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ARTICLE INFO ABSTRACT

Keywords: In this study, the impact of tunnel oxide passivated contact (TOPCon) solar cell precursor structures on
Ga-doped silicon commercial Ga-doped Czochralski silicon is investigated regarding bulk- and surface-related degradation. Two
TOPCon sample types, symmetrical poly-Si structures and asymmetrical samples featuring various passivation stacks
Hydrogen used in TOPCon cells are examined.

E:;;S)S carrier lifetime It is found that firing temperatures well above 800°C lead to blistering and a significant reduction in

performance for symmetrical TOPCon structures, reducing iV to below 700mV. Treatment at an elevated
temperature under constant illumination revealed that a significant degradation could only be observed at
measured firing peak temperatures above 750 °C. While it is found that an AlO, interlayer underneath a SiNy:H
layer effectively reduces the extent of degradation without an (n)poly-Si layer, it seems to be less effective on
top of (n)poly-Si layers.

Another experiment on the long-term stability revealed that surface-related degradation (SRD) is sig-
nificantly reduced by the usage of symmetrical TOPCon structures and for a sample passivated with an
SiO,/AlO,/SiNy:H stack. Compared to reference samples processed without TOPCon structures, a notable
reduction in the extent of light- and elevated temperature-induced degradation (LeTID) is achieved in the
samples featuring TOPCon structures, which is due to less hydrogen in-diffusion from passivation layer stacks
into the bulk during the firing process.

1. Introduction

Nowadays, the photovoltaic industry is steadily shifting solar cell
production towards cells with TOPCon technology by replacing the
passivated emitter and rear cell (PERC) approach due to the potential
of the TOPCon cell structure to enable higher cell efficiencies [1,2]. By
this shift, an increase in Ag consumption could be the result, which
is a limited resource. Despite the massive production shift towards n-
type Cz-Si [3], Ga-doped material still offers cost-efficient production
and the possibility for highly efficient cell concepts, e.g. pIBC solar
cells [4-6]. Process costs could be lowered by the usage of a POCI,
diffusion instead of BCl; or BBr; as lower temperature and processing
times can be used and gettering might be more effective. But regardless
of cell architecture, long-term stability remains a challenge for the PV
industry.

Literature indicates that B-doped Cz-Si may suffer from bulk degra-
dation possibly attributed to boron—oxygen light induced degradation
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even if passivated by a tunneling oxide underlying n-doped poly-Si
layers [7]. In addition, a significant lowering of effective excess carrier
lifetime 7.4 on such TOPCon structures has been reported to occur due
to surface-related degradation [8,9]. Another source of degradation is
the occurrence of light- and elevated temperature-induced degradation
(LeTID). Although in principle it is possible to suppress LeTID to a
minimum by suitable high-temperature processing (e.g., lowering H
content in the bulk [10,11]), the extent in varying sample structures
regarding long-term stability is still open for research.

In this work, the influence of varying peak firing temperature on
the hydrogen concentration in the crystalline silicon (c-Si) bulk is in-
vestigated for Ga-doped Cz-Si (Cz-Si:Ga) with symmetrically deposited
P-doped polycrystalline silicon ((n)poly-Si). Hereby, the formation of
defects during long-term stability testing is correlated with the ob-
served H contents. In addition, various sample structures involving
symmetrical and asymmetrical structures are investigated concerning
their degradation behavior.
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Fig. 1. Sample overview that was used for investigations. G1 was processed with an (n)a-Si layer on both sides, while G3 solely received a single-sided (n)a-Si layer. Due to the
crystallization of the (n)a-Si during a POCI; diffusion, G3 has an additional front floating emitter. G5 serves as a reference without any poly-Si. G2, G4 and G6 only differ from

G1, G3 and G5 by an additional interfacial oxide and an AlO, layer below the SiN:H.

