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Abstract
Light-induced degradation (LID) has been identified to be a critical issue for the long-term stability of solar cells
and modules from boron-doped silicon substrates. Besides the well-known LID of excess charge carrier lifetime
within Czochralski-grown silicon substrates induced by the activation of the boron-oxygen complex, significant
performance degradation has been observed also for certain multicystalline silicon (mc-Si) solar cells and
modules. This degradation is significantly more pronounced at elevated temperatures and, therefore, referred to
as LeTID for “Light and elevated Temperature Induced Degradation”. If not controlled, LeTID can induce a
decrease of conversion efficiency by more than 10 %rel, particularly for solar cells with dielectrically passivated
surfaces. This paper gives an overview on some key characteristics of LeTID and shows that LeTID can be
suppressed during cell processing by Hanwha Q CELLS’ Q.ANTUM technology. The formation rate of LeTID
is shown to increase with excess carrier concentration and temperature, and the impact of different dielectric
surface passivation layers on LeTID is discussed, assigning a significant part of LeTID to a bulk defect.
Furthermore, substrates from several high-performance mc-Si wafer producers are shown to be prone to severe
LeTID, if not suppressed adequately during cell processing. Hence, to date no solution for LeTID on substrate
side is widely available to our knowledge. In order to enable the efficiency and corresponding cost saving
potential of dielectrically passivated compared with standard aluminium back-surface field mc-Si solar cells,
LeTID needs to be suppressed by adapted cell processing.
1.

Introduction

Up to 2012, the two most prominent practically relevant defects causing light-induced degradation (LID) of
excess charge carrier lifetime in boron-doped p-type silicon have been reported to be the formation of a boronoxygen (BO) complex [1–3] and iron-boron (FeB) pair dissociation [4–8]. Due to the use of a clean quartz
crucible during Czochralski (Cz) growth, Cz silicon (Cz-Si) is typically almost free from metal contamination
while it features relatively high oxygen concentrations in the range of [Oi] = 51017 cm-3 to 1018 cm-3. In asgrown multicrystalline silicon (mc-Si), oxygen concentrations are significantly lower while iron can be
introduced by diffusion from the crucible and its coating [9, 10] during crystallisation. While interstitial iron can
be well gettered by phosphorus diffusion [11], oxygen remains within the substrates during cell processing.
Hence, LID of mc-Si has received significantly less attention compared to Cz-Si, with typically much lower
values reported for mc-Si.
In 2012, mc-Si cells with plasma-enhanced chemical vapour deposited (PECVD) aluminium oxide (AlOx)
passivated rear side have been reported to potentially degrade more than their Cz-Si counterparts at elevated
temperatures [12], and mc-Si aluminium back-surface field (Al-BSF) solar cells have been shown to degrade
significantly more at elevated temperatures [13]. Both studies excluded the observed behaviour to be due to BO
defect formation or FeB pair dissociation, which has been speculated to be the root cause for the observed LID in
mc-Si in most previous studies, e.g. [14–19]. Since then, many groups have been investigating the degradation of
mc-Si, confirming cells with dielectrically passivated rear side to be more affected than Al-BSF solar cells [20],
showing local inhomogeneities of the defect characteristics [21–23], and more recently, ways to mitigate
excessive LeTID [24–31]. As the observed LID is significantly more pronounced at elevated temperatures,
Hanwha Q CELLS has introduced the term LeTID for “Light and elevated Temperature Induced Degradation”
[31] as denomination for this new degradation mechanisms at the time. If not controlled, LeTID can lead to a
loss in relative conversion efficiency of more than 10 %rel [20, 31], is relevant under field conditions [31] and,
therefore, needs to be mitigated to enable mass production of mc-Si solar cells with dielectrically passivated
surfaces such as passivated emitter and rear cells (PERC [32]). A solution to suppress LeTID in mass production

of dielectrically passivated solar cells and modules has been developed by Hanwha Q CELLS [31], as part of its
Q.ANTUM technology [31].
This paper gives an overview on some key characteristics of LeTID such as the dependence of the corresponding
defect’s formation rate on excess charge carrier concentration and temperature, and the impact of different
dielectric layers for surface passivation. Furthermore, as a new result substrates from several high-performance
mc-Si wafer producers are shown to be prone to severe LeTID, if not controlled adequately during cell
processing. The approach of Hanwha Q CELLS to suppress LeTID in mc-Si solar cells and modules is shown to
reliably work on substrates from all investigated suppliers, and to produce cells and modules, which are longterm stable under accelerated aging conditions and in the field.
2.

