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Investigating the spectra-dependency of UV-induced degradation and recovery in p-
type c-Si structures

Abstract: The following work aims to explore the mechanism behind UV-induced degradation
(UVID) and recovery in SiN,/(n*)Si and SiN,/AlO,/p-Si stacks for both UV-A and UV-B radiation.
Effective lifetime measurements and extraction of saturation current density show extreme surface
degradation for UV-B exposed samples. UV-A exposed samples see a gradual decrease of effective
lifetime, while Joe is stable until after a dose of ~5kWh/m?. SiN«/AlO/p-Si and SiN,/(n*)Si samples
show similar degradation under UV-B light, however AlOx samples see much slower recovery of
effective lifetime, pointing towards a “secondary” degradation mechanism involved with the inclusion
of the AlOyx passivation layer. In this study it is found that UV-B causes much greater surface
degradation than UV-A light, however extended testing under UV-A is required to understand
whether UV-B causes either different or accelerated degradation. During recovery, what can be
identified as Light and elevated Temperature Induced Degradation (LeTID) may interact with UVID,
hinting towards the involvement of hydrogen passivation during recovery of UV degradation.

Introduction: As the silicon photovoltaic (PV) industry pursues higher efficiencies through UV-
transparent encapsulants, UV-induced degradation (UVID) has emerged as a significant concern.
This phenomenon is detrimental to modern solar cell performance, necessitating a clear
understanding of its underlying mechanisms. Although UVID is primarily considered a surface and
interface issue—often linked to the breaking of Si-H bonds by high energy UV photons [1] —recent
studies indicate it can also form bulk defects and interact with other degradation modes, such as
Light and elevated Temperature Induced Degradation (LeTID). This theory is supported by the
observed release of hydrogen at interfaces, such as AlO,/(p*)Si, which may introduce unknown
extended defects throughout the device [2]. To further illuminate these mechanisms, this work
investigates the distinct effects of the UV-A and UV-B spectrums on two common structures:
SiNW/(n*)Si and SiN,/AlIO./p-Si stacks. By comparing these effects, we aim to clarify the role of
different UV wavelengths in creating both surface and bulk degradation.

Method: Samples were prepared in a commercial production line, consisting of two types of
structures, both of which were fabricated on p-Si wafers substrate (Figure 1). Structure 1 (S1) is an
identical lifetime structure where both sides have a phosphorus-doped emitter and SiN, deposited
using plasma-enhanced chemical vapour deposition (PECVD). Structure 2 (S2) features the same
emitter and SiNy on the front side, but the rear side consists of a PECVD deposited AlOx and SiNx
capping layer.
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Figure 1. (a) Structure 1 (S1) symmetrical lifetime structure and (b) Structure 2 (S2) precursor
structure used in study.

The experimental plan is presented in Figure 2. One set of samples was fired at 850°C, which
releases hydrogen from the SiNy to investigate the role of hydrogenation in UVID. S2 samples were
illuminated on both front and rear sides for comparison. UV-B lamps have an intensity of 114 W/m?,
while UV-A lamps have an intensity of 102 W/m?; the spectra of the lamps can be found in Khan et
al. [2]. This resulted in a total dose of 43 kWh/m? and 25kWh/m? for UV-B and UV-A, respectively.
In addition to UV irradiation, samples underwent both dark annealing (DA) and 0.1 sun (halogen
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lamp, 100W/m?) treatments for effective comparison with UVID, as well as an attempt to understand
the possible interactions between LeTID and UVID. After a period of several months in storage, all
samples were recovered, by dark annealing at 150°C using a hot plate. This thermal treatment aims
to increase hydrogen mobility for the recovery of the interface passivation and any bulk defects.

Structure 1 (S1), Structure 2 (S2)
Firing 850°C Firing 850°C Firing 850°C Firing 850°C
UV-B at 60 °C UV-Aat 60 °C 0.1 sun at 60 °C DA at 60 °C
Dark storage (=6 months)

Thermal recovery — DA at 150 °C

Figure 2. Experimental design for studying UVID in S1 and S2 structures.

Results and discussion: Effective lifetime for S1 samples under 0.1sun and UV conditions, as well
as recovery is presented in Figure 3. Dark annealed samples are not shown here, however were
stable under degradation conditions, and saw a similar trend to 0.1 sun samples under recovery
conditions. Reference samples were dark annealed and exposed to 0.1 sun at 60°C to distinguish
LeTID from the degradation induced by the UV lamps. There is also the potential for an interaction
between LeTID and UVID due to the strong evidence for the involvement of hydrogen in both
degradation mechanisms.
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Figure 3. Effective lifetime for Structure 1 (S1) during the degradation (UV-B, UV-A and 0.1sun at
60°C) conditions and subsequent recovery (DA at 150°C), as a function of dose (for UV samples) and
time.