2. Methodology
2.1. Material and preprocessing

For this study, Cz-Si:Ga (1.6Qcm) wafers of M2 size were saw-
damage etched in KOH, followed by wet chemical cleaning procedures,
resulting in a final wafer thickness of ~150 pm. Depending on the sam-
ple structures a thermal tunnel oxide was grown subsequently, followed
by the deposition of a ~240 nm thick P-doped amorphous silicon ((n)a-
Si:H) by plasma-enhanced chemical vapor deposition (PECVD), either
on both sides or just one side of the wafer. Afterwards, the (n)a-Si:H
was crystallized during a POCl; diffusion. Both, POCl; diffusion and
forming of the TOPCon structure are known as effective gettering steps.
On a planar c-Si surface, this diffusion yields a sheet resistance of
~320Qsq~!, the doping level of the (n)poly-Si layer is only marginally
affected. After the removal of the phosphorus silicate glass layer, an
optimized SiNy:H passivation and anti-reflective layer were deposited
using PECVD. Additionally, for some samples, a thin PECVD AlO, layer
was deposited after growing a thermal oxide and before depositing the
SiN,:H layer on top. The four resulting sample groups, as well as two
reference groups without any (n)a-Si:H deposition or POCl; diffusion,
are illustrated in Fig. 1. All wafers were fired in an industrial belt
furnace at a measured sample peak temperature of 800 °C, monitored
using a k-type thermocouple placed at the center of the sample. For
the variation of peak firing furnace temperature, samples from G2
did not receive a POCl; diffusion for crystallization but were instead
crystallized in an annealing step carried out at the same temperature
as the diffusion. The samples were then fired at four measured sample
temperatures of T; = 700°C, T, = 750°C, T3 = 800°C and T, = 850°C.
Four 5cm X 5cm samples were cut from each wafer before further
treatment.

2.2. Accelerated long-term stability treatment and characterization

The injection-dependent effective excess carrier lifetime g (4n)
measurements were done using photoconductance decay (PCD) [12,

13] at 30°C using a WCT-120 device from Sinton Instruments. Ac-
celerated long-term stability experiments were carried out on a hot-
plate at 130(1)°C with illumination being photon-flux equivalent to
1.0(1) sun [14], using halogen lamps. The illuminated annealing was in-
terrupted from time to time for PCD measurements to monitor changes
in 7eg. Occurring changes in lifetime are evaluated by the calculation
of a lifetime equivalent defect density
RS

Teff()  Tefr(0)

which serves as a good measure for the formation and dissociation of
defects without knowledge of absolute defect levels [15]. The term
ANjeqmax refers to the maximum extent of ANy, of an individual
sample that appears during treatment. All evaluated effective lifetimes
and defect densities were assessed at an injection level 4n = 5 -
10" ecm~3 if not stated otherwise. The reason for this specific injection
is edge-related recombination as discussed in Appendix A.1.

Further analysis is carried out for the long-term stability treat-
ment of symmetrical and asymmetrical TOPCon samples in comparison
to reference samples without (n)poly-Si. Hereby, a deep-level defect
species is assumed. The injection-dependent dataset of ANjq is eval-
uated regarding maximum bulk related (4n — 0) lifetime equivalent
defect densities ANf;q and surface related saturation current density

ANpgg = €

AJ, [16]. Initial surface-related J, is evaluated by the slope-based
approach [17] using the parametrization from Niewelt et al. [18] for
an intrinsic lifetime with maximal photon recycling. For all samples, J,
is given as a mean for both sample sides.

2.3. Assessment of bulk hydrogen concentration

The formation of overall neutral gallium-hydrogen pairs from hy-
drogen dimers may be exploited for the quantification of hydrogen
concentration in the bulk [19]. In particular, the splitting of neutral
dimers H, to H* as intermediate species consumes holes 4t and results
in a measurable change in hole concentration p, during dark annealing
according to the reaction [20,21]

H,+2h* +2Ga~ =2 H' +2 Ga~ =2 GaH’ 2
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After GaH pair formation is largely completed, subsequent illuminated
annealing can be used to dissociate nearly all GaH pairs [22]. GaH pair
formation in this work was induced during dark annealing at 180(1) °C
with interruptions to measure the change in hole concentration by resis-
tivity measurements. For the dissociation of GaH pairs an illumination
at 300(2) °C and a photon-flux equivalent of 2.0(2) suns was used.

