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Ultra Thin Polysilicon Passivated Contacts

Introduction

Tunnel Oxide Passivated Contact (TOPCon) technology has emerged as the dominant architecture
for industrial-scale solar cell production with high efficiency potential. Nevertheless, a significant
challenge in the utilisation of the TOPCon technology lies in its parasitic absorption losses of
photons absorbed within the doped poly-Si layer. In response to that challenge, this work
demonstrates a significant leap towards addressing parasitic losses in tunnel oxide passivated
contacts (TOPCon) solar cells, where we present excellent passivation and contact properties with
doped poly-Si thicknesses as low as 3 nm thick, applied to both planar and textured surfaces. The
study demonstrates that excellent surface passivation as low as 1-2 fAcm and contact resistivities
below 5 mQcm? can be achieved on both surface morphology. The empirical data, combined with
3D device simulations, provides insights into the potential for improving efficiency for rear-TOPCon
devices, and reveals new avenues for its implementation on the front side of single-junction silicon
solar cells.

Motivation and Background

State-of-the-art TOPCon cells exceed 26% efficiency, driven by excellent contact passivation.
However, thick rear poly-Si layers incur free-carrier absorption and long-wavelength losses that do
not contribute to carrier generation. Front-side TOPCon remains even more penalizing optically,
which is why production lines universally keep TOPCon at the rear. Previous attempts to mitigate
loss via alloying or multilayers have faced trade-offs (complexity, degraded passivation/transport).
Our approach is to thin the doped poly-Si itself into the 2—6 nm regime while preserving the tunnel-
oxide structure and passivation thereby reducing optical loss to neglibible levels for rear TOPCon
and opening a path to front TOPCon.

Ultra-thin poly-Si

The optimisation of ultra-thin polysilicon (poly-Si) tunnel-oxide passivated contacts (UT-TOPCon)
on planar surfaces reveals that excellent electrical properties can be achieved even at sub-3 nm
thickness. Figure 1a presents the surface recombination current density (Jo) as a function of poly-
Si thickness and drive-in conditions, demonstrating values consistently below 1 fAcm until a
threshold near ~2.6 nm is reached. At this limit, passivation degrades abruptly, suggesting a
structural or electronic transition in the poly-Si/SiO, stack. The lowest measured Jo was 0.82 fAcm-
2 for a ~2.9 nm poly-Si layer. Figure 1b shows the specific contact resistivity (pc), with values in the
range of 2.5-5 mQcm?, confirming that electron transport through the ultra-thin layer remains
highly efficient. Transmission electron microscopy (TEM), as shown in Figure 1c, confirms the
structural integrity of the oxide/poly-Si interface at ~2.6—2.9 nm thicknesses, although a trend
toward amorphous grain formation and reduced interface definition was observed near the lower
limit. This structural change correlates with the sharp rise in Jo, indicating that further reductions in
thickness will require precise control of crystallisation and interfacial quality. Collectively, these
results demonstrate that planar UT-TOPCon retains the key advantages of conventional TOPCon,
but with substantially reduced material usage and optical losses.



@\ ASIA-PACIFIC

W@ SOLAR RESEARCH CONFERENCE 2-4 Dec 2025, Brisbane
(@) P - N Y S S SR N
o | e 800°CI775°C T «— 800°C/775°C
- = - 4
ol | —= eoo:czaoo:c ] 5 = 800°C/800°C
| e 800°C/825°C S s —+—800°C/825°C |
o« 0, 0, = 0 0
2 4 800°C/850°C | —a— 800°C/850°C | ]
A0t ==t + 3 =
- a D3 g
. L *> . $
\ * E * @ 2t 4
5
L L ! L L ! ' L Q 0 | i N H ) N 1 n
4 6 8 10 12 14 16 18 20 22 O % %6 & 10 12 14 16 18 20 22
Poly-Si deposition time (min) Poly-Si deposition time (min)
(c)

8min 10 min

7 min

Figure 1: (a) Surface passivation quality of ultra-thin poly-Si for various deposition
and drive in conditions, (b) the contact resistivity for the same, and (c) TEM images
showing the thickness of the poly-Si layers.

