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Abstract. Silicon solar cells with both-side full-area passivating hole and electron contacts are
viable candidates for application as bottom cells in tandem architectures. In this contribution,
cells with poly-Si based contacts at both sides are investigated as a potential upgrade to the
emerging i-TOPCon single junction devices featuring a passivating contact (poly-Si(n)/SiOx)
only at the rear side and an alternative to the SHJ technology featuring a-Si based full-area
passivating hole and electron contacts. We show that a higher thermal budget is needed to
mediate between poly-Si(p)/SiOx hole and poly-Si(n)/SiOx electron contact when the same
thermal interfacial SiOy is applied. This is addressed by using a PECVD oxide that is adapted
to the needs of the hole and/or the electron contact. We present a proof-of-concept poly-
Si(n)/SiO./c-Si/SiO/poly-Si(n) device with emphasis on a lean process flow. An all-PECVD
process sequence for the hole contact, i.e., plasma oxides+i/p-a-Si deposited at 200°C in the
same chamber was applied. With co-annealing of the contacts, no additional hydrogenation,
and no edge insulation step, we observe no shunting and obtain efficiencies of up to 20.8% for
M2 size cells, so far.
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1. Introduction

Recent developments of tandem devices have shown that it is possible to overcome the fun-
damental limit of Silicon single-junction devices. Power conversion efficiencies of up to 35.9%
have been demonstrated in two-terminal tandem devices based on a TOPCon? like bottom cell
and a llI/V top cell [1]. For the c-Si/perovskite tandem structures, the current world record
reaches efficiencies above 32% [2], which, relies on silicon heterojunctions as bottom cell.

In our contribution, we report on the learnings gained from the TOPCon single junction
and TOPCon/llI-V tandem development and their future transfer towards TOPCon/perovskite
devices with a lean process sequence and potential to integrate a Silicon-based tunneljunction
(TJ) [3]. The focus here is on the different nature of n-type and p-type TOPCon electron and
hole contacts and the resulting design trade-off with respect to passivation and transport losses
in TOPCon? solar cells. We showcase that an increased freedom of design results from “asym-
metric” oxide properties at the hole and electron contact that enables a single co-annealing
step for activating both the n-TOPCon and p-TOPCon.
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2. Experimental Approach

Firstly, the properties of n- and p-type TOPCon structures are investigated with regards to their
passivation quality and contact resistivity (pc) by means of symmetric lifetime samples. Subse-
quently, the optimized layer stacks are implemented into full-area, both-sided TOPCon solar
cells.

2.1 Lifetime Test Structures

Symmetric test structures were first fabricated using 1 Qcm n- or p-type 4-inch FZ wafers with
a thickness of 200 or 250 um, respectively. The wafers were either thermally oxidized (TO) in
O2/N2 gas or oxidized by a nitrous oxide plasma (PO) in the same chamber used for doped a-
Si deposition. Here, a 13.56 MHz parallel plate PECVD reactor was used with PHs; or TMB as
doping gases. The annealing temperature (Tann) for poly-Si formation was applied in the range
of 850-1000°C. Finally, the samples received a hydrogenation step using AlOx and FGA an-
nealing. The contact resistivity pc across the poly-Si/SiO,/c-Si contact was obtained using ver-
tical I-V measurements.

2.2 Solar Cell Processing

In a second step, M2-sized devices were fabricated using single-side textured n-type Cz wa-
fers. The interfacial oxide was grown thermally on both sides of the wafers (“TO + PECVD”)
but for half of the solar cells the oxide at the p-type TOPCon rear side was substituted by the
novel developed nitrous plasma oxide described above (“all PECVD p-TOPCon”). Doped a-Si
layers were deposited with a thickness of 30 nm. A co-annealing step at 900°C for 10 min in
N2 atmosphere was performed to crystallize the full-area n-type a-Si(n) layer at the textured
front and p-type a-Si(p) layer at the planar rear side. Cells were then finalized with both side
TCO deposition of ITO:H and screen printing of a low-temperature silver paste. Note that the
cells did not receive any additional hydrogenation step and edge insulation was done only by
masking of the rear side TCO, i.e., no extra removal of poly-Si at the edges. Basically, the
same back-end processing was applied as for our SHJ baseline, which leaves room for im-
provements to this TOPCon based cell architecture, i.e. TOPCon? cell design. Finally, the I-V
data of the cells were measured at different subsequent post-processing curing steps in the
range of 250 — 450°C. A schematic of the TOPCon? solar cell using an n-type Cz absorber and
a process flow is depicted in Figure 1.
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Figure 1. Process flow (left) and schematic (right) of both-sided n-type TOPCon? solar cell.
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3. Advantage of Plasma Oxides for TOPCon Processing

The results obtained for symmetrical poly-Si(p) and poly-Si(n) structures from QSSPC and
contact resistivity measurements are compiled in Figure 2.
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Figure 2. Surface passivation after hydrogenation (upper graph) and contact resistance
(lower graph) for p- and n-TOPCon prepared with a thermally grown or plasma oxide derived
from symmetrical test structures using different T and interfacial oxides.

