
Energie & Umwelt / Energy & Environment
Band / Volume 619
ISBN 978-3-95806-734-9 

Energie & Umwelt / Energy & Environment
Band / Volume 619
ISBN 978-3-95806-734-9 

Development of industry-scalable processes  
for nanocrystalline silicon oxide in silicon heterojunction  
solar cells
Depeng Qiu

619

En
er

gi
e 

& 
Um

w
el

t
En

er
gy

 &
 E

nv
ir

on
m

en
t

D
ev

el
op

m
en

t o
f i

nd
us

tr
y-

sc
al

ab
le

 p
ro

ce
ss

es
 fo

r n
an

oc
ry

st
al

lin
e

si
lic

on
 o

xi
de

 in
 s

ili
co

n 
he

te
ro

ju
nc

tio
n 

so
la

r c
el

ls
D

ep
en

g 
Q

iu



Forschungszentrum Jülich GmbH
Institut für Energie- und Klimaforschung (IEK)
Photovoltaik (IEK-5)

Development of industry-scalable  
processes for nanocrystalline silicon oxide  
in silicon heterojunction solar cells

Depeng Qiu

Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment	 Band / Volume 619

ISSN 1866-1793  		  ISBN 978-3-95806-734-9



Contents

Abstract 5

Zusammenfassung 9

1. Introduction 13

2. Literature review 17
2.1. Silicon heterojunction solar cell . . . . . . . . . . . . . . . . . . . . . 17
2.2. Hydrogenated nanocrystalline silicon oxide . . . . . . . . . . . . . . . 20

3. Experimental methods 27
3.1. Technology for material and solar cell preparation . . . . . . . . . . . 27
3.2. Material characterization . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2.1. Structural properties . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.2. Electrical properties . . . . . . . . . . . . . . . . . . . . . . . 37
3.2.3. Optical properties . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3. Solar cell characterization . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4. Tools for simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4. Upscaling of n-type nc-SiOx:H material growth 49
4.1. Effect of power density and pressure . . . . . . . . . . . . . . . . . . . 49
4.2. Effect of gas flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.2.1. Total gas flow . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2.2. Phosphine gas flow fraction . . . . . . . . . . . . . . . . . . . 61
4.2.3. Silane gas flow fraction . . . . . . . . . . . . . . . . . . . . . . 69

4.3. Overview of optical and electrical properties . . . . . . . . . . . . . . 75

3



Contents

5. Application of n-type nc-SiOx:H in SHJ solar cells 79
5.1. Fabrication of SHJ solar cells . . . . . . . . . . . . . . . . . . . . . . 80
5.2. Integration of nc-SiOx:H(n) in SHJ solar cell . . . . . . . . . . . . . . 82

5.2.1. Impact on the passivation . . . . . . . . . . . . . . . . . . . . 82
5.2.2. Impact on the cell performance . . . . . . . . . . . . . . . . . 86

5.3. Power loss analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6. Optimization of SHJ solar cells with nc-SiOx:H(n) layer 103
6.1. Optimization of nc-SiOx:H(n) layer . . . . . . . . . . . . . . . . . . . 104

6.1.1. nc-SiOx:H single layer . . . . . . . . . . . . . . . . . . . . . . 106
6.1.2. nc-SiOx:H multi-layer . . . . . . . . . . . . . . . . . . . . . . . 109

6.2. Optimization of a-Si:H(i) passivating layer . . . . . . . . . . . . . . . 118
6.3. Optimization of anti-refraction coating . . . . . . . . . . . . . . . . . 123

6.3.1. Comparison of various TCO layers . . . . . . . . . . . . . . . 123
6.3.2. ITO/MgF2 anti-reflection coating layer . . . . . . . . . . . . . 126

6.4. Perimeter recombination . . . . . . . . . . . . . . . . . . . . . . . . . 130
6.5. Optimization of full-size SHJ solar cells . . . . . . . . . . . . . . . . . 135

6.5.1. Integration of nc-SiOx:H(n) in full-size SHJ solar cell . . . . . 135
6.5.2. Optimization of nc-Si:H(n) seed layer . . . . . . . . . . . . . . 138

7. Summary and Outlook 157
7.1. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

7.1.1. Material development . . . . . . . . . . . . . . . . . . . . . . . 157
7.1.2. Integration in SHJ Solar cell . . . . . . . . . . . . . . . . . . . 160

7.2. Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

A. Symbols and abbreviations 167

B. List of Publications 177

C. Curriculum Vitae 179

References 200

Acknowledgments 201

4



Energie & Umwelt / Energy & Environment
Band / Volume 619
ISBN 978-3-95806-734-9 

Energie & Umwelt / Energy & Environment
Band / Volume 619
ISBN 978-3-95806-734-9 

Development of industry-scalable processes  
for nanocrystalline silicon oxide in silicon heterojunction  
solar cells
Depeng Qiu

619

En
er

gi
e 

& 
Um

w
el

t
En

er
gy

 &
 E

nv
ir

on
m

en
t

D
ev

el
op

m
en

t o
f i

nd
us

tr
y-

sc
al

ab
le

 p
ro

ce
ss

es
 fo

r n
an

oc
ry

st
al

lin
e

si
lic

on
 o

xi
de

 in
 s

ili
co

n 
he

te
ro

ju
nc

tio
n 

so
la

r c
el

ls
D

ep
en

g 
Q

iu


	Abstract
	Zusammenfassung
	Introduction
	Literature review
	silicon heterojunction solar cell
	hydrogenated nanocrystalline silicon oxide

	Experimental methods
	Technology for material and solar cell preparation
	Material characterization
	Structural properties
	Electrical properties
	Optical properties

	Solar cell characterization
	Tools for simulation

	Upscaling of n-type nc-SiOx:H material growth
	Effect of power density and pressure
	Effect of gas flow
	Total gas flow
	Phosphine gas flow fraction
	Silane gas flow fraction

	Overview of optical and electrical properties

	Application of n-type nc-SiOx:H in SHJ solar cells
	Fabrication of SHJ solar cells
	Integration of nc-SiOx:H(n) in SHJ solar cell
	Impact on the passivation
	Impact on the cell performance

	Power loss analysis

	Optimization of SHJ solar cells with nc-SiOx:H(n) layer
	Optimization of nc-SiOx:H(n) layer
	nc-SiOx:H single layer
	nc-SiOx:H multi-layer

	Optimization of a-Si:H(i) passivating layer
	Optimization of anti-refraction coating
	Comparison of various TCO layers
	ITO/MgF2 anti-reflection coating layer

	Perimeter recombination
	Optimization of full-size SHJ solar cells
	Integration of nc-SiOx:H(n) in full-size SHJ solar cell
	Optimization of nc-Si:H(n) seed layer


	Summary and Outlook
	Summary
	Material development
	Integration in SHJ Solar cell

	Outlook

	Symbols and abbreviations
	List of Publications
	Curriculum Vitae
	References
	Acknowledgments
	Leere Seite