The initial species concentrations of GaH pairs [GaH];;; and hydro-
gen dimers [H,];; can be concluded from the initial hole concentration
Poinit> that after dark annealing p, 4, and after illuminated annealing
Poj by

[GaHlinit = Po it — Po,init 3

1
(HaJinit = 5 (Po,init = Po,da) (4
From this the total hydrogen concentration follows according to
[H] = 2 [Hy lini + [GaH]pi (5)

The factor % in Eq. (4) considers the formation of two GaH pairs from
one H, dimer. Naturally, this is only valid for the assumptions that the
majority of H, is involved in the GaH pairs formation and that almost
all pairs can be dissociated during illuminated anneal.

The correlation between [H,];,;; and the observed extent of degra-
dation is suggested by several studies that varied the hydrogen concen-
tration by different means, resulting in increased defect formation when
more hydrogen is present [11,23-26]. In this study, the maximum ex-
tent of lifetime equivalent defect density (4Njeqmax) O maximal bulk-
related lifetime equivalent defect density (AN * ) is used to correlate
the amount of defects formed with the hydrogen concentratlon present
in the bulk.

In our case, hydrogen was introduced into the bulk by diffusion from
a SiNy:H layer during firing. For hydrogen quantification, samples were
prepared similarly to [19] where electrical contacts were established
using two pairs of Al pads on opposing sides on the back side of the
substrate, deposited via electron-beam vapor deposition. Laser-fired
contacts [27] provided electrical contact to the substrate for samples
without additional (n)poly-Si or n* front floating emitter. For samples
with (n)poly-Si on the back-side of the sample the aforementioned
preparation would yield the resistance of the (n)poly-Si layer and not
the bulk, hence, SiN,:H was locally ablated by a 355nm picosecond
pulsed laser [28]. Afterwards, the (n)poly-Si was locally etched back in
KOH and contacts with the Cz-Si:Ga were established via laser firing of
evaporated Al as described before. This whole process is schematically
shown in Fig. 2. All measurements were conducted on a temperature-
stabilized 4-terminal setup at room temperature [19] and change in
hole concentration p, was calculated using hole mobility data obtained
from PV Lighthouse [29].

3. Results and discussion
3.1. Impact of peak firing temperature on the (n)poly-Si

3.1.1. Initial characterization after firing

Parameters 7.¢, J, and implied open-circuit voltage iV, are in-
vestigated for (n)poly-Si samples that are symmetrically capped with
Si0,/AlO,/SiN,:H (G2) and fired in a belt furnace at measured peak
sample temperatures between 700°C to 850°C. For each peak tem-
perature, at least two wafers were measured at nine positions. The
corresponding results from PCD measurements are shown in Fig. 3. The
excess carrier lifetime (at 4n = 5-10'> ¢cm™3) remains relatively constant
at 2.5ms up to a firing temperature of 800 °C, where a drop of ~400 pus
occurs. Surface related J, remains at ~2fAcm™2, but variation across
the wafer is increased for 800 °C. Implied open-circuit voltage is slightly
reduced from ~743mV to ~741 mV at 800 °C. For samples that were
fired at 850°C, the overall sample homogeneity and performance are
significantly reduced which has been reported before for (n)poly-Si on
B-doped material [30]. The variation of peak firing temperature in this
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Fig. 2. Process to establish contacts with the Cz-Si:Ga underneath the TOPCon layers,
exemplarily shown for G3. The process consists of (a) laser ablation, (b) etching in
KOH, (c) evaporation of Al and (d) establishing contacts by laser firing.

work is additionally carried out on samples where a stack of SiO,/SiN,
caps the (n)poly-Si without an additional AlO, interlayer (G1). Since
these results show very similar results but are lacking statistics, they
are not shown here.

The drastic deterioration for samples fired at 850 °C can be explained
by visible blistering of the samples especially towards the edges of
the samples. This is most likely related to an excess of hydrogen at
the (n)poly-Si/c-Si interface which may lead to a delamination of the
(n)poly-Si [31]. Therefore, samples should not be fired at a measured
peak sample temperature way above 800 °C.