Methodology and nomenclature

Results of LeTID investigations on symmetrical lifetime samples, solar cells and modules are reported within
this paper. The discussed samples have been manufactured with different processing sequences, subjected to
various treatments and continuously monitored by means of quasi-steady-state photoconductance decay (QSSPC)
[33], open-circuit voltage (Voc) or current-voltage (I-V) measurements. All symmetrical lifetime samples have
been processed with a LeTID-sensitive processing sequence, by subjecting mc-Si substrates to wet-chemical
cleaning and etching, phosphorus diffusion, phosphorus glass removal, optional emitter etch-back, dielectric
passivation and firing. Hence, some lifetime samples feature a double-sided diffused emitter (w/ emitter) while
for other samples the emitter has been removed (w/o emitter). For dielectric surface passivation, silicon nitride
(SiNx) from two different tools (A/B) and an AlOx / SiNx stack have been investigated. PERC cells with different
adjusted levels of LeTID (w/ maximum LeTID, w/ medium LeTID) have been fabricated on substrates from
different wafer suppliers along with LeTID-suppressed Q.ANTUM solar cells, and partly assembled into
modules. Cells and modules have been subjected to different levels of illumination (LID for light-induced
degradation) or current injection (CID for current-induced degradation). Excess charge carrier concentration n
has further been controlled by the external load, i.e., low to high n corresponds to modes short-circuit SC,
maximum power point MPP, open-circuit OC.
3.

Characteristics of LeTID

3.1 Dependence of LeTID on excess carrier concentration and temperature
Fig. 1a shows values of Voc for four LeTID-sensitive PERC solar cells processed on neighbouring mc-Si
substrates as a function of treatment time at two different elevated temperatures (50°C and 95°C) and in two
operational modes (OC and SC mode) during illumination at an intensity of 300 Wm-2 [31]. Displayed are values
of Voc corrected for illumination and temperature to standard test conditions STC (≙ 25°C, 1 kWm-2 with
AM1.5G), and normalised to the initial value of Voc. At 95°C, a significant Voc degradation of ~10 % is observed
in OC mode after a treatment time of ~150 h, followed by a regeneration phase that leads to an almost complete
recovery of the degradation after ~1000 h. At 50°C, degradation progresses significantly slower, with the
minimum value not being reached during the considered time frame of 1500 h. For both investigated
temperatures, the switch from OC to SC mode, i.e., to lower excess charge carrier concentrations, significantly
slows down degradation and reduces the time regeneration starts at 95°C. Hence, the formation rate of the defect
associated with LeTID increases for increasing temperature and excess charge carrier concentration. Payne et al.
[34] have shown that the formation rate further accelerates at higher temperatures and illumination intensities,
which is consistent with the presented findings.
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3.2 Influeence of surfaace passivation on LeTID
Since LeT
TID has beenn observed sig
gnificantly moore pronounceed on cells wiith dielectricaally passivated
d rear side
than on A
Al-BSF cells [12,
[
20], the im
mpact of diffeerent surface passivation
p
lay
yers on LeTID
D has been in
nvestigated
on LeTID
D-sensitive syymmetrical lifetime samplles [35]. Fig. 1b shows efffective chargge carrier lifeetime as a
function oof treatment time
t
for symm
metric lifetimee samples w/o
o emitter and varying
v
dielecctric surface passivation
p
layers [35]. While alll samples sho
ow a significcant degradatiion in lifetim
me, the degraddation kineticcs and the
absolute llifetime valuees vary betweeen sample grouups. Comparing the groups w/o emitter iin Fig. 1b with
h the same
surface ppassivation grooups w/ emittter [35], a sim
milar behaviou
ur is observed
d showcasingg that the occu
urrence of
LeTID iss not affectedd by a diffuseed emitter at the surfaces.. Hence, for the investigatted surface passivation
p
technologgies (w/ and w/o
w phosphorrus-diffused eemitter dielecttrically passiv
vated with SiN
Nx from diffeerent tools
and AlOx / SiNx, whichh corresponds to positive annd negative su
urface charge, respectively) LeTID is obsserved.
To furtheer investigate the impact off dielectric surrface passivattion on LeTID
D, symmetricaal lifetime sam
mples with
the firingg step being performed
p
priior to surfacee passivation have been prrocessed for ggroup AlOx / SiNx w/o
emitter aand fired at thhe same timee as the grouup with dielecctric layers present
p
duringg firing [35]. With the
passivatioon layers abseent during firiing, LeTID haas been shown
n to significan
ntly reduce too a level typiccal for BO
complex activation (efffective charg
ge carrier lifettime eff reducces from 153 s to 114 s upon 24 h treeatment at
75°C andd 300 Wm-2) while the saamples with ppassivation laayers present during firingg follow the behaviour
displayedd in Fig. 1b (eff reduces from
fr
70 s to 9 s for the same treatmeent) [35]. Forr the latter sam
mple with
surface ppassivation preesent during firing that shhows significaant LeTID, fix
xed surface chharge density
y has been
measuredd to remain unchanged
u
upo
on the perforrmed LeTID treatment
t
[35]. Hence, botth findings, i.e., i) that
independdent of surfacee charge and w/,
w w/o diffuseed emitter at the
t surfaces LeTID is obserrved and (ii) th
hat LeTID
can be avvoided by om
mitting the diellectric passivaation layer du
uring firing, point towards LeTID having a strong
bulk com
mponent. Whille some studiees support thiis hypothesis [25, 36], the statement thaat the bulk waas the sole
contributoor to LeTID is still under discussionn. Findings th
hat the rear-sside surface passivation layer
l
may
contributee to LeTID have been pressented [20] annd it has been
n shown that certain
c
surfacee passivation layers are
not long-tterm stable unnder LeTID co
onditions [37]].
3.3 LeTID suppressioon
c
with diff
fferent levels of LeTID
To quanttify the impacct of LeTID on solar moddule performaance, PERC cells
sensitivityy have been fabricated
f
and
d assembled too 60-cell mod
dules, which then have been
en subjected to
o different
treatmentts [31]. Furthhermore, Q.A
ANTUM solaar cells whicch include LeTID
L
suppreession have also been
considereed in the invesstigations. Fig
g. 2 shows relaative module power degrad
dation as a funnction of treattment time
[31]. A ssevere degraddation of up to
o more than 10 % is obserrved for mod
dules with unccontrolled LeTID cells,
which haas been confirm
med to also occur in the fieeld [31]. LID and CID lead
d to similar deegradation behaviour at