The bulk degradation can be identified from a decrease in effective lifetime as long as the surface
saturation current is stable. For the UV-A samples, no change in Joe was detected until ~10kWh/m?,
while effective lifetime over this period decreases by up to 60 ps for fired samples (Figure 4). This
decrease in lifetime can then be associated with the bulk. The 0.1 sun fired sample also sees a
similar decrease in effective lifetime, which can be characterised as LeTID [3], [4]. However, the fired
0.1 sun sample does see improvement in lifetime before 10,000 min, while the fired UV-A sample
continues to degrade; this further degradation is mirrored by the slight increase in Jo.. Therefore,
while it is unclear whether LeTID is the cause of bulk degradation for the UV-A samples <10kWh/m?,
the small surface degradation is caused by UV-A light. The interaction of hydrogen at the surface,
interface and bulk during UV irradiation is supported by the firing dependence on both LeTID and
UVID in these samples. UV-B illuminated samples see a significant decrease in effective lifetime,
which can be attributed to the increase in Joe, primarily after 1kWh/m?, and fired samples see greater
degradation.
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Recovery for UV-A samples occurs primarily within the first 10 minutes for unfired samples. A “dip”
in effective lifetime, beginning around 1,000 minutes, causes a delayed recovery for fired samples.
This “dip”, which occurs for all fired samples during recovery, can be characterised as LeTID. This
degradation is much less pronounced for UV-B samples, indicating that the hydrogen, which is
commonly thought to be a driver of LeTID [5], [6], [7], is unavailable for this bulk defect. This hydrogen
could instead passivate interface defects or be in a more stable form in the surface regions [6]. While
thermal treatment is sufficient for UVA-ID recovery, unfired UV-B samples exhibit an incredibly slow
recovery of effective lifetime. However, the rate of recovery for fired samples appears to increase
after 100m of recovery. This delayed response to thermal treatment is not seen for UV-A samples.
This indicates either a secondary defect which cannot be passivated by mobile hydrogen, or simply
that degradation is extremely accelerated for UVB samples.
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Figure 4. Saturation current density extracted from effective lifetime measurements for Structure 1
(S1) during the degradation (UV-B, UV-A and 0.1sun at 60°C) conditions and subsequent recovery
(DA at 150°C), as a function of dose (for UV samples) and time.

Although UV-A samples see a reduction in effective lifetime, which is more pronounced for the fired
sample, saturation current density is mainly unaffected by UV-A illumination (Figure 4). Extended
testing would be required to determine the ability of UV-A light to cause surface degradation in
SiN,/(n*)Si stacks on p-Si. UV-B illuminated samples however see extreme surface degradation,
with acceleration of this degradation after 1kWh/m?2. During recovery, the fired UV-B sample sees
much faster recovery than the unfired samples, indicating the dependence on hydrogen content for
thermal treatment to be effective. This difference in recovery between fired and unfired samples
points to hydrogen passivation of defects whose origin may not be hydrogen-related.

UV-B Dose [kwh/m?]
0.1 1 10
\

— Aa

— Y
7 100 >~
= 2
& A\
3 ] .
2 y
= ‘A
= A
T g0 ]
g -
[ ‘}
z R 4
E 40 ¥ 1 .
£ ! & R =Y A &
é 20 52 SiN/AIO,, Fired ‘L‘ ] kA ¥
2 A 52 SiN,, Fired A\ 4 __‘_7“"-‘
o 52 SiN,JAIO, %ﬁ S — -

o & 52 SiNy

T T T T T T T T
1 10 100 1000 10000 1 10 100 1000 10000
Degradation Duration [m] Recovery Duration [m]

Figure 5. Effective lifetime measurements for S2 samples under UV-B light at 60°C and subsequent
recovery (DA at 150°C), as a function of UV-B dose and time. “SiN,/AlO,” indicates rear side
illumination.
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Structure 2 (S2) samples are especially sensitive to UV-B irradiation (Figure 5). Samples were so
degraded that extraction of Jo. was not possible after 1,000 min of degradation and before 1,000 min
recovery time. This is exaggerated for the SiN,/AIOy side illuminated samples. When looking at
effective lifetime, both SiNx and SiN./AlIOy fired samples degrade similarly. During recovery, the fired
SiNx/AlOx sample is much slower to recover than the fired SiNx sample. Although witnessed in HJT
and TOPCon structures, specifically with AlOyx deposited via ALD processes [8], [9] there is no
evidence for dark storage degradation for the samples presented in this work (where AlOx has been
deposited by PECVD). This indicates the importance of the structure of passivation layers, which is
highly dependent on the processes used for deposition. These structural differences are key to
metastability after UV irradiation, as has been reported in studies on the UV instabilities of SiO2/Si
interfaces [10].

Conclusion: This study has illuminated differences between UV-A and UV-B spectra degradation
in SiN/(n*)Si and SiN,/AlO«/p-S structures. UV-A light has been identified to cause bulk degradation,
while UV-B degradation is mainly characterised by surface/interface degradation. The role of firing
is evident for both UV-A and UV-B, both during degradation and recovery periods. This indicates
that hydrogen is an important factor in UVID, however it is also worth considering its interaction with
LeTID in p-type silicon. While it has been confirmed that Si-H bonds can be broken by UV, it is
possible that these hydrogen ions cause further degradation in the form of platelets [11], or the build-
up of/neutralising charges in passivation layers. Thermal treatment at 150°C provides recovery for
all samples; however, this recovery process is extremely slow for unfired UVB samples. The “dark
storage effect” seen in structures with an ALD-deposited ALOy layer and HJT structures is not seen
for the samples in this study, indicating a strong dependence on deposition process. It would be
beneficial to test samples with ALD-deposited AlOxon p-Si for further investigation. Recovery in the
effective lifetime for UV-A samples is much faster than for UV-B exposed samples, which is reflective
of the intense surface degradation seen in UV-B samples. However, it is unclear from this study
whether UV-B light can be used as an accelerator of UV-A degradation. Ultimately, this study finds
that UVID is highly dependent on both cell structure and deposition techniques, as well as UV
wavelength.
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