Ultra-Thin Poly-Si on Textured Silicon

Extending the UT-TOPCon approach to textured surfaces is critical for industrial application.
Random pyramid textures increase surface area and modify the crystallographic orientation, which
can amplify recombination. Nevertheless, Figure 2a shows that ultra-thin poly-Si layers maintain
excellent passivation on textured wafers, with Jo values consistently below 2 fAcm-2 and a
minimum of 1.3 fAcm-2 recorded for a ~2.7 nm poly-Si layer. The 30% increase in Jo relative to
planar samples correlates with the increased surface area, suggesting that the intrinsic passivation
quality is preserved. Contact resistivity measurements (Figure 2b) again demonstrate values
between 2.5-6 mQcm?, confirming efficient carrier transport across textured morphologies. TEM
cross-sections of pyramid sidewalls (Figure 2c) reveal conformal deposition of the Al,Os/poly-
Si/SiO, stack with mean thicknesses consistent with planar samples. These results indicate that
ultra-thin poly-Si contacts are compatible with the surface morphology used in high-efficiency solar
cell production, overcoming one of the major barriers to front-side implementation. Furthermore,
experiments with direct Al evaporation confirmed robust contact formation on layers 24 nm, while
thinner layers benefited from a transparent conductive oxide (TCO) interlayer to maintain
passivation integrity.
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Figure 2: (a) Surface passivation quality of ultra-thin poly-Si on double-sided random
pyramidal textured Si for various deposition and drive in conditions, (b) the contact
resistivity for the same, and (¢ & d) TEM images showing the thickness of the poly-Si layers
and the uncertainties in its measurements.

Optical Considerations of Thin Poly-Si

The optical consequences of thinning poly-Si layers were quantified through spectroscopic
characterisation and incorporated into ray-tracing simulations. When applied to the rear surface,
poly-Si absorption is shown to scale nearly linearly with thickness, with a gain in photogenerated
current density (Jeen) of approximately 0.1 mAcm-2 for every 25 nm reduction in thickness (Figure
3a—c). At ~5—-6 nm thickness, absorption losses are reduced to ~0.02 mAcm-2, effectively negligible
for single-junction Si cells.

For front-side application, the optical benefits are more profound. Figure 4a—c illustrates the impact
on monolithic Si—perovskite tandems. Replacing conventional ~80 nm poly-Si layers with ~5 nm
layers reduces combined front- and rear-related absorption losses from over 1.2 mAcm-2 to below
0.1 mAcm-2, enabling a current-matching gain of ~0.7 mAcm-2. For single-junction cells, a ~2.7 nm
front UT-TOPCon contact introduces only ~0.39 mAcm-2 loss, already lower than typical
heterojunction front layers. Importantly, this residual loss overlaps spectrally with UV-blocking
encapsulants such as EVA, reducing the effective front penalty to ~0.23 mAcm-2 at the module
level.

These results demonstrate that thinning poly-Si layers into the nanometre regime transforms
TOPCon from an optically lossy necessity into a transparent, electrically robust contact. At the rear,
UT-TOPCon reduces absorption to negligible levels, while at the front, it re-opens the pathway for
practical TOPCon implementation, compatible with tandem integration and next-generation all-
passivated contact designs.These effects are illustrated in
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Figure 3: (a) The optical impact of rear polysilicon thickness on a 150um thick Si
solar cell, and (b) the spectral loss analysis for reflection, escape and absorption losses
within an TOPCon cell structure without metal fingers

(a) (b) 0.25 [T T T T ]
428 ] >% 020 | : -
\ —A— Cell Jiges [1ront polysi 12.8 @ g : W i
42.4 | A—Modute dioes fonpisi ] g 2015 NAARAAAD .
b \O\ oe—CellJ 424 o € ‘}‘E i Si wafer 1
42,0 - 3 0 50I0F /e y
& [ 8 —0— Module Jge"_' 20 % g E 0.05 T/ MgF,/SiN, 1
€ . 1< g EO0OS ./ T .
S 416 z I ]
< T~ Ju6¢ c) 028 h—g J f '
E 42 i @ ©) _ : |
g v 1410 3 zL 020 R ]
= 408 1 2 § So01s AAN .
- o A7 4 Jos § S A
404 "lmo AT -— 1 2 §Eo0t0H| | Eccomsmmn .
CF e T Joa 5 <0l o
40.0 F == s ] Eo .
X il . . . 0.0 0.00 = z \
0 2 4 6 8 10 400 600 800 1000 1200

Wavelength (nm)
[ Front: Reflection [l Glass Abs []EVA Abs
[ Front,Escape  [E Front,Poly-Si Abs [l Rear,Poly-Si Abs
[ 1Rear,Escape

Front Polysilicon Thickness (nm)

Figure 4: (a) The optical impact of front polysilicon thickness on a 150um thick Si
solar cell and module, and (b) the spectral loss analysis for a cell with 3nm front
polysilicon, and for the same cell within a module.