85°C in O
OC mode, i.e., comparable excess carrierr concentratio
ons are establiished by curreent injection in the dark
and for O
OC at an illum
mination inten
nsity of 1 kWm
m-2. Hence, LeTID
L
is accellerated by exccess carriers and
a not by
other illuumination-induuced effects su
uch as UV deegradation of cell
c or modulee componentss. Slower degrradation is
observed when loweriing the excesss charge carrrier concentraation from OC
C to MPP mo
mode and by decreasing
d
temperatuure from 85°C
C to 60°C, in analogy
a
to thee results on cell level presen
nted in Fig. 1. As shown on
n the righthand sidee of Fig. 2, LeTID
L
can bee suppressed to a very low
w level of less than 1 % by Hanwha Q CELLS
Q.ANTU
UM technologyy, with the rem
maining levell of LID being
g in the orderr of typical BO
O degradation
n in mc-Si
[31]. To iidentify poweer loss due to LeTID at a reeasonable speeed, we suggesst the displayeed testing con
nditions of
MPP modde at 75°C to test long-term
m stability of ssilicon solar modules.
m

Figure 2: Relative pow
wer degradatio
on of modules with 60 mc-S
Si solar cells as
a a function oof treatment tiime at a
temperatuure of 60 to 85°C in OC an
nd MPP modee. Resulting deegradation vallues for moduules from PER
RC cells
with maxximum and medium
m
LeTID
D-sensitivity aare displayed
d, along with Q.ANTUM m
modules. Han
nwha Q
CELLS Q
Q.ANTUM tecchnology supp
presses LID too less than 1 %.
% Graph is ad
dapted from R
Ref. [31].
To investtigate the impact of differen
nt substrates oon LeTID, PE
ERC cells with
h maximum L
LeTID susceptibility and
Q.ANTU
UM solar cells with LeTID suppression
s
haave been fabrricated on subsstrates originaating from full bricks of
five induustrial mc-Si wafer
w
supplieers. Note, thaat the investig
gated materiall class is ofteen referred to
o as highperformannce mc-Si [388, 39]. Fig. 3 shows the diifference of reelative converrsion efficienccy degradation
n between
treatmentt at 75°C andd 25°C in OC
C mode, i.e., L
LeTID due to
o elevated tem
mperature on ttop of LID at
a 25°C. A
severe deegradation beetween 7 % and
a 11 % on average is observed
o
if LeTID
L
is not controlled in
n the cell
fabricatioon process. Byy applying Haanwha Q CEL
LLS Q.ANTUM
M technology
y, LeTID can bbe suppressed
d to a very
low levell for all brickss. Hence, we find that for a wide selectiion of standard industrial m
mc-Si substrates, LeTID
needs to bbe suppressedd by the cell process,
p
and too our knowled
dge, currently
y cannot be suuppressed by selecting
s
a
specific w
wafer supplierr. Ref. [25] reports a reducttion of LeTID
D from 10 % relative modulle power degrradation to
about 3.55 % by adaptting “feedstocck, crucibles and crucible linings”. Wh
hile an impacct of wafer su
upplier on
LeTID is also observedd in our investtigation, see F
Fig. 3, a corressponding redu
uction by a facctor of three as
a reported
in Ref. [225] is not coonfirmed across entire induustrial mc-Si bricks withou
ut adapting thhe cell processs. Still, a
relative ddegradation off 3.5 % is weell above the vvalues reporteed for LeTID-suppressed ssolar cells and
d modules
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