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Introduction
Ever-increasing demand on higher efficiency Si solar cells requires lightly doped emitters with sheet resistances (Rsh) over 100 Ω/sq, which was previously hampered by high contact resistances of screen-printed Ag
metallization. Recently, a significant progress in Ag paste has been made by replacing the conventional PbO-based glass frit with TeO2-based glass frit, which enables to fabricate high-quality ohmic contacts to the Pdoped emitter Si with Rsh of ~100 Ω/sq. However, it is not yet clearly understood how differently TeO2-based glass frit behaves in the screen-printed contact formation as compared to the conventional PbO-based glass
frit. In this study, we carried out a comparative study of PbO- and TeO2-based glass frits on the wettability and reactivities with Ag and SiNx:H antireflection coating (ARC) during the contact firing
process. We also used Ag paste containing Pb-free TeO2-based glass frit to examine the influence of ambient oxygen partial pressure on the fire-though contact formation on a P-doped emitter Si (Rsh=
95 Ω/sq) covered with an 80-nm-thick SiNx:H ARC. After contact firing at 800 oC under various N2 + O2 gas mixtures with different O2 contents, the contact resistances were measured by the
transmission line method and the contact microstructures were examined using scanning electron microscopy (SEM).

Results and Discussion

 Influence of O2 content in firing ambience

Ag crystallite formation on emitter surface
Region a

 Cell test with two commercial Ag pastes
Experimental
• Cell wafer: P-type, 95 Ω/sq emitter, 80 nm SiNx:H ARC
• Screen printing: two commercial Ag pastes, finger line width = 90 µm

• Cell wafer: P-type, 95 Ω/sq emitter, 80 nm SiNx:H ARC
• Screen printing: commercial TeO2-glass Ag pastes, TLM pattern
• Firing: spike firing at 760 ℃ and 800 ℃ in RTA furnace
• Firing ambience: N2 + xO2 with x = 5, 21, 50 and 100 %

Contact resistivity (mΩ⋅cm2)

Ag paste containing PbO-based glass frit
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 No Ag crystallite formation near the short-circuit spot
 Increasingly more Ag crystallite formation as moving away
from the short-circuit spot: attenuation of the short-circuit
effect owing to the resistance of emitter Si
 Electrochemical nature of contact firing reactions (refer to Kim
et al., Prog. Photovolt: Res. Appl. 2016; 24: 1237–1250)
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 Contact resistivity decreases
rapidly as moving away from the
short-circuit spot.
 Noting a similar glass layer
thickness along the gridline, this
indicates that Ag crystallites play
a crucial role in lowering contact
resistivity.

Oxygen partial pressure (atm)

Ag crystallites after firing at 760 ℃
η = 19.33% FF = 79.2%

η = 18.82%

Region c

Experimental

• Firing: belt furnace (800 ℃ peak, belt speed = 240 inch/min)
Ag paste containing TeO2-based glass frit

Region b

5% O2

21% O2

FF = 77.9%

Contact microstructure

 Wettability and reactivity of TeO2- and PbO-glasses
50% O2

100% O2

Experimental
• Glass frit: Pb-free TeO2 glass & lead borosilicate glass
• Substrate: Ag foil & n-Si wafer covered with 220 nm SiNx:H ARC
• Wettability: contact angle measurement with increasing T at 5 ℃/min
under N2 + xO2 ambiences
• Reactivity: interface microstructure after firing at 800 ℃ under air
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• Cell wafer: P-type, 95 Ω/sq emitter, 80 nm SiNx:H ARC
• Local etching of SiNx ARC  screen
printing TeO2-glass Ag paste in gridlines
(90 mm)  printing Ag powder to short
the Ag gridlines to emitter Si
• Spike firing at 800 ℃ in RTA furnace under
air
• Contact microstructures and contact resistances at different regions a, b and c
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 Effect of short-circuiting on contact formation
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 Slightly less formation of Ag crystallites in the case TeO2glass Ag paste

TeO2 glass/ Ag foil
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 Smaller and flatter Ag crystallites, and thinner glass layer
in the case of TeO2-glass Ag paste
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 More Ag crystallite formation with increasing O2 content,
similar as in the case of PbO-glass Ag paste.
 Higher contact resistance with increasing O2 content over
21% is likely attributed to a thicker interface glass layer.
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 Compared with PbO glass, TeO2 glass has better wettability
on both Ag and SiNx ARC.
Reactivity
TeO2 glass

PbO glass

Summary
 Contact firing reactions of TeO2-glass Ag paste are basically the same as those of PbO-glass Ag paste:
4Ag(s) + O2(g)  4Ag+(in glass) +2O2−(in glass)
4Ag+(in glass) +2O2−(in glass) + SiNx(s)  4Ag0(in glass) + SiO2(in glass) +x/2 N2(g)
4Ag+(in glass) +2O2−(in glass) + Si(s)  4Ag0(in glass) + SiO2(in glass)
• Molten TeO2 glass acts as a medium for the dissolution and transport of Ag+ and O2− ions.
• The firing reactions of the Ag and Si separated by the molten TeO2 glass are electrochemical in nature.
 The formation of Ag crystallites on the emitter surface is crucial in lowering contact resistance.
 Compared to PbO glass, TeO2 glass has better wettability and reactivity with Ag but it is less reactive with SiNx and
Si largely owing to a lower SiO2 solubility.
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 Even in N2 ambience, TeO2 glass forms Ag2TeOx with Ag.

SiO2 layer

 Without mixing with Ag powder, TeO2 glass alone is less
reactive with SiNx ARC as compared to PbO glass.
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