levels in the unfired samples during the
annealing. The recovered lifetime of unfired samples became even
higher than its original BoL values at higher injection levels (An > ~3 x
10'%/cm®), whereas the lifetime was lower than the BoL after the
annealing for lower MCD values. As shown in Fig. 3 (b), the 7.4 at low
injection level has not fully recovered after 784,440 s (221.07 h) of
annealing. The 7 5013 increased to 55 p s at the end, corresponding to
83.97 % of BoL value.

Turning our attention to Fig. 3 (c) and (d), a significantly faster and
better recovery was demonstrated in fired samples compared to the
unfired peers. For the 300 ° C scenario in Fig. 3 (c), the fired samples
only required 1560 s (~0.43 h) to recover an equivalent amount of the
non-fired samples after 10,440 s, and 7, finally recovered to 92 p s at
103/cm® MCD. Furthermore, in Fig. 3 (d), the 7. regenerated to 79 p s
with only 30 s of annealing at 380 ° C, which is 83.14 % of its BoL value
at a MCD value of 10'°/cm? and finally achieved its highest Tefr 0f 90 s
after 210 s of annealing. A degradation of 7, was observed after
reaching its maximum. The highest 7,5 at a MCD of 10'6/cm® recovered
95.61 % of the irradiation losses, however, unlike the unfired samples,
they did not exceed the BoL value. But interestingly, 92.8 % of 7,4 was
regenerated at a low MCD of An = 5 x 10'3/cm®, which is significantly
higher than the unfired case. As mentioned in Fig. 2, the degradation of
the lifetime with the extended annealing period was attributed to the
stability of the surface passivation.

Therefore, it is demonstrated that both fired and unfired samples can
be recovered by dark annealing, particularly with higher annealing
temperatures. In the unfired samples, the 7.4 at high injection levels can
be fully recovered or even exceed the BoL value after the annealing
process, similar as what was observed for the control samples shown in
Fig. 2. However, 7. at low injection only can be partially recovered

108 A
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(83.97 % of BoL value at 5 x 10'3/cm®) even with over 220 h of dark
annealing at 380 ° C, whereas for fired samples, 92.8 % of 7,5 was
recovered at a low MCD of 5 x 10'3/cm® after 540s annealing at 380 °C.
Despite the slight decrease in surface passivation, the fired samples are
more advantageous in terms of both recovery speed and quality
compared to the unfired counterparts, particularly at low injection
levels. This suggests that firing prior to the irradiation is an important
process to accelerate the performance recovery in space silicon solar
cells.

To access the degree of recovery of irradiation-induced defects, the
NDD of irradiated Ga-PERC precursors are shown in Fig. 4 (a) at various
stages: before irradiation (BoL), as-irradiated and annealing recovery, at
an MCD = 10'® ¢cm 3. The IDLS curve of the BoL, as-irradiated, and
recovered samples is also plotted in Fig. 4 (b) and (c) for both unfired
and fired samples at 380 ° C, respectively.

As indicated in Fig. 4 (a), the NDD value increased remarkably to ~8
x 10° s and ~7 x 10° s ! after the electron irradiation for fired and
unfired samples, respectively. During annealing, a gradual reduction in
NDD for unfired samples was observed following the irradiation.
Compared to the reference dashed line at NDD = 0, the NDD value even
became negative, which is consistent with the results shown in Fig. 3 and
can be related to an improved surface passivation. The recovery at
300 °C was approximately one order of magnitude slower. In contrast, as
shown by the red lines in Fig. 4 (a), the fired irradiated Ga-PERC samples
recovered quickly at both 300 ° C and 380 ° C, respectively, in a matter
of 210 s and 1560 s. At 300 ° C, the NDD at An = 10'® em ™3 decreased
and stabilized from ~8 x 10° s™! to 2.56 x 10% s~ within 1560 s. The
NDD of fired precursors took only 120 s to decrease to 1 x 10%s~! at 380
° C, whereas unfired samples required over 15,000 s at the same tem-
perature. However, a continuous degradation was found in fired sam-
ples, with NDD ultimately rising to 1.4 x 10* s™! after 784,440 s of 380 °
C annealing. Based on the results in Fig. 4(b) and (c), it becomes
apparent that fired and unfired samples share similarities in their
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response to irradiation, while notable differences arise in the recovery
process following irradiation. Despite the fact that only one set of
samples was fired prior to irradiation, both sample types had a similar
lifetime after irradiation, which was mainly determined by the
irradiation-induced bulk defects. The relatively low temperature and
short duration of the irradiation process were insufficient to result in a
significant recovery of the irradiation-induced bulk defects. The intro-
duced defects may include di-vacancies and other related complexes
based on [19]. In terms of differences, the fired precursors demonstrated
superior recovery speed and recovery ability compared to the unfired
samples. This indicates a different irradiation recovery mechanism at
play in the fired samples during the annealing process.