Device Simulation and Impact

To quantify the device-level implications of ultra-thin TOPCon (UT-TOPCon), calibrated numerical
simulations were performed using opto-electrical inputs derived from the experimental
measurements. The baseline model corresponds to a state-of-the-art n-type rear TOPCon solar
cell with an independently certified efficiency of 26.06%. This reference device incorporates a
conventional ~150 nm rear poly-Si layer, which contributes ~0.38 mWcm-2 optical loss.

When the thick rear poly-Si layer is replaced by a ~5—6 nm UT-TOPCon layer, simulations predict
an absolute power conversion efficiency (PCE) increase of 0.5%, driven by a +0.5 mAcm-2 gain in
short-circuit current density (Jsc) and a +0.4% improvement in fill factor (FF). This corresponds to a
simulated device efficiency of 26.6%, highlighting that UT-TOPCon provides a direct efficiency
benefit without additional structural changes.
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Extending the approach to full-area front-and-rear (F&R) UT-TOPCon designs, both p-type
and n-type substrates were investigated. For p-type devices, assuming the demonstrated n+ UT-
TOPCon front contact (~2.7 nm, Jo =1.3 fAcm-2) paired with a ~10 nm p+ UT-TOPCon contact with
literature-consistent passivation (Jo = 1 fAcm-2), the model predicts a device efficiency of 26.6%.
For n-type F&R UT-TOPCon, the predicted efficiency is slightly higher at 26.7%, due to improved
front passivation and a modest enhancement in FF. These results establish UT-TOPCon as a
viable pathway to patterning-free all-passivated contact architectures that rival the performance of
leading silicon heterojunction (HJT) devices.

The highest efficiency potential was observed in the interdigitated back-contact (IBC) UT-
TOPCon architecture, where both n+ and p+ UT-TOPCon contacts are relocated to the rear
surface. This design benefits from three synergistic advantages: elimination of front-side
metallisation shading, undiffused and ideally passivated front surface, and near-negligible poly-Si
absorption at both contacts. The simulations predict a PCE potential of 27.5%, comparable to
current record heterojunction back-contact devices, but achieved with a simplified poly-Si/SiO,
stack. These findings provide strong motivation for future development of UT-TOPCon compatible
IBC processes, where emerging patterning and contacting technologies (e.g., inkjet printing,
damage-free laser patterning) could enable scalable manufacturing routes.
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Figure 5: Simulated power-loss-analysis of UT-TOPCon incorporated to various device
designs compared to a baseline 26.06% device. Simulation input parameters, assumptions
and methodologies are tabulated in Supporting Information, Table S1, S2, and S3.

Conclusion

This study demonstrates that thinning doped poly-Si in TOPCon structures into the 2—6 nm regime
yields record-class electrical performance while simultaneously removing the long-standing optical
penalties associated with thick poly-Si layers. On both planar and textured surfaces, surface
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recombination current densities below 1-1.3 fAcm-2 and contact resistivities of 2.5-6 mQcm? were
achieved, confirmed by TEM imaging of continuous tunnel-oxide/poly-Si stacks down to ~2.6 nm.
Optical characterisation and simulations reveal that rear UT-TOPCon reduces absorption to
negligible levels, while front UT-TOPCon introduces only minor additional loss that is further
mitigated at the module level.

Device-level simulations establish that UT-TOPCon provides measurable efficiency gains in
conventional rear-contact devices (+0.5%-abs), unlocks competitive full-area front-and-rear
passivated contact designs (26.6—26.7%), and enables next-generation IBC architectures with
projected efficiencies up to 27.5%. These results collectively position UT-TOPCon as a practical
and manufacturable route for advancing the efficiency of single-junction Si cells, and as a key
enabler for current-matched Si—perovskite tandems. By reconciling excellent passivation and
transport with ultra-low optical loss, UT-TOPCon establishes a pathway towards scalable >27% Si
photovoltaics and strengthens the technological foundation for the next era of industrial solar cell
production.



