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Development of silicon heterojunction solar cells with tunneling oxide
passivation layers
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Alternative p-type contact structure was developed for application to
silicon heterojunction solar cells.
The amorphous silicon material used in the conventional structure has a low thermal tolerance and
show parasitic absorption losses that, respectively, restrict the use of low-cost fabrication
processes and limit further efficiency improvement. An alternative hole selective contact structure
is proposed to overcome these issues. By using an oxide passivation layer thinner than 2 nm that
allows tunneling effect, and after evaluating several hole selective materials, an efficiency of 15.
4% was achieved.



The concern about environmental issues and energy sustainability in recent years has resulted in an
emerging demand for renewable energies around the world. Among of the large variety of renewable
energy sources, solar energy has attracted considerable attention because of its several advantages such
as infinite source of energy, low maintenance cost, low geographical restrictions, etc. To further spread
the solar power technology, reductionsin generation cost are required.

Crystalline silicon (c-Si) solar cells are the most common type of solar cell, representing almost 90%
of the market. Therefore, to further reduce the generation cost of solar power, it is essential to reduce the
fabrication cost and increase the efficiency of c-Si solar cells.

The most efficient c-Si solar cell reported up to now has a heterojunction structure that utilizes
undoped and doped amorphous silicon to form the passivation layer and p-type emitter layer,
respectively. However, amorphous silicon shows parasitic absorption losses that limit the short circuit
current density (J<). Additionally, there is less tolerance in the highest temperature that can be used
during the fabrication, restricting the use of cheap electrode metallization that is usually performed at
temperatures higher than 800°C. These factors limit the efficiency and restrict the use of low-cost
fabrication processes.

The objective of this research is to further enhance the efficiency and lower the fabrication cost of
¢-Si heterojunction solar cells by developing an alternative p-type contact structure that overcome the
limitations of the conventional structure. To achieve this objective, alternative materials are used for the
passivation layer and p-layer, aiming in combining high passivation quality, low parasitic absorption loss,
and high thermal tolerance.

To fabricate a p-type contact, or hole selective contact, that combines high passivation quality, low
parasitic absorption loss, and high thermal tolerance, oxides such as silicon oxide (SiOx) and alumina
(Al20s) were applied as the passivation layers. Although these materials are usually insulators, the use of
thicknesses lower than 2 nm creates a tunneling effect that allows the carrier flow.

The thin SiOx layer was fabricated by simply dipping the silicon wafer into a diluted peroxide solution
at room temperature. The Al.Oz was fabricated by atomic layer deposition (ALD). Several materials
were considered for the hole selective layer, such as p-type microcrystalline silicon (p-pc-Si:H), p-type
microcrystalline silicon oxide (p-pc-SiOx:H), and molybdenum oxide (MoOy). p-uc-Si:H was fabricated
by plasma-enhanced chemical vapor deposition (PE-CV D) method, using a mixture of hydrogen, silane,
and diborane as source gases. Carbon dioxide was added to the same mixture to fabricate the
p-uc-SiOx:H material. MoOx was deposited by thermal evaporation using MoO3 powder (99.97%,
Sigma Aldrich) as source material. The MoOy thickness was controlled using a quartz oscillator. The
native oxide on the c-Si wafer was removed by dipping into diluted HF before the deposition or growth
of any layer. The n-a-Si:H back-surface field layer applied for solar cell structures was fabricated by
PE-CVD using a mixture of silane, hydrogen, and phoshine gases.

The passivation quality was evaluated by measuring the minority carrier effective lifetime of the
samples using a quantum-steady-state photo-conductance apparatus. The performance of the solar cells
were evaluated by measuring the current density-voltage (J-V) characteristics of the samples under
AM1.5G illumination.

Initially, the combination of oxide passivation layers (SiOx and Al,Os3) and p-layer deposited by
PE-CVD (p-pc-Si:H, p-puc-SiOx:H) was considered. Figure 1 shows the relationship between resistance
and effective lifetime of samples with symmetrical structures. p-type c-Si wafer was used in this
experiment. Lifetime measurements were carried out before the electrode deposition.

The lower resistance values and the highest lifetimes were obtained with p-pc-SiOx:H layer. The
higher lifetimes can be attributed to the higher amorphous ratio in this material compared to the
p-ue-Si:H film. The higher is the amorphous ratio, the higher is the hydrogen content in the film that can
contribute to the passivation of dangling bonds. Additionally, the high crystalline ratio in the p-pc-Si:H
film suggests that its bandgap is close to that of c-Si, which result in alower barrier to repel the minority
carriers. The crystallinity tended to increase with thickness for both p-type materials.
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Fig. 1. Relationship of resistance and effective lifetime of samples with different p-layers.