3.1.2. Long term stability-behavior

The investigation of long-term stability behavior for samples from
G1 and G2 is performed for peak firing temperatures of 700 °C (7T}),
750°C T, and 800°C T; since a manageable homogeneity of samples
fired at 850 °C is not given. Fig. 4 depicts 7ef, ANjeq and J;, evaluated
from the long-term stability treatment at an illumination of 1.0(1) sun
at 130°C of samples G1 and G2. Effective lifetime measurements show
that the initial lifetime is lowest for T; as already observed in Fig. 3.
After ~0.2h of treatment a minimum in lifetime for both sample types
fired at 800 °C can be observed, which is visible as a maximum in 4ANj¢,.
For the peak temperature 7, the degradation extent is significantly
reduced and for T, barely any defects are formed or dissolved during
the first hour of the treatment. After ~4h of illuminated anneal, ANj¢q
is rising for all samples which can be explained by an increase of J,
shown in the bottom graph of Fig. 4. The degradation and regeneration
(especially for T, and 73) during the first few hours of treatment
can be attributed to the bulk as J, is barely affected. The course of
the effective lifetime during such degradation is usually followed by
regeneration, which is commonly observed, especially for LeTID in p-
type Si [32]. Note that both, degradation and regeneration rates depend
on treatment conditions, e.g. injection and sample temperature. In
Fig. 4 the regeneration is only observable after defects have formed in
the case of higher firing temperatures. Another experiment conducted
at 180 °C show, that differences in SRD between G1 and G2 are marginal
for the different firing temperatures (see Appendix A.2).

Overall 4ANj,, remains comparatively low during the treatment,
indicating a reduced susceptibility to LeTID. This is discussed in more
detail in Section 3.2.



J. Kamphues et al.

103+ .

Togt | 1S

102¢ -

10 G2 i

1024 ]

1004

LB 5

implied Voe / mV
@ 3
7

D
[©2]
o
+
L

?2
7

760 750 860 8é0
peak firing temperature / °C

Fig. 3. Effective excess carrier lifetime ., surface related saturation current density
Jo, and implied open-circuit voltage iV after firing at different measured peak samples
temperatures for symmetrical SiO,/AlO,/SiN, capped (n)poly-Si samples on Cz-Si:Ga.

3.1.3. Correlation with the hydrogen content

From literature it is suggested that the peak firing temperature
changes the amount of hydrogen present in the bulk, or more precisely,
an increased peak temperature may lead to higher H concentrations in
the c-Si [26,33]. By the change of peak temperature the cooling rate
is changed as well, which also influences the effusion of H during the
cooling phase. Therefore, resistivity samples were processed according
to Fig. 2 for G1 and G2 with a variation of peak firing temperatures
T\, T, and T; to investigate the influence of (n)poly-Si on the bulk
hydrogen concentration. In Fig. 5 the initial concentrations [H,];,;; and
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Fig. 4. 7.4, ANy evaluated at 4n = 5-10" cm™ and surface related J, for G1 and
G2 fired at T} = 700°C, T, = 750°C and T; = 800°C during treatment under 1.0(1)sun
illumination on a hotplate at 130(1) °C.

[GaH];y; as well as the total hydrogen concentration are shown over
the observed ANjeq max- The latter increases for both sample types with
rising peak fire temperature up to 2.5- 103 cm™. A similar trend is
observed for the initial species concentrations [H,1;,;; and [GaHT;p;.
For the samples fired at T}, hardly any [H,];,;; was found. Interest-
ingly, these are also the samples where hardly any degradation in the
¢-Si bulk occurs. This matches the hypothesis that hydrogen dimers, not
GaH pairs, are the main source of hydrogen responsible for LeTID [26].
There is barely any difference in the initial dimer concentration
between the sample groups G1 and G2. Since the difference is very low,
it is possible that the AlO, does not have a significant influence on the
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Fig. 6. Change in excess carrier lifetime 74 at An = 5-10'> cm™ during treatment
with 1.0(1)sun at a temperature of 130(1) °C for samples structures from G1 to G6.

hydrogen concentration in the bulk. Overall it seems, that samples with
a symmetrical (n)poly-Si show a reduced remaining total hydrogen or
at least [H,];,;; for lower peak firing temperatures as it was observed
before the samples without TOPCon-like structures [26,33]. Here, the
amount of [H,];,; compared to references without TOPCon structures
will be discussed for a peak temperature of 800 °C (see Section 3.2.2).