The injection-dependent lifetime curves are shown in Fig. 4 (b) and
(c). The irradiation process degraded the BoL lifetime performance
(black curves) of both fired and unfired samples to a similar level (red
curves, ~1 p s). However, the stabilized lifetime after annealing in un-
fired precursors showed a different injection dependency compared with
its BoL results even after 784,440 s of dark annealing process. Compared
to the BoL values, the annealed effective lifetimes became significantly
higher at MCD >4 x 10%/cm® while smaller at the lower injection
levels. To be more specific, the BoL lifetime increased from 49 psto 71 p
s at 10'® cm?® injection level, while decreasing from 76 i s to 64 u s at an
injection level of 10'*/cm® at the end of this study. By comparison, the
IDLS curve (blue) of recovered fired samples in Fig. 4 (c) was almost
completely recovered to the BoL value (black) after 120 s dark anneal-
ing. However, a significant lifetime degradation (green) at high injection
levels was observed with extended annealing. These results in Fig. 4(b)
and (c) highlight the distinct responses of unfired and fired samples to
the annealing recovery at both high and low injection levels. Similar to
the control samples at high injection levels (see in Fig. 2), it is assumed
that the annealing process can improve the surface passivation of un-
fired samples. At the same time, it was degraded for the fired case, in
which the surface passivation instability is not directly correlated with
the irradiation damage recovery. Apart from the surface passivation
change, the bulk damage should also be effectively recovered after
annealing. Given the recovery of 74 is attributed to both Jo and 7sy, it is
essential to isolate the recovery of irradiated bulk damage and surface
passivation.

To quantitatively evaluate the irradiation damage and its recovery in
bulk and surface, the injection-dependent recombination lifetime, rsgy
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and recombination current density Jo were both extracted by fitting the
measured data using Eq. (1). For simplicity, the 7,; was plotted to
represent the front and rear J, value, that is calculated based on Eq. (1)
as shown in Fig. 5. Apart from the BoL curve, the fitting was only carried
out for recovered samples as the IDLS values for the irradiated samples
were too low to quantify surface recombination.

Our study involved samples sourced from the same batch of an in-
dustrial silicon solar cell pilot line, leading us to consider 7,qq and 74y, as
constant among these samples. In Fig. 5(a) and (b), we present the fitted
results for the unfired sample at BoL (unirradiated) and recovered (after
784,440 s of 380 ° C annealing) state. The SRH defect assumed in the
simulation is a deep-level defect, consistent with typical recombination
centers affecting carrier lifetime. The final fitted effective lifetime 7.y g
in black dashed line showed good agreement with the raw data (black
solid circles).