Although the insertion of SiOx between the silicon wafer and the p-pc-SiOx:H (p-pc-Si:H) layer was
effective in hindering interfacial recombination, the passivation quality was inferior than that required
for a high efficiency solar cell. This occurs because the high hydrogen dilution required to deposit a
microcrystalline film with the PE-CV D method can damage the c-Si surface.

To avoid the deterioration of passivation quality, MoOyx was applied as an alternative material for the
hole selective contact. The large work function of MoOx creates a band bending on the c-Si surface that
repels the electrons, alows the hole flow toward the contact, and creates an inversion layer at the
c-Si/p-type contact interface. As a result, rectifying properties similar to those obtained with
conventional pn-junctions can be realized. Addtionally, MoOx has a wide bandgap that is beneficial to
avoid parasitic absorption losses.

The passivation effect achieved in MoOy/n-c-Si/MoOy structures without passivation layers has been
attributed to both band bending and unintentional silicon oxide formation at the MoOy/c-Si interface.
[Gerling et al., J. Mater. Res. 32, 260 (2017)] To clarify the effect of interfacia SiOx layer on the
passivation properties, the effective lifetime of solar cell precursors with and without intentionally
grown SiOx layers was investigated. Figure 2 shows the minority carrier effective lifetime dependence
on carrier density for samples with MoOx / SIOx / n-c-Si / SiOx / n-a-Si structure. Samples without
the SiOx layer on the MoOy/c-Si interface were also prepared by etching the SiOy after the n-a-Si:H
layer deposition and before the MoOy evaporation. Double-sided-polished n-c-Si wafers (FZ,
<100>, 280 um, 1-5 Q-cm) were used as substrates. The effective lifetimes for samples with and
without SiOx at the minority carrier density of 1x10%cm® were 1.2 ms and 740 us, respectively. Asa
result, insertion of the SiOy layer results in implied-Voc improving from 653 to 667 mV. The intentional
insertion of the SiOx passivation layer is effective to improve the passivation properties, presumably by
separating the nonstoichiometric and defective MoOx surface from the c-Si surface.
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Fig. 2. Effective lifetime dependence on minority carrier density for samples with and without
SiOx layer.
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Fig. 3. Dependence of J-V parameters on the MoOy hole selective emitter thickness.

Next, to clarify the relationship between carrier selectivity and optical losses, the dependence of the
heterojunction solar cell performance on MoOx hole selective emitter thickness was investigated. For
this purpose, an Al/Ag/ITO/MoO,/SIOx/ n-c-Si/SIOx/n-a-Si:H/Ag/Al structure was fabricated. Figure
3 shows the J-V parameters of the fabricated solar cells as a function of the MoOy layer thickness. The
thicker was the MoOx layer, the lower was the J, suggesting that the MoOy film contain defects that
cause absorption losses. On the other hand, the thicker was the MoOy layer, the higher was the fill-factor
(FF). These results indicate that a fine control of the MoOx film thickness is required to obtain an
optimum performance. The highest efficiency in this experiment was 14.1% [open circuit voltage (Vo)
= 665 mV, FF = 71.3%, J. = 29.8 mA/cm?] with a 42-nm-thick MoOx layer, while similar efficiency of
14.0% was obtained with 29-nm-thick MoOx (Vo= 652 mV, FF= 64.5%, J= 33.3mA/cm?).

The MoOy optimum thickness would largely depend on the film stoichiometry since it affects the
work function. Moreover, the band bending is also affected by the ITO layer that is deposited on the
MoOx layer. After further optimization of 1TO sputtering, a higher efficiency of 15.4% (Vo = 651 mV,
FF = 69.9%, Ji: =33.9 mA/cm?) was achieved with a 29-nm-thick MoOy layer. Comparing the with the
previous result using the same MoOx thickness, the FF was remarkably improved. This indicates that
careful device optimization should be carried out not only at the passivation layer/MoOx interface, but
also at the MoO,/ITO interface.

As asummary, ¢-Si heterojunction solar cells using ultrathin tunneling oxide passivation layer and an
aternative hole selective layer were successfully developed. Considering that the solar cells were
fabricated using polished wafers without texture and without anti-reflection coating, the obtained
efficiencies are encouraging and demonstrate that the proposed SiO./MoOx stack is a promising hole
selective contact.
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