3.2. Variation of sample structure

3.2.1. Long-term stability behavior

Since symmetrical (n)poly-Si samples are not very applicable for
solar cell concepts, a comparison is made with possible precursor
structures that may be used similarly for IBC solar cells. Therefore,
the different sample structures shown in Fig. 1, involving samples with
at least one side of (n)poly-Si for G1 to G4 and reference samples
only capped with SiNy (G5) or SiOZ/AIOX/SiNy (G6), are treated at
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an elevated temperature of 130(1) °C under illumination of 1sun. The
results for 7.4 for these samples are depicted in Fig. 6. The initial excess
carrier lifetime for the symmetrical groups G1 and G2 is similar to
that of samples shown in Fig. 4. Blistering occurring on asymmetrical
samples with (n)poly-Si on the backside and a front floating emitter
on the front (G3 and G4) during firing may be the reason for reduced
lifetimes. For the reference samples, an additional SiO,/AlO, capping
improved the initial lifetime compared to passivation with SiNy:H only.

A more detailed analysis on the long-term stability is given in Fig. 7
by ANjeq, ANI’:eq and J,, over the treatment time under an illumination

being photon-flux equivalent to 1.0(1)sun at 130(1)°C. The observed
maximum lifetime equivalent defect density in the top graph seems
to be lowest for the first three groups G1 to G3 at ~0.8ms~! and is
increased for the other groups with the reference that is only capped by
SiN, showing the highest degradation extent. However, J, is improving
for some groups during the first ~4 h of the treatment, in particular G3
and G4, which lowers the observed AN, during this phase. Evaluating
ANy, offers the possibility to separate this surface-related improvement
from the observed change in bulk-related defect densities.

In the middle graph of Fig. 7 the defect density ANI’:eq is low-

est for the symmetrical (n)poly-Si samples but is increased for the
asymmetrical stacks and still the highest for the references. Except for
the symmetrical (n)poly-Si samples, ANI’“eq is lower for samples with

additional SiO,/AlO, stacks compared to the single SiN, passivation.

Surface-related degradation can be observed after ~4 h of treatment
and is highest for the samples that have at least one side of SiN,:H
passivation without additional stacks. For G1 and G2 a reduced SRD can
be seen. The lowest observed SRD is present for the reference sample
G6.

3.2.2. Correlation with the hydrogen content

The hydrogen content in the different sample structures is again
accessed as described in Section 2.3. The species concentrations of
[Hylinit» [GaHlpn; and [H] for all six groups in correlation with the
evaluated maximal bulk-related lifetime equivalent defect density are
shown in Fig. 8. In this case AN}, is used because of the influence of
surface-related improvement of samples G3 and G4 during the first few
hours of treatment.

Total hydrogen concentration [H] and [H,];,; is highest for the
SiNy:H reference G5, which also shows the highest degradation extent.
For the AlO, reference G6 degradation extent and hydrogen content
is already reduced. This can be explained by earlier studies regarding
the role of AlO, as a hydrogen diffusion barrier [11,34,35] during
firing. As already mentioned in the previous section, this effect is not
visible by the comparison between the symmetrical (n)poly-Si samples
Gl and G2. It is therefore reasonable that the AlO, only acts as a
hydrogen diffusion barrier when there is no (n)poly-Si underneath.
Overall the (n)poly-Si seems to have more advantageous properties
regarding hydrogen content in the c-Si as bulk-related degradation
is significantly reduced. The usage of a one-sided (n)poly-Si already
lowers the hydrogen content and therefore degradation extent. An
explanation might be that the poly-Si is acting as a H sink, leaving less
hydrogen in the c-Si that could be harmful due to the involvement in
the formation of the LeTID defect and subsequent SRD. Interestingly,
the concentration of initially present GaH pairs is highest for the
samples G1 and G2 but is rather relatively constant for all sample
variations. An interpretation could be that the (n)poly-Si supports an
increase of initially present GaH pairs.