In Fig. 5 (a), the fitted sz were 478 i s at an injection level of 1013/
cm?® before irradiation with Jo value equal to 212.27 fA/cm? With
increased minority carrier injection density, the zsgy displayed an up-
ward trend, ranging from 460 p s at an MCD from 5 x 10'3/cm® to 581
s at 10'%/cm?®. Following the 784,440 s (217.9 h) of 380 ° C annealing
process, both zggy and Jy significantly changed. Without changing the
overall trend, the zggy became more injection dependent where shifted
with a higher value at high injection levels (1379 p s at 10'°/cm®) while
became lower with lower carrier injections (130 p s at 5 x 1013 /cm?).
Correspondingly, the gy was 301 p s which was only 62.8 % of the BoL
results at 10'°/cm® MCD, whereas the Jo was nearly halved to 103.21
fA/cm?. Thus, the effective lifetime curve shift in unfired samples after
the annealing process was attributed to the reduced surface recombi-
nation losses and incomplete bulk damage recovery at low injection
levels.

On the other hand, for fired samples, the difference in the fitted zspy
and Jo between BoL and recovered values appeared insignificant, as
shown in Fig. 5(c) and (d). Following the annealing, the Jy value only
showed a minimal increase from 148.36 fA/cm? to 169.10 fA/cm?. And
the zgry was fully recovered at either low or high carrier injections. For
instance, the zggy of fired sample was restored to 7080 p s, compared to
its BOL value of 6784 i s, at an MCD of 10'°/cm®. These results show
that the surface passivation in the fired precursors may have slightly
degraded after the annealing. Still, the bulk damage was completely
recovered, and the bulk electronic quality may even further improve.

6
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Fig. 5. Effective lifetime curve fitted using Eq. (1) for (a) unfired unirradiated sample (BoL), (b) unfired, irradiated sample after 784,440 s of 380 ° C annealing, (c)
fired unirradiated sample (BoL) and (d) fired, irradiated sample after 540 s of 380 ° C annealing. The fitted results are plotted as dashed lines, with a highlighted
lifetime (hollowed stars) at the MCD of 10'°/cm?®. The measured IDLS data is presented as solid black circles and the SRH defect assumed in the simulation is a deep-

level defect, consistent with typical recombination centers affecting carrier lifetime.
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Thus, it is obvious that the fired precursors not only show a faster
recovery speed (see Fig. 4), but also better recovery quality (see Fig. 5)
compared to the unfired samples. For a complete recovery of bulk
damage in fired samples, it only requires around 540 s, which is about
71.5 times faster compared to reaching a stable recovery of 7.4 for the
unfired samples. In addition, we find that the irradiation damage in
unfired samples is incomplete (~46.4 %), even with 784,440 s (217.9 h)
of annealing at the same condition.

As the firing process was the sole distinction between the unfired and
fired samples, the bulk hydrogens from the firing process are a plausible
explanation for the faster and complete recovery in fired samples. For
the unfired samples, the recovery of irradiation-induced defects was
primarily related to the reverse of irradiation damage, where the silicon
self-interstitials interact with the irradiation-induced defects like va-
cancies. However, this recovery is insufficient to fully restore the bulk
defects [30]. Whereas for the fired precursors, a substantial amount of
hydrogen was injected from SiNx:H [31-34], which can passivate de-
fects in the c-Si bulk. These findings suggest that the hydrogenation
process is critical to enhance the recovery ability of silicon space solar
cells in terms of both speed and ability to achieve complete recovery.

3.2.2. Thermal donor during the annealing activity

Apart from lifetime recovery, the bulk conductivity of the silicon
sample was also observed to have an increasing trend during the
annealing, as shown in Fig. 6. As the irradiation-induced defects are
commonly positively charged, particularly in p-type wafers [35], the
reason for resistivity change will be explored in the following.