First, our results clearly show the discrepancy between n-type and p-type TOPCon contacts,
where n-type provide better passivation (approx. 730 mV) while their p-type counterparts reach
a lower level in the current development stage (approx. 700 mV). What is also apparent is that
the TO/n-poly combination cannot sustain Tan > 900°C with regards to iVo.. For the TO/p-poly
counterparts on the other hand higher temperatures of 950°C are needed for sufficiently low
contact resistivities. It is evident that for the implementation into cells, a trade-off between pas-
sivation and contact resistivity must be found, which also defines the optimal co-annealing
temperature for both doping types. Taking a closer look at the data obtained for TOPCon struc-
tures featuring a nitrous plasma oxide PO. n-type TOPCon only perform well at 850°C, the
lowest Tann tested here. At higher temperatures, the passivation breaks down. For PO/poly-
Si(p), the situation is quite different. At 900°C the PO/poly-Si(p) contact performs almost
equally well as the TO/poly-Si(p) contact in terms of passivation. But the PO/poly-Si(p) contact
exhibits an acceptable resistivity of only 20 mQ.cm? compared to the 300 mQ.cm? obtained
with a TO. As a showcase for the increased freedom of design for the use of such asymmetric
oxide properties at the hole and electron contact, we chose to implement the PO/poly-Si(p)and
TO/poly-Si(n) contacts in our proof-of-concept cells and co-annealed at 900°C. Please note
that it is in principle possible to find well-working plasma oxidation processes for both contacts
and likely reach voltages clearly above 700 mV as already shown in literature [4—6].

4. Both-Sided TOPCon Solar Cells

I-V results of TOPCon? cells with either TO on both sides or TO/poly-Si(n) at the front and
PO/poly-Si(p) at the rear are shown in Figure 3(a)-(f).
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Figure 3. a) —f). |-V results for both-sided M2 TOPCon solar cells in the initial state, after an-
nealing at 10 min at 250°C, 5 min at 300°C, 350°C, 400°C, and 450°C.

In the initial state, the cells reveal a low Vi, of max. 670 mV limited by e.g. the sputter damage
during TCO deposition (Figure 3 a). This is found in samples with thermal (left) and all PECVD
p-TOPCon rear side (right side). Nonetheless, improved passivation is reflected in the steady
improvement in Vo (as well as pFF) for annealing at up to 400°C due to curing of sputter
damage and likely due to migrating atomic hydrogen from ITO:H to TOPCon for interface
passivation [7]. The V.. was slightly higher in the both side thermal oxide reference samples
compared to those with plasma oxide at the rear side p-TOPCon. Furthermore, the Jsc increase
up to 450°C annealing is dominated by an improved blue-response (QE not shown here) that
may be linked to improved passivation at the poly-Si(n)/SiO./c-Si front surface field and a
phase change of the ITO:H towards more crystalline material [8]. After reaching a curing
temperature of 350°C, the FF drops due to an increase in Rs while the pFF keeps improving.
A reasonable explanation for this trade-off between passivation and transport losses might be
a parasitic oxide layer formed at the poly-Si/ITO interface [9] during the final annealing.
Comparing the two test structures, the FF is higher (Rs is lower) in solar cells with a plasma
oxide for p-TOPCon. This can be ascribed to the lower contact resistance of all-PECVD p-
TOPCon presented for the test structures above. Finally, this is also reflected in the higher
efficiency obtained for the cells with an all-PECVD hole contact with a maximum of 20.8%.
Compared to the initial state, a gain of up to 1.5% absolute in efficiency is achieved after
annealing at 350°C.

PECVD is considered a single-sided deposition technique, but it is usually accompa-
nied by parasitic wrap-around of the doped a-Si layers potentially leading to shunts. Please
note that no a-Si or poly-Si wrap-around removal step was performed for our cells. Therefore,
it is important to note that despite this, we do not see any significant shunting of the cells, which
exhibited shunt resistances of more than 4 kQ.cm? (unaffected by curing).

5. Conclusion

In summary, we addressed different aspects that need to be considered when implementing
both-sided TOPCon bottom cells for example as bottom cells in Perovskite-tandem devices.
With regards to a lean process flow we showed that plasma oxidation can provide a good
passivation and low contact resistivity which allows for a co-annealing step for the formation
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of the n-TOPCon front and p-TOPCon rear contact. Based on this, we were able to realize full-
area M2 TOPCon? solar cells with an efficiency of up to 20.8%. For the passivation of thin
TOPCon layers no additional hydrogen source such as AIO,/SiN, dielectric capping layers
were employed but the curing of the sputter damage is vital. More work is needed to under-
stand the good shunting behavior found without any PECVD poly-Si wrap-around removal
step.
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