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Photovoltaic (PV) technology

IDTechEx report "Perovskite Photovoltaics 2015-2025: Technologies, Markets, Players The rise of 

perovskite solar cells. Read more at: http://www.idtechex.com/research/reports/perovskite-photovoltaics-

2015-2025-technologies-markets-players-000442.asp “

http://www.idtechex.com/research/reports/perovskite-photovoltaics-2015-2025-technologies-markets-players-000442.asp


Reported solar cell efficiency

http://www.sciencealert.com/panasonic-has-produced-the-world-s-most-efficient-rooftop-solar-panel-with-

22-5-module-efficiency



PV Production by Technology

2017-07 ISE Photovoltaics-Report



Price decline of mc-Si solar cells

ITRPV 2020



Price decline of c-Si solar cells

https://www.quora.com/Why-do-we-use-silicon-in-solar-panels



Silicon solar cell manufacturing process

http://www.tsecpv.com/en-global/solar_knowledge/index/zero_house_02
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Silicon solar cell manufacturing process

http://www.tsecpv.com/en-global/solar_knowledge/index/zero_house_02



Metallization

http://rsta.royalsocietypublishing.org/content/371/1996/20110413



Screen printing

https://people.maths.ox.ac.uk/breward/research_photovoltaic.html



Composition of Ag pastes

Glass frit 
(3 wt%)

Organic 
vehicle (12 

wt%)

Ag (85 
wt%)

2-(2-Butoxyethoxy)ethyl acetate (DBAC) 
+Ethyl cellulose (EC)….

10SiO2-30B2O3-xBi2O3-(60-x)ZnOD50 = 0.542 um

D50 ≈ 1 um



Fire-through process

Si

silver glass

SiN

Al



Fire-through process
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Motivation

➢ Lead-free glass frit compositions are selected to replace Pb-based glass frits.

➢ The research is aimed to find the interface between Ag paste and SiN/Si, which in turn 
to help achieving good screen printed contacts.

➢ To develop a rapid, optimized firing process for Ag pastes to achieve high-quality 
contacts.

Si

SiN

Ag paste
Bi2O3  PbO



Fire-through mechanism

➢ 2PbO + SiN𝑥 → 2Pb + SiO2 +
𝑥

2
N2.

➢ 2Ag2O + SiN𝑥 → 4Ag + SiO2 +
𝑥

2
N2

J. D. Fields et. al., “The formation mechanism for 
printed silver-contacts for silicon solar cells,” Nature 
Comm. 7, 11143 (2016).



Thermodynamic consideration

Binary oxide (𝑀𝑥𝑂𝑦) ∆𝐺 (KJ/mol) Binary oxide (𝑀𝑥𝑂𝑦) ∆𝐺 (KJ/mol)

TiO2 +151.0 Bi2O3 -612.8

MgO +186.2 PbO -186.0

CaO +225.6 TeO2 -459.5

Al2O3 +442.7 SnO -108.8(727oC)

BaO +147.4 SnO2 -237.7

B2O3 +116.0 V2O5 -381.1

SiO2 +362.8 P2O5 -482.8

ZnO -57.7

𝑀𝑥O𝑦 +
𝑦

6
Si3N4 → 𝑥𝑀 +

𝑦

2
SiO2 +

𝑦

3
N2 at 850℃

10SiO2-30B2O3-xBi2O3-(60-x)ZnO



Design of the glass system

SiO2 B2O3 Bi2O3 ZnO

10 30 0 60

10 30 10 50

10 30 20 40

10 30 30 30

10 30 40 20

10 30 50 10

➢ SiO2 and B2O3 are glass forming 
oxide.

➢ ZnO decreases the glass transition 
temperature and increases the glass 
forming range.

➢ Bi2O3 significantly decreases the glass 
transition temperature, and makes 
more reactive with SiN.

10SiO2-30B2O3-xBi2O3-(60-x)ZnO



Design of the glass system

➢ The molar ratio of B2O3 to SiO2 of 
3:1 has the largest Ag solubility.

K. Hayashi, T. Yano, A. Yasumori, S. Shibata, M. Yamane, 
“Solubility of silver in Na2O-B2O3-SiO2 glass melts,” Trams. 
Mat. Res. Soc. Jpn. 16A (1994) 43-46.



Experimental procedure

Si

1. Phosphorus implant to make p-n junction.

2. Chemical vapor deposition of SiN:H
antireflection coatings.

4. Screen printing of Ag pastes. 

3. E-beam deposition of aluminum coatings.

Al

SiN
Ag



Ion implantation

http://cleanroom.byu.edu/implantcal

Energy Dose

10 keV 5e14 #/cm2

56 keV 1e14 #/cm2

200 keV 1e15 #/cm2



Processing ramp 

200oC

8 s

850oC

8 s

40oC/s

40oC/s



DSC & TGA

➢ The TGA curve shows two-step 
decomposition of organic vehicles 
from 200℃ to 300℃. 



Analysis

Glass frits

XRD Density Tg CTE FT-IR

Interface

TEM EDS HADDF Diffraction I-V



XRD

➢ The XRD patterns show broad diffuse scattering 
instead of sharp crystalline peaks, suggesting a 
short range order characteristics of amorphous 
glassy phase.



Density and molar volume

➢ The density increases with increasing 
Bi2O3 molar ratio.

➢ The molar volume also increases as 
the Bi2O3 molar ratio increases.



Thermal properties

➢ The glass transition temperature (Tg) 
and dilatometric softening point (Td) 
decrease with increasing Bi2O3 molar 
ratio.

➢ In contrast, the coefficient of thermal 
expansion (CTE) decreases with 
increasing Bi2O3 molar ratio.



Raman
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Interface structure



Fire-through process
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SiOx + Ag precipitates

Ag precipitates Si substrates



Selected area diffraction

10SiO2-30B2O3-40Bi2O3-20ZnO
DP1

DP1

DP3

DP3

DP4
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HAADF and EDS mapping

(a) (b)

Ag Bi Si O Zn

(c)

10SiO2-30B2O3-40Bi2O3-20ZnO



HAADF and EDS mapping

10SiO2-30B2O3-50Bi2O3-10ZnO

Ag Bi Si O

(a) (b)
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Glass etching and Ag precipitates

Si

pyramids



Reaction

4O2− + 2SiN𝑥 → 2SiO2 + 𝑥N2 ↑ +8𝑒
−

Ag+ + 𝑒− → Ag

4Ag+ + 2O2− + Si → 4Ag + SiO2



Current-voltage curve



Conclusion I

 The glass becomes depolymerized with addition of Bi2O3.

 The electrochemical model can explain the formation mechanism of Ag/Si contact.

 Low 𝑇𝑔 glass exhibits low viscosity and open structure that facilitate the transport of Ag+

and O2− ions, which is also a crucial factor for the formation of inverted Ag pyramids.

 Phase separation of a bismuthate-rich and a silicate-rich phase appears in part of the 
glass phase. It may originate from the dissolution of Si4+ ions into the glass during the 
firing process.

 The SiO2-B2O3-Bi2O3-ZnO glasses with high Bi2O3 content exhibits high Ag solubility.
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