With the irradiation process, the resistivity did not show a significant
change for the “BoL/As-irradiated” sample, with a value of 0.69 Q cm for
the irradiated unfired sample and 0.78 Q cm for the irradiated fired
sample, respectively. However, measured resistivity presents an
increasing trend during the annealing process, particularly for the fired
samples. In addition, the initial resistivity and changes after 352,440 s
annealing were ~0.78 Q cm and ~0.18 Q cm for fired samples, which
were significantly larger than the unfired samples with ~0.72 Q cm and
~0.07 Q cm. These changes correspond to a decrease in active Ga
dopant concentration of ~2 x 10'°/cm® and ~4 x 10'%/cm? for both
unfired and fired samples, respectively. However, since the resistivity
did not change due to the irradiation process and the change was also
detected for the control samples, this variation is not directly related to
the irradiation damage and subsequent damage recovery. More likely,
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Fig. 6. Measured resistivity of Ga PERC samples during the dark annealing
process. The resistivity was determined from conductance measurements in
the dark.
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these variations were attributed to the oxygen thermal donors that
formed during the 380 ° C annealing process [36], or associated with a
decreased number of active dopants due to the diffused hydrogen [37].
However, to mitigate the large discrepancy in Ga dopant concentration
between the fired and unfired samples, a hydrogen concentration of 4 x
10'%/em® would have been required. Such a high hydrogen concentra-
tion is unlikely to be diffused into the silicon bulk region during firing.
Moreover, this variation does not seem to be driven by hydrogen, as
similar resistivity changes were also observed in the unfired samples.
Therefore, the formation of GaHs complex does not appear to explain the
observed resistivity difference. Instead, the thermal donor theory is a
possible explanation, and the firing process can introduce additional
thermal donor precursors/species, which accelerated thermal donor
generation in the fired samples during the 380 ° C annealing.

Moreover, although resistivity shows a constant increase, the trend
of resistivity change exhibits different patterns that vary over a lifetime
during the annealing process. Meanwhile, the resistivity of all our
samples did not show significant change due to irradiation. This suggests
that the thermal donor we observed may not directly impact the moni-
toring of the bulk lifetime change from irradiation loss and following
recovery.

3.3. Monitoring of bulk defects variation by DLTS method

Various DLTS samples were prepared based on the extent of lifetime
recovery shown in Fig. 4. In each group, three small tokens were cleaved
from the same sample at different time stamps of 380 ° C annealing
process. A summary of DLTS signals and corresponding defect parame-
ters are shown in Fig. 7.

The DLTS results for unfired samples are shown in Fig. 7 (a) for
unirradiated samples and (b) for irradiated samples. Two signals were
obtained for the unirradiated unfired samples, including H135 and
H165, as shown in Fig. 7 (a), with a small apparent capture cross-section
value of 4.6 x 107!° cm? and 9.3 x 1078 cm?, respectively. The defect
density of H165 decreased from 3.65 x 10'%/cm® to 2.18 x 10'3/cm®
after 30,000 s of annealing and finally under the detection limit in the
following annealing. While the H135 defects were only observed after
30,000 s of annealing. Based on the small apparent capture cross-section
of H135 and H165, they are likely to be electrically active but not
recombination active. H135 defects may be a transitional form of other
traps or introduced during the annealing process.

However, in the irradiated unfired sample, as shown in Fig. 7 (b), two
new defects, H150 and H230, were identified in the DLTS measure-
ments. H150 was observed before annealing with a trap energy Ey + E,,
= 0.23 eV and apparent capture cross-section 6, = 1.5 x 1071® cm?. And
it was only found in the as-irradiated sample with a 4.73 x 10'3/cm ™ of
trap density. Meanwhile, H230 was detected in the irradiated unfired
sample when the lifetime was fully recovered and was not observed in
the sample at the over-annealed stage. However, in Fig. 7 (b), due to the
overlap with H150 defect peak, the same defect peak as H165 in Fig. 7
(a) appeared to be shifted 10 K higher and shows as H175. Both of them
shared similar defects property as shown in the table. By comparing with
previous literature, the trap parameters of H150 match those of a donor
state of the divacancy trap observed in silicon samples after irradiation
[10,15]. These defects were introduced by irradiation and subsequently
removed during the annealing process. H230 is unlikely to be a
recombination active defect as the activation energy and the apparent
capture cross-section of the H230 trap are both small, too.