Comparing the results for the symmetrical (n)poly-Si samples with
the results of samples fired at 800°C in Fig. 5, the total hydrogen
concentration is very similar around ~2.5 - 1013 cm™3. However, [H,Jin;
is lower and [GaH],,;, is higher in this section. This seems reasonable
when comparing the maximum degradation extent in the top graph of
Fig. 7 with Fig. 5 to compare AN, at the same injection level, as ANjq
is higher for the experiment with peak firing temperature variation,
which might be induced by a changed cooling rate during firing.
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Fig. 7. Results of the long-term stability treatment for ANy, ANI’;q and surface related

J,, for all samples G1 to G6 under an illumination of 1.0(1)sun at 130(1)°C.

4. Conclusion

In this study the influence of varying peak firing temperature be-
tween 700°C and 850°C on samples with passivating contacts, using
(n)poly-Si on Cz-Si:Ga capped by SiO,/AlO,/SiN, or just SiN, were
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Fig. 9. Injection dependent measurement of 7. for a sample from G2 which is cut
down from a side length of 151 mm to 43 mm The absolute measuring position remained
the same as the same amount of material is taken away from all sides of the wafer.

investigated. A clear drop in performance at measured peak temper-
atures well above 800 °C was found related to the onset of blistering.
Stability experiments at elevated temperatures and under illumination
showed that significant degradation can only be observed for firing
temperatures well above 750 °C. Yet, SRD might be increased for lower
firing temperatures. The increased ANjeqmax Was correlated with an
increase in the initially present concentration of H, dimers. However,
no difference between the usage of a different capping layer on the
(n)poly-Si could be observed. This suggests that the role of a thin AlO,
is comparatively insignificant when using the (n)poly-Si, which might
act as an effective sink for H alone.

By comparison of asymmetrical TOPCon sample structures in a long-
term stability experiment, it was found that the degradation extent for
samples with an SiO,/AlO, capping is reduced compared to only using
SiN, except for samples with symmetrical (n)poly-Si. Furthermore,
the degradation extent is generally lower for samples that received
an (n)poly-Si layer at least on one side of the sample. Resistivity
measurements revealed that the [H,];,;; concentration is the lowest for
symmetrical (n)poly-Si out of all samples investigated resulting in the
lowest observed degradation extent. TOPCon structures used in this
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work are therefore, under comparable firing conditions, less susceptible
to LeTID.
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Appendix. Supplementary information

A.1. Edge-related recombination

It was found that some of the investigated sample structures, in
particular those that feature a layer that collects excess carriers like
(n)poly-Si on a p-type substrate, may suffer from long-range edge-
related recombination which was already observed by others [36,37].
Fig. 9 shows the injection-dependent 7. of a G2 sample (see Fig. 1)
for different sizes. Hereby, the wafer is cut down at all sides and
measured at the center. The injection dependence of carrier lifetime
seems unaffected as long as the wafer is completely intact and the edges
are far away from the measuring spot. However, the smaller the sample
gets, the more 7.5 is massively reduced towards lower injections. A
similar experiment with photoluminescence imaging was carried out
for varying distances in a recent study [38]. Since all long-term stability
measurements are carried out with samples that have an edge length of
50 mm, most of the evaluation of carrier lifetimes is performed at An =
5-10' cm~3 as for this injection, the measurement does not seem to be
significantly influenced by that long-range edge-related recombination.
However, one should note that the injection dependence of ANjq for a
deep-level defect, in particular with a high 7, /7, ratio which is around
30 for LeTID [39,40], implies increasing ANjeq values when evaluated
at lower injection levels [15]. Hence, comparisons with ANjeq data
evaluated at different injection 4n or An/p, ratio should be taken with
care.

A.2. J, evolution of samples with variation in peak fire temperature

Fig. 10 shows the evolution of J, during additional accelerated long-
term stability experiments for G1 and G2 that were fired at measured
peak temperatures 7}, T, and T3. The treatment is carried out under an
illumination of 1.0(1) sun at 180(1) °C.
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Fig. 10. Evolution of J, for samples of G1 and G2 during a treatment with an
illumination of 1.0(1)sun on a hotplate at 180(1)°C. Both sample groups were fired
at temperatures T}, T, and T;.
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