In the fired control sample, it was observed that the DLTS detected
levels H145, H230, and H240 have relatively small activation energy
and apparent capture cross-section, as shown in Fig. 7 (c), indicating
that they are unlikely to cause lifetime reduction, and this matches with
the lifetime results in Fig. 2 (c). Moreover, H240 is likely to be meta-
stable in the 380 ° C annealing process as its density decreased and then
increased as a function of the annealing time.

H195 and H235 were observed in the as-irradiated fired samples, and
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Fig. 7. DLTS spectra (left) for (a) unirradiated unfired samples; (b) irradiated unfired samples; (c) unirradiated fired samples; (d) irradiated fired samples; cor-
responding defect parameters/density changes (right) at different annealing stages: as-irradiated (SO; in black), after 380 ° C DA till lowest NDD achieved (S1:
with 120 s for fired and 30,000 s for unfired samples, colored in red) and after 380 ° C DA for an extended time (S2: , with 30,000 s for fired samples and 525,240 s for
unfired, colored in blue). * — : under detection limit. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

they were eventually annealed out after 120 s of annealing when the
H155 defect was found. H195 was observed before annealing, and it was
found to have defect parameters that were close to H150, as detected in
the irradiated unfired sample [see Fig. 7 (c)]. Therefore, H195 is also
considered to be the same donor state as V-V defect [10,15]. The shift of
the peak on the temperature axis is due to its overlapping with H235 in
the spectrum, which also lead to the H240 in control samples shifted to
H235 in the irradiated case. H235 and H155 aligned with the electrical
properties of C;-Cg and C;, respectively [38].

Eventually, all these levels were annealed out, as listed in Fig. 7, after
an extended annealing time (525,240 s for unfired and 30,000 s for
fired) at 380 ° C. Although the standard DLTS measures majority-carrier
traps rather than detecting the minority-carrier trap, our results revealed
signals associated with vacancy-related defects, particularly divacancies
(V-V"), which are well-known in irradiated silicon solar cells. We
acknowledge multiple defect species such as V, (V-V"), V3 and V-O
complexes [37] are also expected in the irradiated silicon, however,
their contribution to the carrier recombination in our precursors may
not significant. Thus, we hypothesize that the divacancies are the
dominant defects responsible for the irradiation induced losses in our
PERC precursors. Meanwhile, V-V', C;-Cs and C; levels were also found
in the irradiated fired samples, which are all donor defects [38]. How-
ever, these defects have significantly low density compared to the
dopant density changes during annealing. This suggests that the changes
in resistivity observed in Fig. 6 are likely influenced by other factors
(thermal donors), rather than the irradiation induced defects.

4. Conclusion

In this study, we have compared the electron irradiation losses and

subsequent recovery of unfired and fired Ga-PERC precursors. Both
samples showed a similar decrease in minority carrier lifetime after
electron irradiation, but they showed significant differences in the
following recovery dynamics. The fired samples showed complete re-
covery after only 540 s at 380 ° C, which is 71.5 times faster than non-
fired samples that saturated at 46.4 % of the initial lifetime. Considering
that the firing process was the only difference between the two samples,
we believe that the bulk hydrogen in fired samples significantly im-
proves the self-healing efficiency of the PERC precursors.

From DLTS analysis, it was further confirmed that the main bulk
damage could be completely recovered for both fired and unfired sam-
ples, including two major irradiation-induced defects in the bulk, V-V
and C;-Cs. However, it was also noted that a prolonged annealing process
in fired samples may cause degradation of surface passivation [37] and
change in resistivity, which are both not related to the irradiation
damage and recovery.

In conclusion, our work demonstrated that bulk hydrogenation is
extremely advantageous for Ga-doped PERC solar cells as it allows for
significantly faster (up to two orders of magnitude) recovery of
irradiation-induced damage. We propose that Ga-PERC solar cells with
extensive bulk hydrogenation are optimal for short-term LEO space
missions. They can be produced at a cost comparable to terrestrial sili-
con solar cells and can self-repair electron radiation damage during
operation.
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